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Abstract 

The cerebellum is a region of the central nervous system widely known for its role in 

motor learning and coordination. In the past, mutant mice have been critical in discerning 

key pathways associated with cerebellar dysfunction and motor deficits. Although a 

variety of mouse models exist that model the symptoms and pathogenesis of cerebellar 

ataxia, some have yet to be characterized at the molecular level. 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 morphological analyses 

showed similar gross cerebellar structures between neuronal nitric oxide null (nNOS-/-) 

and wild-type (WT) adult male mice, despite prominent ataxic behaviour within nNOS-/- 

mice. However, a study has yet to characterize potential differences in cerebellar network 

formation during development in nNOS-/- mice. This thesis study is the first to determine 

morphological and functional deficits within the cerebellum of nNOS-/- mice using 

immunostaining, immunoblotting, ex vivo slice culturing, calcium- and sodium-imaging, 

colourmetric assays and ELISAs. Results from Chapter 2 showed stark PN dendritic 

abnormalities in nNOS-/- mice compared to WT across development. Specifically, we 

noted that PN dendritic abnormalities are associated with elevated levels of intracellular 

calcium via overactivation of metabotropic glutamate receptor type 1 (mGluR1)-initiated 

store operated calcium entry. Chapter 3 analyses linked the overactivation of mGluR1 in 

nNOS-/- mice with decreased glutamate uptake via glutamate aspartate transporters 

(GLAST) on Bergmann glia (BG). Specifically, a lack of NO production resulted in 

decreased GLAST expression on BG and decreased glutamate uptake. Importantly, 

Chapter 4 results further demonstrated that the effects of mGluR1 overactivation on PNs 

specific to nNOS-/- mice resulted in increases in endocannabinoid levels. Specifically, our 

group noted increases in enzymes downstream of mGluR1 activation and subsequent 

increases in the endocannabinoid 2-arachidonoylglycerol, as well as decreases in 

endocannabinoid hydrolyzing enzymes in nNOS-/- cerebella compared to WT. Together, 

these results are foundational in establishing the nNOS-/- mouse as a model of cerebellar 

ataxia. Understanding the role of nNOS/NO signaling in cerebellar development may be 

beneficial in uncovering novel therapeutics for cerebellar disorders.  
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Lay Abstract  

The cerebellum is a brain region associated with the fine-tuning of various movements 

such as walking, blinking, and balance. In neurodegenerative diseases such as cerebellar 

ataxia, principal neurons of the cerebellum called Purkinje neurons (PN) begin to 

malfunction and degenerate, leading to symptoms such as tremors, uncoordinated 

walking, and loss of balance. Studies on genetically modified mice have helped to gather 

information on crucial disturbances in cerebellar development that can result in motor 

deficits similar to those displayed in individuals with cerebellar ataxia. However, some 

mouse models that present with symptoms of cerebellar ataxia have yet to be 

characterized at the molecular level. Within the cerebellum, nitric oxide (NO), produced 

by neuronal nitric oxide synthase (nNOS) is an important gaseous molecule responsible 

for facilitating PN synaptic firing and motor learning. Despite being abundantly expressed 

in the cerebellum, previous reports analyzing the nNOS knockout (nNOS-/-) mouse 

revealed no differences in cerebellar anatomy, despite exhibiting deficits in motor 

behaviour. However, a study has yet to characterize protein-level differences within the 

cerebellum of nNOS-/- mice across development in comparison to wildtype (WT) mice. 

The results within this thesis are the first to show differences in nNOS-/- cerebellar 

development in comparison to WT mice. Specifically, we discovered stark delays in PN 

dendritic growth in nNOS-/- cerebella across development in comparison to WT. PN 

dendritic deficits were associated with increases in PN calcium entry caused by 

overactivation of metabotropic glutamate receptor type 1 (mGluR1) within nNOS-/- mice 

compared to WT. Overactivation of glutamate receptors is often caused by excess 

glutamate within the synaptic cleft, and our group showed that nNOS-/- cerebellar 

astrocytes uptake less glutamate compared to WT cerebellar astrocytes. Specifically, we 

showed that the glutamate/aspartate transporter (GLAST) is significantly decreased in 

nNOS-/- cerebella compared to WT across development. Overactivation of mGluR1 is not 

only responsible for causing increases in intracellular calcium levels within the PN but is 

also needed for endocannabinoid production. Likewise, our group discovered increases 

in endocannabinoid concentrations within nNOS-/- cerebella compared to WT. Together, 

these results are an important first step in understanding the role of nNOS/NO signaling 

in cerebellar disorders.   
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Chapter 1  

1 Introduction 

1.1 The Cerebellum: Gross Anatomy and Function 

The cerebellum, deriving its name from the Latin meaning “little brain”, has often 

been described as a distinct subsection of the brain. Treating this region of the brain as 

other to the cerebral cortex for the most part is understandable, as the cerebellum presents 

with distinct, organized folia that bear little resemblance to the gyri and sulci of the cerebral 

cortex. Despite its gross anatomical differences, the cerebellum is closely connected to the 

cerebrum through efferent tracts that originate within the deep cerebellar nuclei (DCN) and 

innervate cerebral areas including the prefrontal cortex, motor cortex, and parietal cortex 

(termed the cerebellarthalamocortical tract), and afferent tracts that originate from the 

cerebrum and transverse the pontine nucleus to terminate within the DCN (termed the 

corticopontocerebellar tract)(Fernandez et al., 2020). Foundational lesion studies from the 

1900’s determined the overwhelmingly critical role the cerebellum has in motor 

coordination and fine-tuning motor movements(Glickstein, Strata, & Voogd, 2009). After 

discovery of the intricate interplay between the cerebellum and the cerebrum, the 

cerebellum has more recently become a target for functions involving spatial recognition 

and memory(Buckner, 2013; Klein, Ulmer, Quinet, Mathews, & Mark, 2016), as well as 

emotion and cognitive function(Habas, 2021). 

1.2 Specialized Cerebellar Components: Morphology and 

Function 

The mature cerebellar cortex, unlike the cerebral cortex, presents with a highly 

organized laminar structure with three distinct layers: the granule neuron layer (GNL), the 

innermost cell body layer residing overtop cerebellar axonal tracts; the Purkinje neuron 

(PN) layer, a distinct monolayer consisting of PN somata; and the molecular layer (ML), 

the layer closest to the pial surface predominantly occupied by PN dendrites and houses 
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the majority of the synaptic input to the PN as well as the cell bodies of inhibitory 

interneurons (Figure 1.1). The upcoming section will introduce specialized cells residing 

in the three layers of the cerebellar cortex and their function. 

1.2.1 Purkinje Neurons 

PNs are highly unique neurons, one of the largest within the CNS, that organize into 

a discrete monolayer (the PN layer) during development. PNs are GABAergic neurons with 

elaborate two-dimensional dendritic arbors that extend in the outermost ML. Within the 

ML, dendritic spines of the PN form mostly excitatory glutamatergic synapses, as well as 

some inhibitory synapses with neighbouring stellate cells (SCs), and basket cells (BCs) that 

synapse on the PN axon hillock(M. Hashimoto & Hibi, 2012). Of the neurons present in 

the cerebellum, PNs constitute the sole output response of this region. PNs extend their 

myelinated axons primarily towards neurons with the DCN, where they provide inhibitory 

regulation towards efferents extending to areas of the cerebral cortex(Goodlett & 

Mittleman, 2017), and to some degree towards vestibular nuclei located within the 

brainstem(Komuro, Kumada, Ohno, Foote, & Komuro, 2013). 

1.2.2 Granule Neurons  

Just as PNs are one of the largest neurons within the brain, cerebellar granule 

neurons (GNs) are one of the smallest and most numerous types of neuron within the 

CNS(Goodlett & Mittleman, 2017). GNs are densely packed within the GNL and receive 

synaptic input from mossy fibers, mostly comprising of cerebral input via the 

corticopontocerebellar tract(Kalinovsky et al., 2011). GNs send small, unmyelinated, 

glutamatergic axons termed parallel fibers (PFs) from the GNL to the ML, where these 

fibers run orthogonally to the PN dendritic arbor and boutons originating from one PF can 

innervate multiple PNs. PF-PN synapses are by far the most numerous within the 

cerebellum, forming around 200,000 synaptic connections on one PN alone(K. Hashimoto 

& Kano, 2013; Mishina, Uemura, Yasumura, & Yoshida, 2012). 
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1.2.3 Climbing Fibers 

Climbing fibers (CFs) are glutamatergic axon terminals that originate from the 

inferior olivary nucleus in the medulla oblongata(Kano, Watanabe, Uesaka, & Watanabe, 

2018). CFs are far less numerous in relation to PF terminals, although these synapses form 

much stronger connections with the PN(K. Hashimoto, Ichikawa, Kitamura, Watanabe, & 

Kano, 2009). Their synapse point is mainly on the primary branches of the PN and not the 

dendritic spines, unlike PF terminals. Importantly, in the mature cerebellar cortex, CFs 

innervate PNs in a 1:1 ratio, where one CF with the strongest synaptic connection will 

innervate only one PN(Ichikawa et al., 2016; Mishina et al., 2012; Sotelo & Dusart, 2009). 

In addition to innervating PNs, CF collateral branches extend to the DCN and provide 

excitatory synaptic input alongside the inhibitory synaptic input originating from 

PNs(Prestori, Mapelli, & D’Angelo, 2019).  

1.2.4 Inhibitory Interneurons: Basket Cells, Stellate Cells, Golgi 
Cells, and Lugaro Cells 

In addition to the glutamatergic synaptic connections via PFs and CFs, PNs are also 

heavily regulated by inhibitory GABAergic synaptic inputs originating from interneurons 

that reside in both the ML and GNL. Within the ML, two types of inhibitory interneurons 

exist – basket cells (BCs) and stellate cells (SCs). BCs reside in the inner ML and provide 

strong, inhibitory synaptic input towards the PN soma and axon hillock (axon initial 

segment), creating characteristic pinceau synapses(Buttermore et al., 2012; J. Zhou et al., 

2020). BCs hold an important functional role in the regulation of PN synaptic output toward 

the DCN and subsequently, information transported via the cerebellarthalamocortical tract 

involved in motor behaviour(Jelitai, Puggioni, Ishikawa, Rinaldi, & Duguid, 2016; Sergaki 

et al., 2017). On the other hand, SCs occupy the outer ML and make inhibitory synaptic 

interactions upon PN dendrites(Goodlett & Mittleman, 2017). The influence of inhibitory 

input that originates from SCs are inherently weaker in comparison to the inhibitory effects 

of BCs, as SCs provide a more localized inhibitory signal to PNs(Goodlett & Mittleman, 

2017). Both BCs and SCs are regulated by excitatory inputs originating from PFs, and 

inhibitory inputs comprised of PN axon collaterals(Goodlett & Mittleman, 2017).  
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 Two inhibitory interneurons within the GNL are Golgi cells (GCs) and Lugaro cells 

(LCs). Both GCs and LCs exert inhibitory control via a mixed glycinergic/GABAergic 

neurotransmitter release(Simat, Parpan, & Fritschy, 2007). Unlike BCs and SCs, both GCs 

and LCs do not play a large role in regulating PN output activity. GC synaptic output is 

regulated by excitatory inputs from mossy fibers and PFs, while GC inhibitory innervation 

is directed toward GN cell bodies(Prestori et al., 2019). LC somata are located just below 

the PN layer and function to provide inhibitory input towards GCs in the form of collaterals 

that also comprise of BC and SC innervation(Dumoulin, Triller, & Dieudonné, 2001).  

1.2.5 Bergmann Glia  

Closely ensheathing glutamatergic synapses on PNs are Bergmann glia (BG) 

processes – specialized radial glia that are the predominant astrocyte found within the 

cerebellum. In the mature cerebellum, BG cell bodies reside in the PN layer, and their 

intricate processes transverse the entirety of the ML and extend to the pial surface(Grosche, 

Kettenmann, & Reichenbach, 2002). Here, BG processes ensure that glutamate is taken up 

efficiently by controlling the time-course and extent of PN activation while effectively 

recycling glutamate from the synaptic cleft(Ullian, Sapperstein, Christopherson, & Barres, 

2001). As well, BG protect against excitotoxic insults by preventing prolonged glutamate 

exposure to PNs (Bordey & Sontheimer, 2003). Finally, BG also regulate metabolic 

processes by coupling glutamate uptake with increased glucose uptake and lactate 

formation(Miyazaki et al., 2017).  
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Figure 1.1 Cerebellar Anatomy.  

 

Schematic represents the three prominent layers of the adult cerebellum: the GNL (shaded 

light green), the PN layer (shaded orange), and the ML (shaded yellow). The GNL houses 

primarily GNs (represented in dark blue). PFs emerge from GNs to innervate PNs (light 

yellow) in an orthogonal fashion. CFs (dark yellow), originating from the inferior olive, 

innervate primary branches of the PN. BCs (blue) reside in the proximal ML and mainly 

innervate the axon hillock region of the PN, while SCs (pink) reside in the distal ML and 

provide inhibitory innervation to the distal PN. BG somata (green) reside in the PN layer, 

while their processes extend into the ML to closely ensheath glutamatergic synapses.  
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1.3 Murine Cerebellar Development 

Like most structures of the CNS, the murine cerebellum is derived from the anterior 

portion of the neural tube, specifically the rhombencephalon, during embryogenesis, 

typically around embryonic day 11.5 (E11.5)(Martinez, Andreu, Mecklenburg, & 

Echevarria, 2013). By E18.5, the first evidence of cerebellar folia along with PN, GN and 

BG expression are apparent(Sudarov & Joyner, 2007). From then, the cerebellum develops 

into a bilateral structure comprised of two cerebellar hemispheres connected by the vermis, 

or the midline of the cerebellum.  

All GABAergic neurons of the cerebellum (PNs, BCs, SCs, GCs, and LCs), in 

addition to BG, originate from progenitor cells within the ventricular zone at approximately 

E15.5(Martinez et al., 2013; Millen & Gleeson, 2008). By this time point, PNs, in addition 

to other cerebellar GABAergic neurons, migrate toward the pial surface in a radial manner, 

to eventually form the PN monolayer by approximately postnatal day 5 (PD5)(Martinez et 

al., 2013). Additionally, the developing cerebellum also contains a second germinal center 

that originates from the rhombic lip, termed the external granule layer (EGL)(Wingate, 

2001). The EGL is located closest to the pial surface and persists within the cerebellum up 

until PD14. The EGL gives rise to all glutamatergic neurons of the cerebellum, specifically 

GNs(Hatten & Heintz, 2005; Martinez et al., 2013). 

1.3.1 Early Phase of Purkinje Neuron Development and Synaptic 
Innervation 

PNs begin their development by establishing axonal connections to the DCN and 

vestibular nuclei during embryogenesis, while an immature form of PN dendritic 

arborization only begins between PD1-PD3(Kapfhammer, 2004). At this stage, dendrites 

appear to be disorganized, extending from all directions, both towards and in parallel to the 

pial surface. This phase of PN dendritic growth is characterized by abundant CF 

innervation in a pericellular nest formation, where CF boutons are primarily localized on 

the PN axon hillock(Ichikawa et al., 2011). In this early phase on PN dendritic 

development, CFs constitute the predominant synaptic innervation to the PN and innervate 

in a many-to-one fashion(K. Hashimoto et al., 2009). CFs appear in the developing 
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cerebellum around E19, but do not form synaptic connections with PNs until PD3(Martinez 

et al., 2013; Morara, Van Der Want, De Weerd, Provinp, & Rosina, 2001). At this phase, 

the majority of GNs are located in the EGL in an immature state and with small PF 

extensions(Altman, 1972a). It is also important to note at this phase, precursor inhibitory 

interneurons are located in the white matter of the cerebellum, where they proliferate before 

migrating to the internal granular layer (IGL), PN layer, and finally ML by PD7(Kano et 

al., 2018).  

1.3.2 Late Phase of Purkinje Neuron Development and Synaptic 
Innervation 

By PD4-PD7, PNs enter a new phase of dendritic development. The disorganization 

of dendrites observed in the first week of postnatal development disappear, and the PN 

begins to orient its dendritic branches towards the pial surface(Hendelman & Aggerwal, 

1980). This phase of PN growth, between PD7 – PD28, constitutes the period of rapid 

dendritic elongation and synaptogenesis(Hendelman & Aggerwal, 1980; Kapfhammer, 

2004). Importantly, this phase also marks the development of the planar orientation of PN 

dendrites(Altman, 1972b). This late phase of rapid PN dendritic elongation also marks a 

phase for rapid GN migration and maturation, as immature GNs within the EGL 

differentiate, present with PFs, and migrate to the IGL(Kapfhammer, 2004). Likewise, as 

the PN dendrites elongate and form synaptic boutons, the sole glutamatergic innervation 

provided by CFs are slowly displaced by PFs to form PF-PN synapses(Kano et al., 2018). 

As CF innervation is replaced by PF innervation, redundant CF terminals are eliminated, 

leaving behind one CF innervating one PN(Mason, Christakos, & Catalano, 1990). 

Additionally, once the PN dendritic arbor is fully matured (after P28), CF innervation is 

restricted to the proximal 80% of the PN and strictly innervates the smooth, aspinous 

dendritic branches of PNs(K. Hashimoto et al., 2009).  

 At around P14, CF innervation, specifically the pericellular nest formation that was 

so prominent in the early stages of PN development, has begun to be displaced by BC 

innervation in the form of pinceau synapses(Ichikawa et al., 2011). These pinceau synapses 

fully enclose the PN axon hillock by PD28, when the murine cerebellum has 
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developmentally matured(Ichikawa et al., 2011). Both the early phase and the late phase of 

PN development are highlighted in Figure 1.2.  

1.3.3 Bergmann Glia Development 

BG, as mentioned previously, are derived from progenitor cells located in the 

ventricular zone(Martinez et al., 2013). Undifferentiated BG, simply referred to as radial 

glia, intimately develop alongside immature PNs and GNs. At approximately E15, radial 

glia begin to extend long laminar processes toward the pial surface(Martinez et al., 2013). 

Then, radial glia somata migrate from the ventricular zone towards the PN layer around the 

same time frame as early PN development occurs, between PD0-PD7(Yamada & 

Watanabe, 2002). In the later phase of PN dendritic development, between PD7-PD28, the 

unspecialized radial glia differentiate into BG and can be identified by characteristics such 

as multiple lamellar processes that extend from the soma to the pial surface while also 

having a close association with PN dendrites(Bellamy, 2006). It is during this time of 

extensive PN dendritic arborization that BG act as a guide to assist in direction PN dendrites 

towards the surface. As PN dendrites become more elaborate and synapse-dense, BG 

processes will transform their lamellar processes from smooth and linear, to fine, elaborate 

processes that closely ensheath glutamatergic PN synapses(Bellamy, 2006; Yamada et al., 

2000).  

In addition to guiding PN dendritic development, BG processes are critical in 

assisting GN migration and maturation from the EGL to the IGL during the second 

postnatal week(Custer et al., 2006; Miyazaki et al., 2017). During this time, BG processes 

transverse the entirety of the ML, but also a portion of the IGL to ensure appropriate GN 

migration between the two layers(Rakic, 1971). As GNs migrate through the ML to the 

IGL, they form tight interactions with BG lamellar processes that work to guide GNs to the 

eventual GNL and leave behind developed PFs within the ML(Rakic, 1971; H. Xu et al., 

2013).  
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Figure 1.2 Early and Late Stages of PN Development.  

(Left side): From PD4-7, PNs begin to develop small dendritic branches, and CF 

innervation dominates the PN, as opposed to PF innervation. The EGL at this point in 

development is prominent, and BG aide in GN maturation by providing a scaffold to allow 

for GNs to migrate from the EGL to the IGL. (Right side): In the late stage of PN 

development (PD7 and onward), the PN quickly develops an elaborate dendritic arbor. By 

PD14, the EGL is nearly, if not totally abolished. Elimination of CF synapses occur, which 

allows for more PF innervation within the distal PN dendrites. BG process are more 

elaborate and closely ensheath glutamatergic synapses upon PNs. 

  



10 

 

1.4 Nitric Oxide Isoforms: Synthesis and Physiological 

Function 

Nitric oxide (NO) is a gaseous molecule differentially produced in a variety of 

mammalian cells with a diverse range of functions. There are three enzymes that catalyze 

the production of NO: neuronal nitric oxide synthase (nNOS), endothelial nitric oxide 

synthase (eNOS), and inducible nitric oxide synthase (iNOS). All three NOS isoforms are 

classified as oxidoreductases and function as homodimers physiologically(Förstermann & 

Sessa, 2012). NO is produced by all NOSs enzymatically by utilizing L-arginine and 

metabolic oxygen as substrates and producing L-citrulline and molecular water as a by-

product(Förstermann & Sessa, 2012). All three isoforms of NOS rely on NADPH as a 

cofactor and reducing agent, and early studies assessing the localization and function of 

NOS isoforms relied on NADPH-diaphorase expression and activity(D. Stuehr, Pou, & 

Rosen, 2001).  

 

Both nNOS and eNOS are classified as constitutively expressed NOS isoforms. As 

well, both isoforms produce NO in a calcium-dependent manner(Förstermann & Sessa, 

2012). Briefly, intracellular increases of calcium facilitate binding of calmodulin, which 

allows for the reductase ability needed to convert L-arginine to NO. Therefore, increases 

in intracellular calcium levels and/or increases in calmodulin-bound eNOS and nNOS will 

result in increases in NO production, accordingly(D. J. Stuehr, 1999; D. Stuehr et al., 2001). 

Interestingly, nNOS – also referred to as brain NOS or NOS1 – was the first physiological 

NOS isoform to be discovered, fittingly within brain tissue. After this discovery, it is now 

known that nNOS is also localized in the periphery, specifically within skeletal and cardiac 

muscle, as well as nitrergic nerves that innervate smooth muscle(Förstermann et al., 1994). 

Functionally, nNOS-derived NO production within the periphery has been reported to 

regulate vascular tone by microvascular vasodilation and is more famously known for 

mediating penile erections(Förstermann et al., 1994; N. Kim, Azadzoi, Goldstein, & Saenz 

de Tejada, 1991; Melikian, Seddon, Casadei, Chowienczyk, & Shah, 2009). However, 

nNOS is the predominant NOS isoform in the CNS, localized in both neurons and 

astrocytes of the cerebrum and cerebellum. Within the CNS, nNOS-derived NO acts as an 
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unorthodox neurotransmitter that has been implicated in modulating higher-order functions 

such as memory formation and neurogenesis(L. Zhou & Zhu, 2009). Similar to the 

periphery, nNOS within the CNS can also contribute to central regulation of blood pressure 

and vascular tone by affecting brain regions responsible for homeostatic functions, such as 

the medulla oblongata and the hypothalamus(Toda, Ayajiki, & Okamura, 2009). 

 

As mentioned previously, eNOS is also a constitutively expressed, calcium-

dependent NOS isoform. Specifically, eNOS is predominately localized to endothelial cells 

and to some degree cardio myocytes and kidney tubular epithelial cells(Förstermann et al., 

1994). Endothelial NOS produces NO in a similar fashion to nNOS, in that increases in 

intracellular calcium promotes the binding of calmodulin to the enzyme leading to NO 

production. However, unlike nNOS, eNOS-derived NO production can be regulated by 

environmental factors outside of intracellular calcium levels, including phosphorylation of 

various serine, threonine, and tyrosine residues within the protein, resulting in increased 

calcium sensitivity and subsequent eNOS activity(Fleming & Busse, 2003; McCabe, 

Fulton, Roman, & Sessa, 2000). Endothelial NOS is responsible for a variety of 

physiological functions involving the cardiovascular system, including vasodilation and 

reduction of vascular inflammation and stimulation of angiogenesis(Murohara et al., 1998; 

Rapoport, Draznin, & Murad, 1983).  

 

Finally, iNOS differs from eNOS and nNOS in that the enzyme is not constitutively 

expressed, nor is it usually expressed in physiologically healthy cells. As well, iNOS 

produces NO in a calcium-independent manner, and is instead regulated by 

proinflammatory mediators such as bacterial pathogens and inflammatory 

cytokines(Förstermann & Sessa, 2012). Inducible NOS is primarily localized and utilized 

by immune cells such as macrophages and microglia, but its expression can be induced in 

any physiological cell type(Förstermann et al., 1994). While both nNOS and eNOS produce 

NO in a gradual manner, iNOS produces large amounts of NO in a short period of 

time(Hallemeesch et al., 2003; B. C. Smith, Fernhoff, & Marletta, 2012). Due to this burst 

effect of NO characteristic of iNOS, this isoform gives immune cells such as macrophages 

and microglia their cytotoxic function when interacting with foreign pathogens and various 
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infection and can cause a pathology when expressed in neurons(Kröncke, Kolb-Bachofen, 

Berschick, Burkart, & Kolb, 1991).  

1.4.1 Nitric Oxide and nNOS in the Cerebellum 

Neuronal NOS is of particular importance in the cerebellum, as this isoform is 

highly expressed within this region compared to any other region within the CNS(Bredt, 

Hwang, & Snyder, 1990; Campese et al., 2006). In particular, nNOS is localized to GNs, 

SCs, BCs, and BG, but notably not expressed to any degree within PNs(Schilling, Schmidt, 

& Baader, 1994; Shimizu-Albergine et al., 2003). Cerebellar NO has been implicated in 

many homeostatic functions, including synaptogenesis and plasticity, neurotransmitter 

release, signal transduction, and cell death regulation(Contestabile, 2012; Oldreive, 

Gaynor, & Doherty, 2012). Unlike what is observed in the cerebral cortex, NO acts as an 

anterograde messenger, often produced in the presynaptic terminals of PFs, by diffusing 

into neighbouring PNs to influence cerebellar learning and memory by modulating synaptic 

plasticity in the form of long-term depression (LTD) or long-term potentiation 

(LTP)(Contestabile, 2012; Matyash, Filippov, Mohrhagen, & Kettenmann, 2001; Wang et 

al., 2014). Similarly, nNOS-derived NO can signal endogenously within GNs and plays an 

important role in GN migration and maturation during cerebellar development(Oldreive et 

al., 2012). Importantly, nNOS-derived NO within the cerebellum has been previously 

shown to be critical in promoting PN survival and neuritogenesis during embryonic 

development in an in vitro environment(Oldreive et al., 2012).  

1.4.2 Nitric Oxide Signaling Pathways in the Cerebellum 

As a highly diffusible molecule, NO production within the cerebellum can produce 

a localized response with differential effects on a variety of neighbouring cells. To carry 

out a myriad of functions within different cell types, NO is known to act through two 

common signaling mechanisms: the classical NO-cyclic guanosine monophosphate 

(cGMP)-protein kinase-G (PKG) signaling cascade and protein modification via S-

nitrosylation of cysteine residues, which will be described in further detail below.  
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1.4.2.1 Protein Kinase-G Signaling Cascade 

Intercellular NO is commonly known to activate soluble guanylyl cyclase (sGC), a 

cytosolic enzyme that is documented to be the only endogenous receptor that uses NO as a 

ligand. To active sGC, NO binds to a heme group embedded into the enzyme, which then 

activates sGC and results in the hydrolysis of guanosine-5’-triphosphate (GTP) into 

cGMP(Kang, Liu, Wu, & Chen, 2019). Cyclic GMP acts as a secondary messenger that 

effectively amplifies the original NO response. Considering the highly diffusible, and 

consequently transient nature of NO, sGC is able to translate the instability of NO into a 

stable message in the form of cGMP. Additionally, sGC activation results in a 200-fold 

amplification of the original NO signal, thus preventing the potential cytotoxic effects of 

NO overproduction(Martin, Berka, Bogatenkova, Murad, & Tsai, 2006). A common 

downstream effector of cGMP is PKG, a serine/threonine kinase that can phosphorylate a 

wide variety of proteins within cells(Ariano, Lewicki, Brandwein, & Murad, 1982). 

Although PNs themselves do not produce NO, they have been reported to express all of the 

components associated with the sGC-cGMP-PKG pathway, exclusively activated by 

NO(Ariano et al., 1982). Within PNs, critical proteins that are phosphorylated specifically 

by PKG include -amino-3-hydroxy-5-methyl-4-isoxazoleproionic acid receptors 

(AMPARs) and inositol-3-phospate receptors (IP3Rs), critical for the production of LTD 

within PNs(Haug, Jensen, Hvalby, Walaas, & Østvold, 1999; Nakazawa, Mikawa, 

Hashikawa, & Ito, 1995; Shimizu-Albergine et al., 2003). The classical NO-cGMP-PKG 

pathway is highlighted in Figure 1.3. 
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Figure 1.3 Activation of PKG via NO signaling cascade. 

L-arginine is catabolized by NOSs, including nNOS, through an oxidoreductase reaction 

to produce NO and L-citrulline as a by-product. As PNs do not express NOS isoforms, NO 

diffuses from presynaptic terminals like the PF to bind to sGC, initiating the conversion of 

GTP to cGMP. Cyclic GMP binds and activates PKG, a protein kinase that is able to 

phosphorylate serine/threonine residues of proteins such as AMPARs, IP3Rs, and 

cytoskeletal proteins.  
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1.4.2.2 Regulation via S-Nitrosylation 

Due to its robust amplification of NO signaling, the sGC-cGMP-PKG cascade is 

the classical signaling pathway that results in the indirect cellular effects of NO. However, 

NO can also directly confer reversible post-translation modifications upon cysteine 

residues of various proteins in the form of S-nitrosylation(Jaffrey, Erdjument-Bromage, 

Ferris, Tempst, & Snyder, 2001). The transient nature of NO requires the process of S-

nitrosylation to be relatively quick, and unlike the classical PKG pathway, S-nitrosylation 

requires higher concentrations of NO within the intracellular environment(Stamler, Lamas, 

& Fang, 2001). In order for S-nitrosylation to occur, the cell itself must be in an optimal 

redox state, specifically within an oxidative environment(Stamler et al., 2001). Under an 

oxidative state, cysteine-thiol bonds within proteins transform into thiol radicals that easily 

react with NO(Gaston, 1999). Within the cerebellum, S-nitrosylation is known to affect 

stargazin, a regulatory protein known to affect membrane expression levels of AMPARs, 

as well as cytoskeletal structures, including postsynaptic density-95 (PSD-95)(Ho et al., 

2011; Selvakumar, Huganir, & Snyder, 2009).  

1.5 Synaptic Plasticity in the Cerebellum 

Synaptic plasticity within the cerebellum is defined as cellular changes that underly 

the storage of motor memories and the development of important functions, including 

error-driven motor control and learning, as well as movements associated with the 

vestibulo-ocular reflex(Hirano, 2018; Tanaka, Kawaguchi, Shioi, & Hirano, 2013). In 

general, there exists a variety of ways in which synaptic plasticity may occur, including 

receptor sensitization, LTP, LTD, and alterations in synapse morphology(Ito, 1989). The 

following sections will discuss ways in which PNs display and are affected by synaptic 

plasticity, with a particular focus on the underlying mechanism associated with PN LTD, 

as well as associated changes in neuron morphology. 

1.5.1 PF-PN Synapse and LTD 

PF-PN synaptic function is crucial in governing the development of fine motor 

skills as well as coordinated movement, both spatially and temporally(Janmaat et al., 2009). 
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Additionally, it is the site for synaptic plasticity in the form of long term potentiation and 

depression (LTP/LTD)(Hartmann, Henning, & Konnerth, 2011). The LTD profile 

functions to weaken the signal of the PF-PN by modulation of cations entering the PN, 

specifically calcium, which originates from internal stores from the endoplasmic reticulum 

(ER) or from the extracellular environment(Daniel, Levenes, & Crépel, 1998). LTD is 

initiated by the release of glutamate from PF terminals and the binding of glutamate to 

various glutamate receptors located on the PN dendritic spine. In general, glutamate 

activates ionotropic glutamate receptors, namely AMPARs, to cause a large and transient 

depolarization, termed the fast excitatory post synaptic current (fEPSC)(Jin, Kim, Kim, 

Worley, & Linden, 2007). It is crucial to note that PF-PN synapses do not express N-

methyl-D-aspartate receptors (NMDARs), and therefore NMDARs do not contribute to the 

fEPSC within this synapse(Casado, Dieudonné, & Ascher, 2000). As well, glutamate can 

activate metabotropic glutamate receptors (mGluRs), specifically mGluR1 expressed on 

PN dendritic spines, to cause a slow and sustained influx of cations into the PN, or a slow 

EPSC (sEPSC)(Jin et al., 2007).  

 

Notably, NO plays a large role in facilitating LTD at PF-PN synapses(Daniel et al., 

1998; Wang et al., 2014). Experimentally, NO blockade via NOS inhibitors within 

cerebellar slices abolishes the LTD profile at the PF-PN synapse completely(Lev-Ram, 

Makings, Keitz, Kao, & Tsien, 1995; Linden, Dawson, & Dawson, 1995). However, how 

NO facilitates cerebellar LTD has remained a controversial topic within scientific 

literature. The currently favoured model describes NO, specifically produced by PF 

stimulation, easily diffuses into PN terminals to activate the classical NO-cGMP-PKG 

pathway, leading to the hyperphosphorylation of PN AMPARs(Hartell, 2002). Therefore, 

NO production results in decreased AMPAR activity, either through AMPAR 

desensitization or AMPAR internalization, potentially through either a protein kinase C 

(PKC)-, or a PKG-dependent mechanism(Blitz, Foster, & Regehr, 2004; Brorson, 

Manzolillo, Gibbons, & Miller, 1995; Linden et al., 1995; Metzger, Kapfhammer, Metzger, 

& Kapfhammer, 2003).  



17 

 

1.5.2 CF-PN Synapse and LTD  

As mentioned previously, there are two types of excitatory, glutamatergic inputs 

innervating PNs: PFs and CFs. Although the LTD profile is associated with the PF-PN 

synapse specifically, it is now known that concurrent CF and PF stimulation upon the PN 

is needed in order produce a long-lasting depression of signal transmission between PFs 

and PNs, and not by individual stimulation of PFs and CFs alone(Hirano, 2018; Ito, 2001). 

Cerebellar LTD is used as a mechanism to refine motor learning behaviours, as CFs often 

propagate error messages related to motor movement(Maekawa & Simpson, 1973). 

Therefore, strong activation of CFs work to selectively weaken inappropriate motor signals 

conveyed by PFs (by up to 50%) when activated together(Hansel, Linden, & D’Angelo, 

2001). CF stimulation is necessary for the induction of LTD, as CFs are capable of 

producing a large calcium influx within the PN (more so than PF stimulation alone), termed 

the complex spike. To do so, CFs are able to elicit a large influx of calcium within the PN 

via P/Q type voltage gated calcium channels(Hansel et al., 2001).  

1.5.3 Synapse Morphology 

In addition to LTD, structural forms of synaptic plasticity exist, in which 

overactivation and under-activation of synaptic terminals can result in changes to synaptic 

bouton ultrastructure. Morphological changes in result of synaptic input have been 

documented many times within neurons of the cerebral cortex and hippocampus(Calabrese, 

Wilson, & Halpain, 2006; Verpelli et al., 2010). Specifically, it is understood that both 

dendritic spine density and morphology are constantly changing during development into 

adulthood in order to reflect changes in learning and memory over time. In general, changes 

to dendritic spine morphology are often a result of protein synthesis or degradation when 

building new spines or eliminating unnecessary spines, respectively.  

The construction of new spines requires increased presynaptic input and activity, 

and it is agreed upon that intracellular calcium levels play a key role in synapse 

reorganization(Wong & Ghosh, 2002). In response to elevated levels of calcium in the 

postsynaptic terminal, a local change to dendritic spines can occur via calcium-dependent 

signaling proteins that can alter the dendritic cytoskeleton(Lamont & Weber, 2012). Local, 
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fast changes to dendritic spines in response to a stimulus such as glutamate can result in an 

increase in immature synaptic spines, such as filopodia or thin spines, as opposed to 

canonical, mature, mushroom-type spines(Maiti, Manna, Ilavazhagan, Rossignol, & 

Dunbar, 2015). Creation of additional thin spines as a result of intracellular calcium levels 

is often mediated by phosphorylation events through calcium/calmodulin-dependent 

protein kinases (CaMKs), which are able to alter dendritic structures via modification of 

cytoskeletal proteins(Wojda, Salinska, & Kuznicki, 2008).  

Differences in dendritic spine morphology can determine the efficiency and 

functionality of the synapse itself. For example, mushroom spines, characterized by a 

bulbous-shaped synaptic head, followed by a constricted, thinly shaped synaptic neck. 

Mushroom spines are often referred to as “memory spines”, as they can persist in vivo for 

months. Their characteristic morphology allows for larger PSDs, which translates to greater 

densities of glutamate receptors such as AMPARs on the spine membrane(Ashby, Maier, 

Nishimune, & Henley, 2006; Bourne & Harris, 2007). A bulbous spine head provides room 

from more synaptic proteins to exist in a localized area, in particular proteins associated 

with calcium homeostasis. As a result of their long-term stability and persistence, 

mushroom spines are more likely to exist in a tripartite synaptic formation, with specific 

inclusion of astrocytic processes ensheathing the entirety of the synapse(Bourne & Harris, 

2007; Haber, 2006). In contrast, thin spines are often described as transient, or “learning” 

spines, as they form quickly and exist for only a few days at a time, before turning into 

mushroom spines or degenerating completely(Bourne & Harris, 2007). This type of spine 

morphology is beneficial when accommodating for enhanced or weakened synaptic inputs. 

As well, both mushroom and thin spines regulate and transmit calcium signals in a different 

manner. Mushroom spines with long, narrow spine necks retain better control of calcium 

transients during synaptic activation than thin spines, which impair charge transfer due to 

their relative lack of post-synaptic proteins and smaller PSDs(Noguchi, Matsuzaki, Ellis-

Davies, & Kasai, 2005; Santamaria, Wils, De Schutter, & Augustine, 2006).  
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1.6 PF-PN Synaptic Transmission 

Calcium homeostasis plays an important role in dictating synapse morphology and 

functionality, ultimately affecting neuronal output and behavioural phenotypes. Therefore, 

calcium ion dynamics within the cerebellum, particularly within the PN, are highly 

regulated considering the abundance of synaptic inputs upon the PN. As mentioned in the 

previous section, mature GNs are stimulated by mossy fiber inputs generating high-

frequency bursting action potentials in PFs, thus eliciting calcium influx primarily by slow-

acting mGluRs. The upcoming section will describe the mechanism of store-operated 

calcium entry (SOCE) initiated by mGluRs during PF-PN synaptic transmission 

(highlighted in Figure 1.4).  

1.6.1 mGluR1 Signaling Pathway 

As highlighted previously, glutamate released from PFs activate two types of 

glutamate receptors on PNs: ionotropic AMPARs, and metabotropic mGluRs. 

Metabotropic GluRs differ from ionotropic glutamate receptors in that mGluRs do not form 

ion channels to mediate calcium entry, but rather propagate an intracellular signaling 

cascade, indirectly causing calcium entry. In particular, the most abundant mGluR located 

on PNs are mGluR1s(Knöpfel & Grandes, 2002). As a group I mGluR, mGluR1 is a 

membrane-bound receptor with seven transmembrane domains that is coupled to Gq 

proteins(Pandya et al., 2016). When activated, mGluR1 initiates a signaling cascade 

involving the activation of phospholipase C (PLC) that is closely bound to mGluR1 via 

Gq proteins. PLC facilitates the cleavage of phosphatidylinositol-4, 5-bisphosphate 

(PIP2) into inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 then activates the 

IP3 receptor on the endoplasmic reticulum (ER) membrane, leading to ER depletion of 

calcium(Hartmann et al., 2011; Jin et al., 2007; Willard & Koochekpour, 2013). Once 

calcium exits the ER, calcium sensors on the ER membrane, termed stromal interaction 

molecule 1 (STIM1), aggregate, oligomerize, and translocate to the plasma membrane 

(PM)(Ryu et al., 2017). There, the STIM1 complex can interact with the transient receptor 

potential canonical type 3 (TRPC3) channels, a type of store operated calcium channel 

(SOCC), causing a large calcium influx into the PN cytosol. This mGluR1-intiated TRPC3 
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conductance is the main component of the sEPSC, and the predominant form of SOCE in 

the PN(Hartmann & Konnerth, 2015; G. N. Huang et al., 2006; Yuan, Zeng, Huang, 

Worley, & Muallem, 2007).  

1.6.2 Nitric Oxide and Store-Operated Calcium Entry  

Although the NO-cGMP-PKG pathway has been implicated in maintaining the 

LTD profile within PNs, NO may also play an additional role in modulating calcium 

homeostasis via SOCE. Recently, it has been noted that NO can potentially regulate the 

occurrence of SOCE in cells via S-nitrosylation of STIM1(Gui et al., 2018). In particular, 

NO was shown to modulate Orai-mediated calcium entry in cardiomyocytes by S-

nitrosylation of cysteine (Cys) 49 and Cys56 on the STIM1 protein, resulting in suppression 

of calcium-dependent STIM1 oligomerization(Gui et al., 2018).  
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Figure 1.4 mGluR1-initiated SOCE within the PN.  

1. Glutamate is released from the PF terminals to activate mGluR1 on the PN membrane. 

2. Activation of mGluR1 induces PLC-mediated cleavage of PIP2 into DAG and IP3. 3. 

IP3 activates IP3Rs on the ER membrane, allowing the release of calcium into the PN 

cytosol from internal stores. 4. Decreased calcium concentrations within the ER lumen will 

result in STIM1 oligomerization (yellow ovals). 5. STIM1 oligomers gate the opening of 

TRPC3 channels (purple ovals) upon the membrane of the PN, allowing extracellular 

calcium to enter the PN cytosol.  
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1.7 Glutamate Excitotoxicity and Neurodegeneration  

PNs of the cerebellum heavily regulate calcium influx through a variety of 

mechanisms. As previously described, PNs receive primary glutamatergic input from PFs 

and when glutamate is released, transient increases of calcium into the PN occur. However, 

overactivation of glutamate receptors can lead to increased intracellular calcium levels by 

AMPARs overactivation and by elevated SOCE via mGluR1s(Wojda et al., 2008). As such, 

pathological increases in calcium often result in neuronal atrophy or even neuronal cell 

death. Neuronal atrophy is often a measure of deficits in neuron morphology, including 

synaptic spine morphology, complexity of dendritic arborization, and density/shape of 

neuronal cell bodies(Mattson, 2007).  

In the case of excitotoxicity, pathological increases in intracellular calcium can 

cause neurodegeneration to occur via activation of calcium-dependent neutral cysteine 

proteases such as calpains(Vosler, Brennan, & Chen, 2008). Physiologically, calpains 

function to assist with synaptic plasticity by regulating the expression levels of both AMPA 

and mGluR1 during LTD/LTP(Bi, Bi, & Baudry, 2000; Slemmer, De Zeeuw, & Weber, 

2005; W. Xu et al., 2007). As well, calpain activity is known to remodel cytoskeletal 

proteins such as - and -spectrins to contribute to transient changes to synaptic 

morphology, and assist with efficient protein trafficking to the PM(Seubert, Baudry, 

Dudek, & Lynch, 1987; Vosler et al., 2008).  Under pathological levels of intracellular 

calcium, calpains have been documented to degrade cytoskeletal proteins that are crucial 

in maintaining the integrity of the synapse, which causes the retraction and loss of synaptic 

spines(Mattson, 1990; Rami, Ferger, & Krieglstein, 1997; Stein-Behrens, Mattson, Chang, 

Yeh, & Sapolsky, 1994). Beyond cytoskeletal proteolysis, calpains may function to initiate 

cell death in coordination with caspases, cysteinyl aspartate proteinases often activated 

during apoptosis(Chan & Mattson, 1999; Mattson, 2007).  

Given the dangers of excitotoxicity via overactivation of glutamate receptors, there 

are multiple ways in which the cerebellum regulates glutamate overexcitation, primarily 

via glutamate transporters located of BG and to some degree, PNs. The next subsection 

will discuss how BG can facilitate glutamate uptake to prevent excitotoxicity.  
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1.7.1 Bergmann Glia: Glutamate Uptake 

Although both BG and general astrocytes exist within the cerebellum, BG comprise 

of over 90% of the astrocytic population, making them the predominant mediators of 

astrocytic glutamate uptake within the cerebellum(Martínez-Lozada, Hernández-Kelly, 

Aguilera, López-Bayghen, & Ortega, 2011). PNs also contribute to glutamate uptake as 

well, as they express excitatory amino acid transporter 4 (EAAT4), although they 

contribute about 10% of the total glutamate clearance within the cerebellum, preventing 

long-term spillover of glutamate from the synaptic cleft to adjacent synapses(Danbolt, 

Furness, & Zhou, 2016; Y. H. Huang, 2004). BG are incredibly efficient in uptaking 

glutamate from the synaptic cleft, as they form elaborate projections that closely ensheath 

67% and 94% of PF and CF synaptic area, respectively(Bellamy, 2006; Xu-Friedman, 

Harris, & Regehr, 2001). BG uptake glutamate via excitatory amino acid transporter 

1/glutamate aspartate transporters (EAAT1/GLAST), and the following section will 

describe the function and activity of GLAST within the cerebellum.  

1.7.2 GLAST Function and Activity  

In contrast to unspecialized cortical astrocytes, radial astrocytes such as BG 

abundantly express GLAST as opposed to glutamate transporter-1 (GLT-

1/EAAT2)(Perego et al., 2000). In particular, GLAST is an important cerebellar glutamate 

transporter that has a 6-fold greater expression level relative to GLT-1, making it the 

predominant glutamate transporter in the cerebellum(Lehre & Danbolt, 1998; Takatsuru et 

al., 2006). GLAST functions as a homotrimer on the PM of BG, where uptake of glutamate 

(as well as L- and D-aspartate with a similar efficiency) into the cell is co-transported with 

three sodium ions and one hydrogen ion, while one potassium ion is transported to the 

extracellular space(Bauer et al., 2012). Once glutamate is transported into the BG, 

glutamate is then recycled to glutamine via glutamine synthetase (GS), then released into 

the extracellular space through the N system of neutral amino acid transporters 3 and 5 

(SNAT3/5)(Martínez-Lozada et al., 2011). Glutamine is then taken up by glutamatergic 

terminals such as PFs and CFs by SNAT1/2 to be converted back into glutamate, in a 

process named the glutamate/glutamine shuttle (Figure 1.5).  
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A significant component dictating GLAST functionality is the frequency and 

magnitude of calcium transients that occur within the BG in the presence of glutamate. It 

is well known that PF activity can evoke increases in intracellular calcium within 

BGs(Bazargani & Attwell, 2016; Metea & Newman, 2006; Ortega, Eshhar, & Teichberg, 

1991), and this is postulated to occur by a few mechanisms. Firstly, BG are known to 

express calcium-permeable AMPARs (AMPARs that lack expression of the GluR2 

subunit). Therefore, activation of these AMPARs on BG are able to induce localized, 

transient calcium influxes(Burnashev et al., 1992; Iino et al., 2001). Calcium transients 

within BG during glutamate uptake are critical, as studies that have abolished calcium 

transients mediated by AMPARs have reported BG process retraction as well as decreases 

in GLAST transcription(Ishiuchi et al., 2007; López-Bayghen, Espinoza-Rojo, & Ortega, 

2003; Martínez, García, Aguilera, & Ortega, 2014).  
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Figure 1.5 The glutamate-glutamine shuttle.  

1. Glutamate (blue circles) released from glutamatergic terminals, such as PFs, enter the 

synaptic cleft to interact with glutamate receptors on the PN membrane. On astrocytes such 

as BG, glutamate is taken up by GLAST into the BG cytosol along with three sodium ions 

and one hydrogen ion, while transporting one potassium ion into the extracellular space. 2. 

Glutamate is recycled into glutamine through GS. 3. Glutamine is shuttled outside of the 

BG into the extracellular space by transport proteins such as SNAT3/5. 4. Glutamine is 

then taken up by presynaptic terminals via SNAT1/2 and enzymatically converted into 

glutamate (within glutamatergic boutons) or GABA (within GABAergic boutons).  
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1.7.3 NCX and GLAST Coupling and Activity  

Importantly, glutamate uptake itself can indirectly act as a driver of calcium entry, 

as sodium ions co-transported with glutamate via GLAST influences the activity of the 

sodium/calcium exchanger (NCX) located within BG as well as cortical astrocytes(S. 

Kirischuk, Kirchhoff, Matyash, Kettenmann, & Verkhratsky, 1999; Sergei Kirischuk, 

Kettenmann, & Verkhratsky, 2007). The NCX is a solute carrier electrogenic transporter 

located on the PM of astrocytes, and functions to adjust astrocytic membrane potentials 

according to the extracellular environment. The NCX exists in two conformations: the 

forward mode and the reverse mode. In the forward mode, the NCX works to transport 

three sodium ions into the BG cytosol, while transporting one calcium ion into the 

extracellular space(Rose, Ziemens, & Verkhratsky, 2020). The forward mode of the NCX 

is the most likely conformation when the BG is at rest. Conversely, the reverse mode of the 

NCX, in which one calcium ion is transported into the BG cytosol, while three sodium ions 

are transported into the extracellular space, is thought to be induced by increases in sodium 

transients, caused by increased GLAST activity and concurrent sodium ion influx(Sergei 

Kirischuk et al., 2007; Rose et al., 2020).  

1.7.4 Nitric Oxide and Glutamate Uptake Regulation  

The effects of NO within the CNS are not limited to neurons; supporting cells such 

as astrocytes are also under the influence of NO signaling. A recent study has determined 

that increases in NO concentrations are proportional to increases in GLAST functionality, 

measured as relative D-aspartate uptake, in cultured BG(Balderas et al., 2014). Similarly, 

glutamate uptake activity within cultured BG has been shown to increase BG expression 

of nNOS, suggesting an intricate interplay between glutamate concentrations, nNOS 

expression, and GLAST activity(Tiburcio-Félix et al., 2019).  

NO may indirectly affect GLAST function by modulation of the calcium transients 

within BG during glutamate uptake. As described earlier, the NCX is coupled closely with 

GLAST function in order to produce an increase in intracellular calcium. Interestingly, 

multiple studies have demonstrated the ability of NO to cause a reversal in the NCX, 
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resulting in increased calcium influx into the BG(Asano et al., 2002; Secondo et al., 2011; 

Takuma, Ago, & Matsuda, 2013).  

1.8 eCB Signaling Pathway  

Although glutamate remains central to the induction of cerebellar LTD at PF-PN 

synapses, the weakened signal of PFs during LTD can also be attributed to a retrograde 

signaling cascade that works to inhibit the release of PF-derived glutamate. Within the 

cerebellum, the endocannabinoid (eCB) pathway is the predominant way in which PF 

activation can be dampened or suppressed for prolonged periods of time. The following 

sections will describe the production and mechanism of action of the most prominent 

cerebellar eCB.  

1.8.1 2-AG synthesis via mGluR1 Signaling  

In addition to the mGluR1-initiated SOCE component during PF-PN synaptic 

transmission, there is a concurrent signaling cascade initiated by mGluR1 primarily 

involved with the synthesis of cerebellar eCBs. As discussed previously, mGluR1 

activation by glutamate that originates from PFs or CFs results in the production of IP3 and 

DAG from PIP2 via PLC activity. While IP3 acts as a secondary messenger stimulating 

SOCE within the PN, DAG is enzymatically converted by DAG lipase α (DAGLα) to 2-

arachidonoylglycerol (2-AG), the highest-expressed eCB within the cerebellum(Bisogno 

et al., 2003; P. K. Safo & Regehr, 2005). 2-AG is a lipid messenger able to easily diffuse 

across the PM, and transverses across the synaptic cleft to retroactively signal cannabinoid-

1 receptors (CB1Rs) located on presynaptic terminals, predominately BCs, SCs, and 

PFs(Kawamura, 2006; Maejima et al., 2005). Termination of the signal occurs via 

degradation of 2-AG by lipid hydrolases, including monoacylglycerol lipase (MGL) and 

fatty amino acid hydrolase (FAAH)(Di Marzo & Maccarrone, 2008; Gulyas et al., 2004; 

Schlosburg et al., 2010). This 2-AG signaling cascade is described and illustrated in Figure 

1.6.  
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Figure 1.6 mGluR1-initiated 2-AG synthesis.  

1. Glutamate released from PFs activate mGluR1s on the PN membrane. 2. Activation of 

mGluR1 induces PLC-mediated cleavage of PIP2 into DAG and IP3. 3. DAG is 

enzymatically catabolized by DAGLα into 2-AG, a prominent eCB within the cerebellum. 

4. 2-AG retroactively activates CB1Rs on presynaptic terminals. 5. 2-AG is hydrolyzed 

into free fatty acids within the presynaptic terminal such as FAAH and MGL. 
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1.8.2 CB1R Activation and Function 

In accordance with high levels of 2-AG within the cerebellum, there is also an 

abundance of CB1Rs that are highly expressed within the molecular layer of the 

cerebellum(Herkenham et al., 1990). CB1Rs bind to eCBs such as 2-AG and N-

arachidonoylethanolamide (AEA), as well as exogenous cannabinoids, including -9-

tetrahydrocannabinol (THC) and to a weaker extent, cannabidiol (CBD)(Steinmetz & 

Freeman, 2016). As a Gi/o protein-coupled receptor, CB1R activation is responsible for 

inhibiting adenylyl cyclase and cyclic adenylyl monophosphate (cAMP) production, 

suppression of neurotransmitter release, including GABA from interneurons and glutamate 

from PFs respectively, and induction of morphological changes in neurons though cAMP-

dependent pathways(Carey et al., 2011; P. Safo, Cravatt, & Regehr, 2006; Tapia et al., 

2017). More specifically, CB1R activation within the cerebellum may also facilitate 

cerebellar learning and memory consolidation, as well as contribute to the PF-PN LTD 

profile(P. K. Safo & Regehr, 2005; Steinmetz & Freeman, 2016). During development, 

CB1R signaling plays an important role in modulating synaptic strength, as overstimulation 

of CB1Rs during this time may dampen PN synaptic maturation(Barnes et al., 2020).  

1.8.3 Nitric Oxide and CB1R Activity  

Multiple sources have described the interaction between CB1R activation and 

subsequent modulation of nNOS-derived NO production, however, the exact mechanism 

behind this interaction has yet to be fully elucidated. Interestingly, chronic CB1R activation 

can subsequently decrease NO production and nNOS expression, through inhibition of 

voltage-gated calcium channels. Specifically, CB1R-deficient mice exhibit greater NOS 

activity within the cerebrum compared to WT mice, which suggests a CB1R-dependent 

suppression of NO production(H. K. Sun et al., 2006). Contrastingly, there has been 

evidence suggesting CB1R activation leads to an increase in NO production in specific cell 

types. For example, N18TG2 neuroblastoma cells displayed elevated NO production in the 

presence of CB1R agonists(Jones, Carney, Vrana, Norford, & Howlett, 2008). However, 

there is little evidence reported that delineates the interaction between NO and CB1R 

within the cerebellum. Both CB1R and NO are needed in order to induce PF-PN LTD, as 
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one study revealed that LTD induction requires CB1R activation first, followed by NO 

production downstream of CB1R activation(P. K. Safo & Regehr, 2005).  

1.9 Cerebellar Disorders and Implications 

Cerebellar dysfunctions have increasingly begun to be included in a variety of 

neurological disorders, including autism, Alzheimer’s disease, and Parkinson’s 

disease(Fatemi et al., 2012; Jacobs et al., 2018; Lopez et al., 2020). The following section 

will describe canonical clinical cerebellar disorders and their association with PN function, 

PF-PN synaptic transmission, and cerebellar calcium dynamics. 

1.9.1 Genetic: Spinocerebellar Ataxia and Episodic Ataxia  

Spinocerebellar ataxias (SCA) are a group of rare hereditary ataxias that lead to 

degenerative changes within the cerebellum and in some cases, the spinal cord(Geschwind, 

Perlman, Figueroa, Treiman, & Pulst, 1997). Over 40 SCAs have been identified thus far, 

each with their characteristic genetic mutation, with a global prevalence rate of 0.3-3 per 

100,000 per capita(Geschwind et al., 1997; Manto, 2005). Symptoms of the disease along 

with the perceived severity can vary depending on the type of SCA as well as age of onset, 

and mainly include uncoordinated gait, impaired hand and eye movements, as well as poor 

speech formation and cognitive deficits(Bürk et al., 1999, 2003; Manto, 2005). At the 

physiological level, the cerebellum often shows increased atrophy as well as degeneration 

and loss of PNs(Iizuka, Matsuzaki, Konno, & Hirai, 2016; Konno et al., 2014). In human 

SCAs, mutations in ATXN, SPTBN2, CACNA1A, ITPR1 and TRPC3 – genes encoding 

ataxin-1, -III-spectrin, CaV2.1, IP3 receptor, and TRPC3 – are affected in SCA1, 5, 6, 15 

and 41 respectively, and are crucial in maintaining PN viability and functionality(Armbrust 

et al., 2014; Becker, 2014; Coutelier et al., 2015; Cvetanovic, 2015; Jin et al., 2007; Y. Kim 

et al., 2012). Specifically, these gene mutations are similar in that they eventually alter 

calcium ion dynamics within the PN, consequently resulting in PN degeneration and 

loss(Kasumu & Bezprozvanny, 2012; Reitstetter & Yool, 1998; Yang & Lisberger, 2014). 

 

Episodic ataxias (EAs) are similar to SCAs in that they are both neurological 

conditions originating in the cerebellum that affect movement coordination(Choi et al., 

2017). EAs are also relatively rare disorders, affecting less than 1 in 100,000 
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individuals(Choi et al., 2017). Unlike SCAs, which present with chronic symptoms, EAs 

are characterized by transient, periodic bouts of ataxia, along with secondary symptoms 

including seizures and slurred speech(Orsucci, Raglione, Mazzoni, & Vista, 2019). Like 

SCAs, there are multiple types of EAs, presenting with various genetic mutations, 

including CACNA1A and SLC1A3 – genes encoding for CaV2.1 and GLAST, 

respectively(Iwama et al., 2018; Jen & Wan, 2018).  

1.9.2 Chronic Alcohol Abuse  

Chronic alcohol use has been implicated in inducing a pathological phenotype 

within the cerebellum. In general, chronic alcohol users present with physical symptoms 

that include tremors, uncoordinated gait, and deficits in maintaining upright posture and 

balance. Excessive alcohol consumption over long periods of time can result in cerebellar 

atrophy, measured by smaller grey matter areas and lower cerebellar volumes compared to 

those who abstain from drinking alcohol(Cardenas, Hough, Durazzo, & Meyerhoff, 2020; 

Cservenka, 2016). Nonmotor behaviours are also affected with chronic alcohol use, 

including impairments in executive functioning, working memory, attention shifting, and 

verbal tasks(Cardenas et al., 2020).  

There is a significant correlation between cerebellar symptoms associated with 

chronic alcohol use and changes to NO production, although the exact effect chronic 

alcohol use has on NO levels remains controversial. Multiple studies have mentioned 

chronic alcohol use results in increased NO production and leads to cytotoxic and 

neurodegenerative effects(Lancaster, 1995; H. Sun et al., 2006). Contrastingly, studies 

have also deemed chronic alcohol use to cause decreases in nNOS-derived NO production 

both systemically and within the cerebrum(Afshar et al., 2016; Spanagel et al., 2002).  

1.9.3 Chronic Cannabis Abuse  

As more and more countries move towards legalization of cannabis, scientific 

studies have begun to assess the effects of long-term cannabis use on brain structure and 

neurocognition. With relation to the cerebellum, chronic cannabis use has been linked to 

alterations in cerebellar structure, specifically decreases in white matter volume and 
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increases in grey matter volume, along with deficits in decision making, memory, and 

associative learning(Blithikioti et al., 2019). Interestingly, studies have observed deficits 

in psychomotor tasks specifically in adolescent cannabis users, suggesting a link between 

cannabis use and cerebellar development(Blithikioti et al., 2019). As well, a study has 

linked cannabis use to cerebellar NO levels, in that THC-induced ataxias are correlated 

with decreases in NO production(A. D. Smith & Dar, 2007). 

1.9.4 Nitric Oxide and Ataxic Models 

Considering the importance that physiological levels of NO has on regulating 

synaptic transmission and glutamate uptake, there is little data available as to how a lack 

of NO production can affect cerebellar neuronal development and function. Two critical 

studies have noted that various cerebellar mutant mice with prominent ataxic behaviours 

also present with decreased NOS activity(Abbott & Nahm, 2004; Rhyu et al., 2003). This 

is important to consider, as it has been reported that nNOS expression is significantly 

decreased in the cerebella of aged rats, which corresponds to a decrease in learning and 

memory test performance(Yu, Juang, Lee, Liu, & Cheng, 2000). Despite this link, it is 

uncertain as to how a lack of NO can influence cerebellar pathologies.  
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1.10 Rationale, Hypothesis, and Aims 

1.10.1 Rationale 

It is undisputed that NO, and specifically nNOS, has a critical role to play in 

maintaining cerebellar homeostasis and PN function in a variety of ways, including 

maintenance of LTD, regulation of glutamate uptake, while also contributing to the eCB 

pathway. However, previous studies examining adult nNOS knockout (nNOS-/-) mice 

noted the absence of gross CNS abnormalities, despite this model exhibiting behavioural 

deficits related to both aggression and locomotor activities associated with the 

cerebellum(P. L. Huang, Dawson, Bredt, Snyder, & Fishman, 1993; Kriegsfeld et al., 1999; 

Nelson et al., 1995). In addition to the lack of molecular research associated with the nNOS-

/- mouse model, previous research has not determined whether an absence of nNOS 

expression can result in aberrant postnatal development, as most studies using the nNOS-/- 

model specifically study adult ages.  

Although the nNOS-/- mouse model has been relatively understudied, some studies 

have noted the link between mutant mice exhibiting a cerebellar ataxic phenotype and 

decreases in NOS activity(Abbott & Nahm, 2004; Rhyu et al., 2003). Interestingly, 

cerebellar ataxic phenotypes often affect proteins associated with the production of the 

LTD response, namely components of the mGluR1 pathway as well as the calcium 

response within the PN. Given the lack of data on the nNOS-/- cerebellar phenotype 

throughout development, as well as the close connection between the presence of NO and 

synaptic function/plasticity within the cerebellum, I set out to characterize the role and 

mechanisms of NO signaling in regulating the morphology and protein expressions at the 

PF-PN synapse throughout postnatal development. 

1.10.2 Hypothesis 

It is hypothesized that the absence of nNOS-derived NO signaling during postnatal 

development in the murine cerebellum negatively impacts cerebellar network formation. 

Specifically, I hypothesize that the absence of nNOS/NO signaling in the murine 

cerebellum will result in an excitotoxic phenotype characterized by aberrant PN growth, 
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development, and synapse formation, through overactivation of mGluR1 on PNs, reduced 

glutamate uptake by BG, and altered eCB signaling.  

1.10.3 Aims 

To test this hypothesis, I carried out in vivo experiments in WT and nNOS-/- mice, 

ex vivo experiments using WT and nNOS-/- cerebellar slice cultures, and in vitro 

experiments using primary astrocyte cultures isolated from WT and nNOS-/- pups for the 

following aims: 

Aim 1: 

To characterize the morphological development of PF-PN synapses in WT and nNOS-/- 

mice with a focus on mGluR1 mediated SOCE. 

Aim 2: 

To characterize BG morphology and examine the function of GLAST in BGs of WT and 

nNOS-/- mice during postnatal development. 

Aim 3: 

To characterize the mGluR1-mediated eCB pathway in WT and nNOS-/- cerebella during 

postnatal development. 
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Chapter 2  

This chapter was published in the journal Cerebellum, volume 19, issue 4, pages 510-526. 

It has been reproduced with permission from Springer. 

2 Nitric Oxide Critically Regulates Purkinje Neuron 

Dendritic Development Through a Metabotropic 

Glutamate Receptor Type 1-Mediated Mechanism. 

2.1 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 development, 

particularly by regulating an mGluR1-initiated calcium signaling mechanism.  
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2.2 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(Blanco et al., 2010). 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 coordination across 

development(Daniel, Levenes, & Crépel, 1998). Moreover, a study characterizing the 

expression level and functionality of nNOS/NO production noted a significant 

downregulation in nNOS mRNA and activity in cerebellar mutant mice, including leaner, 

staggerer, nervous, and Purkinje cell degeneration mice(Abbott & Nahm, 2004). 

Accordingly, in vivo deletion of nNOS in mice (nNOS-/-) results in an ataxic phenotype 

with significant motor impairments and tremors(Huang, Dawson, Bredt, Snyder, & 

Fishman, 1993; Kriegsfeld et al., 1999; Nelson et al., 1995). Despite these already 

established behavioral deficits, preliminary gross anatomical analyses of the adult nNOS-/- 

mouse brain revealed no noticeable abnormalities in cerebellar morphology, which 

included length of dendritic arborization and overall cerebellar volume(Huang et al., 1993). 

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(Lev-Ram, Makings, Keitz, Kao, & 

Tsien, 1995). 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 cerebellar pathologies, including a variety of spinocerebellar ataxias (SCAs) as 

well as severe cognitive delays(Kasumu & Bezprozvanny, 2012; Liu et al., 2009; Toru et 

al., 2000). Specifically, activation of metabotropic glutamate receptor type 1 (mGluR1), 

localized on dendritic spines of PNs, stimulates the production of inositol triphosphate 
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(IP3) via phospholipase-C (PLC) activity(Hartmann, Henning, & Konnerth, 2011; Jin, 

Kim, Kim, Worley, & Linden, 2007). IP3 then binds to its endogenous receptor on the 

endoplasmic reticulum (ER), resulting in calcium efflux from the ER to the cytosol(Willard 

& Koochekpour, 2013). 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(Hartmann et al., 

2008, 2014; Schilling, Schmidt, & Baader, 1994; Yoshida et al., 2006). Importantly, a 

recent paper explained the crucial interaction between STIM1 and NO, which functions to 

prevent the influx of calcium through store-operated mechanisms(Gui et al., 2018). 

Although both ionotropic and metabotropic glutamate receptors 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 pathologies and ataxias. 

For example, overactivation of mGluR1 in an SCA1 mouse model led to decreased PN 

dendritic branching(Power, Morales, & Empson, 2016). Conversely, decreased expression 

of mGluR1 on PNs has led to deficits, specifically related to LTD(Conquet et al., 1994). 

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 altered 

calcium influx within the PN(Fogel, Hanson, & Becker, 2015; Rossi et al., 2010; van de 

Leemput et al., 2007). 

Considering the importance of nNOS/NO signaling in the physiological 

development of the cerebellum(Kriegsfeld et al., 1999) and the lack of characterization of 

PN development in the absence of nNOS/NO signaling(Huang et al., 1993), this study 

sought to examine general morphological differences in PN dendritic 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. 
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2.3 Materials and Methods 

2.3.1 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 collection occurred at postnatal day 7 (PD7), 2 weeks (2W), and 7 weeks (7W) 

of age on male mice. 

2.3.2 Immunohistochemical Preparation 

Whole brains were isolated from WT and nNOS-/- mice and immediately placed in 

4% paraformaldehyde (PFA) for 48h. Brains were subsequently transferred to a 30% 

sucrose solution for at least 48 h. Brains were sagittally sectioned at a thickness of 40 μm 

using a vibratome, placed in a cryoprotectant solution, and stored in − 20 °C until stained. 

Slices were first washed with phosphate buffered saline solution (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 incubation 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 magnification 

using an oil immersion objective. 
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2.3.3 Western Blotting 

2.3.3.1 Total Protein Isolation 

Cerebella were isolated from WT and nNOS-/- mice and stored at −80 °C. Cerebellar 

lysates were obtained by homogenizing the cerebellar tissues using a glass homogenizer in 

radioimmunoprecipitation assay (RIPA) lysis buffer, supplemented with 0.1% apoprotein 

and 0.1% leupeptin. Once homogenized, 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). 

2.3.3.2 PM Protein Isolation 

PM protein fractions were isolated using the commercially available Mem-PER 

Plus Membrane Protein Extraction Kit (ThermoFisher Scientific, Rockford, USA) 

following the manufacturer’s instructions. 

Samples were later prepared using ×2 sample buffer and loaded onto 8% or 10% 

polyacrylamide gels for electrophoresis 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 PM protein 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 system. All proteins were normalized to the housekeeping protein 
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GAPDH or Na+/K+ ATPase. Densitometric analyses were quantified using FIJI open 

source software. 

2.3.4 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 culture 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. 

2.3.5 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, washed with 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 immersion objective. 
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2.3.6 Image Analysis 

2.3.6.1 Strahler Analysis 

PD7 PN dendrites were analyzed using the Strahler analysis plugin available on 

FIJI opensource software(Schindelin et al., 2012). Briefly, confocal images labeled with 

CalB were made binary, thresholded, and skeletonized. Each PN was analyzed separately, 

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 identify 

the total number of dendritic branches per cell. Total branch number per cell was averaged 

from multiple images across four biological replicates. 

2.3.6.2 Dendritic Thickness 

Dendritic thickness reports the diameter of the largest primary, aspinous dendrites 

per confocal image representing CalB from 7W WT and 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. 

2.3.6.3 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 between WT and nNOS-/- images. The spine classification tool 

would use the head-to-neck diameter ratio as well as the length of the spine to classify each 

spine as either 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. 

2.3.6.4 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 
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target protein analyzed. The total number of PN dendritic spines and mGluR1 clusters were 

determined within non-overlapping ROIs of 300 × 300 μm located specifically within the 

distal dendritic region of the molecular 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 2.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 2.S2. 

2.3.6.5 Integrated Density Analysis 

Calpain-1 fluorescence intensity within PN somata of 7W WT 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. 

2.3.7 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 analyzed using a one-way ANOVA corrected with a Tukey’s post hoc test. 

Significance was determined using a threshold of P = 0.05. All values were reported as 

mean ± standard error of the mean (SEM). 
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Figure 2.S1 Analysis of STIM1 particles within the PN soma.  

Depicted is a representative image of WT 7W cerebellar tissue stained for STIM1, which 

is selective for PNs. (A) First, a rectangular region of interest (ROI) is created to encompass 

the entirety of the PN soma. (B) Next, the ROI is duplicated, and any background staining 

not associated with PN soma is removed. (C) The Particle Tracker 2D/3D plugin is run 

using FIJI and identifies the number of STIM1 clusters (visualized by the red circles), and 

a total number of particles is reported by the plugin. 
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Figure 2.S2 Method of determining number and localization of vGluT2 clusters.  

(A) Depicted is a representative image of WT 7W CalB staining. (B) The distal border of 

the PN dendrites (closest to the pial surface) is determined using the freehand line selection 

tool in FIJI. A straight line is drawn where the proximal dendrites begin. The area in 

between the white dotted line and the yellow line denotes 100% of the molecular layer. (C) 

The length of this region is determined, and 20% of the length is calculated, the border of 

which is represented with a blue line. The area between the blue line and the dotted line 

denotes the bottom 80% of the molecular layer (where climbing fibers are expected to 

innervate PNs). (D) These borders determined on the CalB staining are then applied to the 

respective vGluT2 stain. (E) The Particle Tracker 2D/3D is run, giving the total number of 

particles detected. Particles detected above the blue line are considered as vGluT2 clusters 

occupying the upper 20% of the molecular layer, while particles detected between the blue 

line and white dotted line represents vGluT2 clusters occupying the lower 80% of the 

molecular layer. 
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2.4 Results 

2.4.1 PN Dendritic Branching and Spine Density Are Reduced in 
the Cerebella of Young and Adult nNOS-/- Mice. 

We first investigated whether nNOS-/- mice displayed alterations in PN morphology 

during early postnatal development. Despite previous gross anatomical analyses showing 

no obvious structural changes in the cerebellum of adult nNOS-/- mice(Huang et al., 1993), 

confocal images of PD7 cerebella showed dramatically less dendritic branching 

ubiquitously across all PNs in nNOS-/- mice compared with age-matched WT controls 

(Figure 2.3a), while the total number of PN cell somata remained the same between WT 

and nNOS-/- mice (Figure 2.3b). In accordance with this trend, a Strahler analysis 

quantifying the number of terminal branches per PN showed a significantly lower number 

of terminal branches for individual PNs of nNOS-/- mice compared with WT (Figure 2.3c, 

d). 

We next investigated whether the alteration in nNOS-/- PN morphology carried on 

into adulthood. Confocal images displaying CalB-immunoreactive PN structures showed 

dramatically different PN branching between WT and nNOS-/- mice (Figure 2.4a), while 

image analyses revealed no significant difference in soma number or PN dendritic length 

in nNOS-/- mice compared with WT at 7W (Figure 2.4b, c). However, primary aspiny PN 

dendrites in nNOS-/- cerebella were significantly thicker compared with WT mice (Figure 

2.4d). 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 on WT PNs to predominantly thin-type spines found on 

nNOS-/- PNs (Figure 2.4e–g), while stubby spines remained un-changed between WT and 

nNOS-/- (data not shown). In general, the overall number of spines on PN dendrites was 

significantly less in nNOS-/- mice compared with WT controls (Figure 2.4h). 
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Figure 2.3 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 μmlength. 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 represented as mean ± SEM. 
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Figure 2.4 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 morphology 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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2.4.2 mGluR1 Expression Is Reduced in the Cerebella of Young 
and Adult nNOS-/- Mice. 

We also characterized the postsynaptic component of glutamatergic synapses, first 

with a focus on mGluR1 protein expression. Immunohistochemistry revealed that 

immunofluorescent 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 (Figure 2.5a, b). The observed 

decrease in mGluR1 protein expression in PD7 nNOS-/- cerebella was consistent at 2W, as 

determined using western blot (Figure 2.5c, d). 

Again, nNOS-/- cerebella continued to express lower levels of mGluR1 at 7W 

(Figure 2.6). Specifically, the number of mGluR1 clusters was significantly less in nNOS-

/- cerebella (Figure 2.6a, b), and total expression levels of mGluR1 were significantly 

lower in nNOS-/- cerebella at 7W, determined by western blot (Figure 2.6c). Interestingly, 

the PM expression of mGluR1 in cerebellar samples revealed significantly more mGluR1 

expression on the membrane in nNOS-/- mice compared with WT at 7W (Figure 2.6d). To 

ensure that the mGluR1 pathway in particular is affected, PM expression 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 (Figure 2.6e). 
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Figure 2.5 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 biological 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 (magenta), and DAPI (blue) at 2W. Scale bar represents 50 μm. D) Representative 

western blot of total mGluR1 protein expression for 2W WT and nNOS-/- cerebella, along 

with bar graph representing N = 3 biological replicates per group. All mGluR1 bands were 

normalized to GAPDH expression. P =0.0211. All data are represented as mean ± SEM. 
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Figure 2.6 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 replicates 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 PM expression 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 PM expression of GluR1 

(100 kDa) 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. P = 0.8098. All data are represented as mean ± SEM. 
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2.4.3 vGluT1 Expression Is Reduced in PD7 nNOS-/- Cerebella, 
but Not at 2W or 7W. 

To determine whether alterations also occurred in the presynaptic 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 (Figure 2.7a, b). By 2W, this 

difference was no longer noticeable (Figure 2.7c), and western blotting at this time point 

showed no significant difference in protein levels between nNOS-/- and age-matched WT 

controls (Figure 2.7d). This same trend was noticed at 7W, where immunohistochemical 

staining and western blots did not reveal a significant difference in vGluT1 expression 

(Figure 2.7e, f). 
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Figure 2.7 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 replicates 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 2W WT 

and 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 replicates per group. P = 0.6347. All data are represented as 

mean ± SEM. 
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2.4.4 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 2W mice revealed no significant difference 

in vGluT2 expression (Figure 2.8a, b). However, immunoblots of 7W cerebella revealed 

a nearly two-fold increase in vGluT2 expression in nNOS-/- mice compared with WT 

(Figure 2.8c). Interestingly, further analysis of fluorescently labeled vGluT2 in 7W nNOS-

/- cerebella revealed more vGluT2 clusters within the upper 20% area, closest to the pial 

surface (Figure 2.8d, e). A significant difference in clustering was not noted in the lower 

80% of the molecular layer (Figure 2.8f), and no significant differences in vGluT2 staining 

within the granule cell layer (denoting mossy fiber innervation) were detected (data not 

shown). 
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Figure 2.8 vGluT2 expression is elevated in 7W nNOS-/- 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 replicates 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 analyzed. 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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2.4.5 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 expression of STIM1, an ER calcium sensor 

implicated downstream of mGluR1 signaling(Hartmann et al., 2014), 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 (Figure 2.9a, b). In addition, a higher level of 

STIM1 protein expression in nNOS-/- cerebella was determined by western blot at PD7 

(Figure 2.9c).  

STIM1 expression remained elevated in the PNs of nNOS-/- mice at 2W, evidenced 

by significantly more immunoreactive STIM1 clusters within PN somata (Figure 2.9d, e). 

Additionally, a higher level of STIM1 protein expression in the nNOS-/- cerebellum when 

compared with WT cerebella was determined by western blot (Figure 2.9f). 

The elevated STIM1 clustering and expression in the PNs of nNOS-/- mice 

continued in 7W nNOS-/- cerebella, determined by immunohistochemistry and western 

blotting (Figure 2.9g–i). Elevated STIM1 expression and clustering suggests altered 

calcium dynamics within the PNs of the nNOS-/- mice. 
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Figure 2.9 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 biological 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 replicates per group. P 

= 0.0129. G) Representative confocal images of 7W WT 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. I) 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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2.4.6 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 calcium 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 cleavage of proteins involved in neuronal structural 

integrity(Suzuki, Hata, Kawabata, & Sorimachi, 2004). Western blots for calpain-1 at PD7, 

2W, and 7W all demonstrated significantly elevated levels of calpain-1 within the cerebella 

of nNOS-/- mice (Figure 2.10a–c). To ensure localization of calpain-1 with PNs 

specifically, we have also made immunofluorescent stains for calpain-1, which showed 

global calpain-1 presence, with relatively high expression within PN somata and dendrites 

in both WT and nNOS-/- cerebella (Figure 2.10d). A measurement 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 (Figure 2.10e). In 

accordance with this upregulation of calpain-1, levels of β-III-spectrin, a calpain substrate 

and an important PN-specific structural protein, were decreased at 7W in nNOS-/- mice 

compared with age-matched WT controls (Figure 2.10f). 
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Figure 2.10 Calpain-1 protein expression is upregulated, while β-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 of β-

III-spectrin (270 kDa) in 7W WT and 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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2.4.7 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 cultured 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 (Figure 2.11a). In accordance with the observed 

detrimental effects on dendritic morphology, L-NAME and DHPG significantly increased 

the level of calpain-1 protein expression in WT slices when compared with their controls 

(Figure 2.11a). In contrast, treating WT slices with LY367385, an mGluR1 antagonist, did 

not seem to alter the dendritic morphology nor the level of calpain-1 expression in 

comparison with the control (Figure 2.11a). 

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 (Figure 2.11b). Interestingly, DHPG treatment had no effect on calpain-1 

levels, while LY367385 treatment seemed to increase dendritic branching while 

significantly decreasing calpain-1 expression when compared with controls (Figure 

2.11b). 
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Figure 2.11 mGluR1-mediated expression of calpain-1 expression is modulated by NO 

signaling in ex vivo organotypic cerebellar slice cultures.  

A) Representative confocal images of WT DIV7 ex vivo organotypic cerebellar 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 normalized to total GAPDH. Bar graph represents N = 3 experimental 

replicates. 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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2.5 Discussion 

Although the nNOS-/- mouse model experiences behavioral deficits associated with 

movement coordination and balance(Kriegsfeld et al., 1999; Nelson et al., 1995), 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 dendritic 

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 calcium 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. 

2.5.1 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 postnatal ages to adulthood. This morphological deficit 

was expected, considering the importance of NO as a neurotransmitter within the 

cerebellum(Bal-Price, Moneer, & Brown, 2002; Kakizawa, Yamazawa, & Iino, 2013). In 

the cerebellum, NO is produced in an activity-dependent manner from PFs/granule cells 

and GABAergic interneurons(Wang et al., 2014), and such activity-dependent NO 

signaling is essential for the induction of PF-PN synaptic LTD (Boxall & Garthwaite, 1996; 

Lev-Ram, Jiang, Wood, Lawrence, & Tsien, 1997; Lev-Ram et al., 1995), which 

contributes to spine morphology and calcium regulation within dendrites(Lee, Jung, Arii, 

Imoto, & Rhyu, 2007). While normal neurite growth relies on optimal levels of calcium 

influx during development, chronically increased calcium suppresses neurite elongation 

and growth cone movement(Mattson & Kater, 1987). Therefore, a lack of NO signaling 

may affect intracellular calcium transients within the PN and contribute to the dendritic 

deficits seen in nNOS-/- cerebella during early development. 
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Altered intracellular calcium signaling within nNOS-/- PNs may also underlie the dramatic 

shift in dendritic spine type—from mushroom 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 accommodate more glutamate receptors and better local 

regulation of calcium influx, leading to functionally stronger synapse formation(Bourne & 

Harris, 2007; Mahmmoud et al., 2015). In contrast, thin spines or “learning spines” are 

transient and unstable, harboring smaller postsynaptic densities that either increase in 

strength or weaken and degrade(Bourne & Harris, 2007; Dumitriu et al., 2010). Changes 

from mushroom spines to thin spines may rely on the size and time course of calcium 

dynamics within the nNOS-/- PN, which is an area that warrants investigation in future 

studies. 

2.5.2 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(Coesmans et al., 

2003; Kishimoto et al., 2002). 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, decreased 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 accommodation within the PN dendritic spine (Ganeshina, Berry, Petralia, 

Nicholson, & Geinisman, 2004; Santamaria, Wils, De Schutter, & Augustine, 2006). It is 

important to note that PM expression of mGluR1 is indeed higher in nNOS-/- cerebella 

compared with WT at 7W, while no changes 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(Sugawara, Hisatsune, Miyamoto, Ogawa, & Mikoshiba, 2017). Interestingly, a 
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previous study reported that overstimulation of mGluR1 on cultured hippocampal neurons 

resulted in prominent dendritic spine elongation into thin spines(Vanderklish & Edelman, 

2002). 

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 2W or 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(Takatsuru et al., 2006), 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 during development, contributing to PF development in younger ages, while 

not being the main modulator of PF terminal maintenance into adulthood. This topic 

concerning the development 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 result in motor deficits 

such as tremor and motor dyscoordination, both in animal models and in a clinical 

setting(Kuo et al., 2017; Pan, Ni, Wu, Li, & Kuo, 2018; Smeets & Verbeek, 2016). Given 

that increases in vGluT2 were only apparent at 7W and not at PD7 or 2W, the late phase of 

CF synapse elimination is most likely to be impaired in nNOS-/- mice(Kano, Watanabe, 

Uesaka, & Watanabe, 2018). Elimination of weak CF synapses in the late phase is governed 

by mGluR1-mediated PKCγ activation(Kano et al., 1997; Offermanns et al., 1997). 

Specifically, in mice lacking either mGluR1 or PKCγ protein expression, CF elimination 

is significantly impaired(Kano et al., 1995, 1997). Moreover, mGluR1-deficient mice result 

in a PN morphology similar to the nNOS-/- PN morphology reported in our study(Kano et 

al., 1997). 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(Kano et al., 1997). Therefore, increased CF innervation within nNOS-/- mice may 

be attributed to the total decreases in mGluR1 expression noted in nNOS-/- mice, rather 
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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(Lin et al., 2014). Numerous articles have reported the 

consequences of extensive CF innervation, which can be found in disorders such as 

essential tremor in humans(Lin et al., 2014), and have related excessive or mislocalized CF 

innervation with altered calcium homeostasis, leading to excitotoxicity(Hashimoto et al., 

2001; Slemmer, De Zeeuw, & Weber, 2005). 

Along with the increased PM expression of mGluR1 in nNOS-/- mice, significant 

increases in STIM1 protein expression 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(Hartmann et al., 2008, 2014). Therefore, 

changes in expression levels and oligomerization patterns of STIM1 are indicative of 

calcium dysregulation(Klejman et al., 2009). Our results displayed increased STIM1 

clustering in nNOS-/- PNs, alluding to aberrant calcium entry through a store-operated 

calcium entry mechanism. Indeed, a recent study noted the interaction between STIM1 and 

NO via S-nitrosylation, resulting in the prevention of STIM1 oligomerization and further 

reduction of store-operated calcium entry(Gui et al., 2018). 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. 

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

Considering the importance of STIM1 as a regulator of intracellular calcium, we 

assessed the potential outcome of dysregulated calcium influx by measuring calpain-1 in 

the cerebellum of WT and nNOS-/- mice. As calcium-dependent cysteine proteases, 

calpains in neuronal cells are crucial for the regulation of synaptic plasticity, morphology, 

and neurodegeneration(Sorimachi, Ishiura, & Suzuki, 1997). Calpain activity can induce 

degradation of neuronal cytoskeletal proteins(Rami, Ferger, & Krieglstein, 1997; 

Schumacher, Siman, & Fehlings, 2002), including α-and β-spectrins (Löfvenberg & 

Backman, 1999) as well as IP3 receptors (Vosler, Brennan, & Chen, 2008), implicated in 

the progression of multiple SCAs (Avery, Thomas, & Hays, 2017; Hubener et al., 2013; 

Tada, Nishizawa, & Onodera, 2016). Results from immunohistochemical assays showed 
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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 in PNs and is consequently implicated in SCA5(Avery et 

al., 2017; Gao et al., 2011). Given that β-III-spectrin is necessary for the formation of 

mushroom-like dendritic spines(Efimova et al., 2017), the reduction of β-III-spectrin in the 

cerebellum may explain the alterations in dendritic structures and synapses in nNOS-/- PNs. 

2.5.4 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 significantly increased calpain-1 expression 

in WT cerebellar tissues. 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(Hasegawa, Sakuragi, Tominaga-Yoshino, & Ogura, 2015; Sirzen-Zelenskaya, 

Zeyse, & Kapfhammer, 2006), as well as affect calpain-1 expression and activity(Xu et al., 

2007). Accordingly, NOC-18 and LY367385 mitigated the appearance of PN dendritic 

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 expression, while activation of mGluR1 showed no 

significant differences in calpain-1 expression compared with the control. These results 

suggest that basal mGluR1 activity is upregulated 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 presynaptic 

and postsynaptic compartments in vivo may result in an overload of glutamate within PF-
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PN and CF-PN synaptic clefts, leading to further overexcitation of mGluR1 receptors and 

overload of intracellular calcium of PNs in NOS-/- cerebella. 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 

Figure 2.12, mGluR1 activation causes ER calcium efflux, STIM1 oligomerization, and 

consequently calcium entry through STIM1-gated TRPC channels(Hartmann et al., 2008, 

2014). We propose that under physiological conditions, nNOS/NO signaling maintains 

calcium homeostasis within PNs by attenuating mGluR1-mediated calcium influx(Gui et 

al., 2018). 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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Figure 2.12 Schematic representation of the mGluR1 signaling cascade in relation to NO 

signaling.  

The left side of this figure depicts a glutamatergic PN synapse in the absence of nNOS-

derived NO signaling, while the right depicts a physiological glutamatergic PN synapse 

with nNOS expression and NO production. (1) Glutamate is released from the presynaptic 

terminal and binds to mGluR1 receptors on PN dendritic spines. (2) Through a Gq signaling 

cascade, mGluR1 activation stimulates the production of IP3 in PNs, leading to activation 

of the IP3R on the ER.(3) IP3R activation causes a calcium efflux from internal ER stores 

to the PN cytosol. Left side (nNOS-/-) (4.a) Excessive mGluR1 activation results in ER 

calcium depletion and causing STIM1 oligomerization. (5.a) Chronically oligomerized 

STIM1 proteins interact and gate the opening of TRPC3 channels on the PN membrane, 

causing elevated calcium in-flux into the PN cytosol. (6.a) Chronically elevated calcium 

levels within the PN activates calcium-dependent proteases such as calpain-1, which 

cleaves integral structural proteins such as β-III-spectrin, leading to changes in PN 

dendritic morphology. Right side (WT): (4.b) NO release from the presynaptic terminal 

induces S-nitrosylation of STIM1, restricting its oligomerization and limiting calcium entry 

through TRPC3 channels. (5.b) Limited calcium entry through TRPC3 channels 

replenishes ER calcium stores. (6.b) Physiological concentrations of intracellular calcium 

controls calpain-1 protease activity, therefore maintaining the integrity of PN dendritic 

spines. 
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Chapter 3  

3 The Expression and Function of GLAST in Bergmann 

Glia Are Critically Regulated by Neuronal Nitric Oxide 

Synthase-Derived Nitric Oxide 

3.1 Abstract 

Bergmann glia (BG) predominantly use glutamate/aspartate transporters (GLAST) 

for glutamate uptake in the cerebellum. Recently, nitric oxide (NO) treatment has been 

shown to upregulate GLAST function and increase glutamate uptake in vitro. We 

previously discovered that neuronal nitric oxide synthase knockout (nNOS-/-) mice 

displayed structural and functional neuronal abnormalities in the cerebellum during 

development, in addition to previously reported motor deficits. Although these 

developmental deficits have been identified in the nNOS-/- cerebellum, it is unknown 

whether BG morphology and GLAST expression are also affected in the absence of nNOS 

in vivo. This study is the first to characterize BG morphological abnormalities and GLAST 

expression during development in nNOS-/- mice using immunohistochemistry and western 

blotting across postnatal development. Results showed that BG in nNOS-/- mice exhibited 

abnormal morphology and decreased GLAST expression compared to wildtype (WT) mice 

across postnatal development. Treating ex vivo WT cerebellar slices with the NOS inhibitor 

L-NAME decreased GLAST expression, while treating nNOS-/- slices with the slow-

release NO-donor NOC-18 increased GLAST expression when compared to their 

respective controls. In addition, treating primary BG isolated from WT mice with the 

selective nNOS inhibitor 7N decreased the membrane expression of GLAST and Ca2+/Na+ 

influx, while treating nNOS-/- BG with SNAP increased the membrane expression of 

GLAST and Ca2+/Na+ influx.  Moreover, the effects of SNAP on GLAST expression and 

Ca2+/Na+ influx in nNOS-/- BGs were significantly reduced by a PKG inhibitor. Together, 

these results reveal a novel role for nNOS/NO signaling in BG development, regulated by 

a PKG-mediated mechanism. 
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3.2 Introduction 

The cerebellum is known for its role in fine motor control and coordination, and 

more recently has been recognized for its role in cognition and executive function (Koziol, 

Budding, & Chidekel, 2012; Manto et al., 2012). To execute these motor functions, 

Purkinje neurons (PNs) in the cerebellar cortex integrate and relay synaptic inputs from 

both inhibitory and excitatory neurons, sending inhibitory projections to deep cerebellar 

nuclei. PNs form dense synapses with glutamatergic parallel fibers (PFs) and climbing 

fibers (CFs) that are closely ensheathed by fine processes belonging to Bergmann glia 

(BG), specialized radial astrocytes specific to the cerebellum. Along with their more 

common role of uptaking and recycling glutamate from the synaptic cleft of excitatory PF- 

and CF-PN synapses, BG play an important role during granule cell and PN development 

by guiding immature granule neurons from the external granular layer (EGL) to the inner 

granular layer (IGL) and providing a scaffold for PN dendritic growth during 

development(Altman, 1972; Ango et al., 2008; Lordkipanidze & Dunaevsky, 2005; Xu et 

al., 2013).  

These excitatory synapses, in particular the PF-PN synapse, are major sites for 

synaptic plasticity and are heavily regulated by nitric oxide (NO)(Contestabile, 2012; 

Matyash, Filippov, Mohrhagen, & Kettenmann, 2001; D.-J. Wang et al., 2014). The 

cerebellum is one of the few sites in the central nervous system (CNS) that abundantly 

expresses neuronal nitric oxide synthase (nNOS) – more so than any other region of the 

brain(Bredt, Hwang, & Snyder, 1990; Campese et al., 2006). The localization of nNOS in 

the cerebellum is specific to granule cells, with some localization in stellate cells, basket 

cells, and to some degree BG(Ihara et al., 2006; Tiburcio-Félix et al., 2019). Available 

evidence shows that the presence of NO in the cerebellum is crucial for the development 

of fine motor control and movement memory, particularly by modulating the long-term 

depression (LTD) profile in PNs(Daniel, Levenes, & Crépel, 1998; D.-J. Wang et al., 

2014). NO also contributes to a normal movement phenotype, as studies in nNOS-/- mice 

showed behavioural deficits typical of ataxia when compared to age-matched wildtype 

(WT) mice(Huang, Dawson, Bredt, Snyder, & Fishman, 1993; Kriegsfeld et al., 1999; 

Nelson et al., 1995). More recently, our group reported that nNOS-/- mice exhibit PN 
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dendritic deficits that begin early in development and persist into adulthood. Specifically, 

we noted that mGluR1 overexpression in the nNOS-/- mouse resulted in increased calcium-

dependent protease activity, which lead to dendritic deficits in PNs and 

excitotoxicity(Tellios, Maksoud, Xiang, & Lu, 2020).  

Importantly, the effects of NO are not limited to neurons within the cerebellum, as 

supporting cells such as BG are also under the influence of NO signaling. Specifically, NO 

regulates BG glutamate uptake from the synaptic cleft, which is an important process that 

combats excitotoxicity. Specialized radial astrocytes such as BG abundantly express 

glutamate/aspartate transporters (GLAST/EAAT1), a notable difference compared to 

common cortical astrocytes that express glutamate transporter-1 (GLT-1/EAAT2)(Perego 

et al., 2000). In particular, GLAST has a 6-fold greater expression level relative to GLT-1, 

making it the predominant glutamate transporter in the cerebellum(Lehre & Danbolt, 1998; 

Takatsuru et al., 2006). GLAST functions as a homotrimer on the PM of BG, where it 

transports one molecule of glutamate, as well as L-/D- aspartate by co-transporting three 

Na+ and one H+ into the cytosol, while transporting one K+ to the extracellular space(Bauer 

et al., 2012). Recent studies have determined that increases in NO concentrations are 

proportional to increases in both nNOS expression as well as GLAST functionality of 

cultured cerebellar BG, measured as relative D-aspartate uptake(Balderas et al., 2014; 

Tiburcio-Félix et al., 2019). Despite these reports, it is still unknown whether nNOS/NO 

signaling directly influences GLAST expression and functionality in BG during 

development.  

Considering the importance of nNOS/NO signaling in the dendritic development of 

the cerebellar PNs as we previously reported(Tellios et al., 2020), along with previous 

studies that found a link between GLAST functionality and NO supplementation(Balderas 

et al., 2014; Tiburcio-Félix et al., 2019), this study sought to examine potential differences 

in GLAST expression and functionality in a murine model comparing WT and nNOS-/- 

cerebella across postnatal development. Specifically, the present study aimed to delineate 

potential changes in BG morphology and expression across development, along with 

functional changes of GLAST in vitro using immunocytochemistry, western blotting, dual 

calcium and sodium imaging, and L-aspartate uptake activity. 
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3.3 Materials and Methods 

3.3.1 Animals 

WT (C57/BL6, 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) approved by the Animal 

Care and Veterinary Services at the University of Western Ontario.  

3.3.2 Immunohistochemical Preparation 

Intact brains from postnatal day 3 (PD3), postnatal day 7 (PD7), 2 weeks (2W) and 

7 weeks (7W) old male mice were isolated from WT and nNOS-/- mice and immediately 

placed in 4% paraformaldehyde (PFA) for 48 hrs. Brains were subsequently transferred to 

a 30% sucrose solution for at least 48 hrs and then sagittally sectioned at a thickness of 80 

m using a vibratome, placed in a cryoprotectant solution, and stored in -20oC until stained. 

Slices were first washed with PBS, then permeabilized using a 0.25% Triton-X solution for 

5 mins. Free-floating slices were then blocked with a 10% normal donkey serum (NDS) 

solution for 1 hr and incubated with the following primary antibodies overnight in 4oC: 

1:500 goat anti-calbindin (CalB) (Santa Cruz Biotechnology, Dallas, TX, Catalogue #: sc-

7691); 1:500 guinea pig anti-GLAST (Synaptic Systems, Goettingen, Germany, Catalogue 

#: 250 114). Slices were washed and then incubated with the appropriate secondary 

antibodies for 2 hrs: 1:1000 anti-goat AlexaFluor 488, or 1:500 anti-guinea pig Cy3 

(Jackson Immunoresearch, Burlington, ON). After incubation with the nuclear stain DAPI, 

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 

60x magnification using an oil-immersion objective.  

3.3.3 Primary Cerebellar Astrocyte Cultures 

WT and nNOS-/- pups (PD 0-4) were used for acquiring primary BG cell cultures. 

First, pups were decapitated, and brains were quickly removed and placed in ice-cold 

Leibowitz L-15 media that contained 100 mg/mL bovine serum albumin and 1x 

penicillin/streptomycin (P/S) antibiotics (ThermoFischer Scientific, Waltham MA). 
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Murine cerebella were carefully dissected and then homogenized by serial pipetting, first 

through a 10 mL pipette, then 1 mL pipette, and finally with a 200 μL pipette. Homogenized 

cerebella were then filtered through a 70 μm nylon filter. The filtrate was centrifuged at 

900 g for 4 min at room temperature. The resulting cells were resuspended in Dulbecco’s 

modified eagle’s medium (DMEM) that contained 1x P/S and 10% fetal bovine serum 

(FBS) (ThermoFischer Scientific, Waltham, MA). The cells were seeded in T-75 flasks 

containing approximately 5-7 cerebella per flask. Culture media was replaced 5 days after 

initial plating, and subsequently every 3 days until a confluent astrocyte monolayer was 

present. T-75 flasks were then placed on a shaker for 2 hrs at 36 oC and 200 rpm to dislodge 

any microglial cells present. After shaking, culture media and dislodged microglia were 

removed, and the cerebellar astrocyte monolayer was incubated with 3 mL trypsin for 5 

mins. After, 7 mL of DMEM supplemented with 1x P/S and 10% FBS was used to 

neutralize the trypsin, and cells were centrifuged at 900g for 4 mins at room temperature 

and resuspended in fresh culture media. Isolated cerebellar astrocytes were plated at 5 x 

104 cells/mL in various culture dishes for experiments. The resulting astrocytes were 

primarily BG, as 90% of astrocytes within the cerebellum are identified as being 

BG(Martínez-Lozada, Hernández-Kelly, Aguilera, López-Bayghen, & Ortega, 2011). 

Specifically, BG were identified based on culture morphology and intensity of GLAST 

staining. 

3.3.4 Immunocytochemistry 

Cerebellar astrocytes were seeded on poly-D-lysine coated coverglass placed in 24-

well plates. Thirty minutes after specific treatments, culture media was removed and cells 

were fixed using 4% PFA and washed once with 0.1 M glycine, then followed by two 

washes with PBS for 10 min, each. Fixed cells were permeabilized using a 0.1% Triton-X 

solution for 5 min. Cells were blocked with 5% NDS solution for 1 hr and then incubated 

with 1:500 guinea pig anti-GLAST overnight. Primary antibodies were washed three times 

with PBS for 10 min each and then incubated with 1:500 anti-guinea pig AlexaFluor 488 

(Jackson Immunoresearch, Burlington, ON) for 45 min. Secondary antibodies were washed 

out 3 times with PBS and then incubated with DAPI for 15 min at room temperature. Cells 

were then washed twice with PBS, and Fluoromount-G was applied to each coverglass and 
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then mounted onto a glass slide for imaging. Images were taken using the Olympus FV1000 

confocal microscope at 60x magnification using an oil-immersion objective.  

3.3.5 Live Cell Calcium and Sodium Imaging 

For conducting calcium and sodium imaging in cultured cerebellar astrocytes, 

culture media was washed out and replaced with a bath solution containing (in mM): 130 

NaCl, 5 KCl, 3 MgCl2, 2 CaCl2, 5 glucose, and 10 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES). Rhod-4AM (AAT Bioquest, Sunnyvale, CA, 

Catalogue #: 21122) and Sodium GreenTM tetraacetate (ThermoFischer Scientific, 

Waltham, MA, Catalogue #: S6901) were equilibrated to room temperature for 1 hr before 

incubation with cerebellar astrocyte cultures. Each culture well was incubated with 3 uL of 

the calcium fluorescence indicator rhod-4AM and 3 μL of the sodium fluorescence 

indicator Sodium Green tetraacetate(Lo, Leake, & Berry, 2006) under normal cell culture 

conditions for 1 hr. Both fluorescent indicators were then washed out using bath solution 

after incubation.  

Thirty minutes before fluorescent imaging, astrocyte cultures were pre-treated with 

the following drug preparations – WT: 50 nM 7N; for nNOS-/-: 250 μM SNAP; for both: 

10 μM arginyl-lysyl-arginyl-alanyl-arginyl-lysyl-glutamic acid (PKGi)(Maksoud, Tellios, 

Xiang, & Lu, 2020), 1 μM 2-Amino-5,6,7,8-tetrahydro-4-(4-methoxyphenyl)-7-

(naphthalen-1-yl)-5-oxo-4H-chromene-3-carbonitrile (UCPH-101, selective EAAT1 

inhibitor)(Liang et al., 2014), 1 μM SEA 0400 (NCX inhibitor)(Matsuda et al., 2001). 

Simultaneous Ca2+ and Na+ imaging was then performed using the EVOS FL Auto 2 system 

under 20x magnification, with images documented every 10 s. Baseline Ca2+ and Na+ levels 

were recorded for at least 3 min before application of 100 μM D-aspartate to stimulate 

GLAST activity(Balderas et al., 2014). The ratio of calcium to sodium influx was 

determined in order to adjust for Na+ transients associated with the Na+/Ca2+ 

exchanger(Rose, Ziemens, & Verkhratsky, 2020). Cellular Ca2+/Na+ responses for each cell 

were normalized to their respective average baseline level using FIJI open source software 

and plotted across time using GraphPad Prism 8. 
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3.3.6 Western Blotting 

Cerebella were isolated from WT and nNOS-/- mice and stored at -80 oC. Cerebellar 

lysates were obtained by homogenizing the cerebellar tissues using a glass homogenizer in 

radioimmunoprecipitation assay (RIPA) lysis buffer, supplemented with 0.1% apoprotein 

and 0.1% leupeptin. Once homogenized, lysates were centrifuged for 30 mins at 4 oC. The 

supernatant was collected, and protein was measured using a Bradford reagent mix (Bio-

Rad, Hercules, CA). Samples were later prepared using 2x sample buffer and loaded onto 

8% or 10% polyacrylamide gels for electrophoresis and run for 2 hrs at 100V. Gels were 

then wet-transferred onto nitrocellulose membranes for 2 hrs at 80V. Blots were blocked 

in 5% bovine serum albumin (BSA) for 1 hr before incubated with the following primary 

antibodies overnight: 1:1000 guinea pig anti-GLAST (62 kDa). For total protein 

comparisons, 1:10000 anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 40 kDa) 

(Abcam, Toronto, ON, Catalogue #: ab9482) was used as a housekeeping protein. After 3 

washes in tris-buffered saline solution, the appropriate secondary horseradish-peroxidase 

antibodies (Jackson Immunoresearch, Burlington, ON) were incubated on the membranes 

for 1.5 hrs. Protein was visualized using enhanced chemiluminescence substrate (Bio-Rad, 

Hercules, CA) and imaged using the Bio-Rad VersaDoc system. All proteins were 

normalized to their respective GAPDH levels. Densitometric analyses were quantified 

using FIJI open source software. 

3.3.7 Ex Vivo Organotypic Slice Cultures 

Cerebella were isolated from 10-12 postnatal day 0 WT and nNOS-/- pups in Hank’s 

balanced salt solution (HBSS) containing: 15 mM 4-(2-hydroxyehtyl)-1-

piperazineethanesulfonic acid (HEPES), 0.5% glucose, 2% sucrose, and maintained at pH 

7.3 and 315 mOsm. Isolated cerebella were sliced at a thickness of 350 m using a tissue 

chopper and plated on 35 mm membrane inserts (Milipore Ltd., Etobicoke, ON). The 

bottom half of the insert was exposed to 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. Cultures were maintained for 7 days 

in vitro (DIV7). Half of the medium was refreshed every 2 days. WT slices were treated 

with 100 M NOS inhibitor N(G)-Nitro-L-arginine methyl ester (L-NAME) (Santa Cruz 
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Biotechnology, Dallas, TX), while nNOS-/- slices were treated with slow NO-donor, 300 

M diethylenetriamine NONOate (NOC-18) (Santa Cruz Biotechnology, Dallas, TX). The 

cultured cerebellar slices were then used for western blotting. 

3.3.8 Aspartate Uptake Assay 

Primary cerebellar astrocytes were cultured as previous described. To perform the 

aspartate uptake assay, culture medium was replaced with serum-free culture medium for 

at least 2 hrs. Drug pre-treatments (for WT: 50nM 7N; for nNOS-/-: 250uM SNAP; for both: 

10uM PKGi) were applied for 30 min prior to application of 100 μM L-aspartate for another 

30 mins. After treatment, cells were lysed and aspartate levels were measured using the 

Aspartate Assay Kit (Sigma-Aldrich, Darmstedt, Germany, Catalogue #: MAK095) and 

performed in accordance with the manufacturer’s instructions.  

3.3.9 Image Analysis 

3.3.9.1 BG Lamellar Process Thickness Quantification 

BG lamellar process thickness reports the diameter of largest smooth radial 

processes, visualized using GLAST fluorescent staining, that are visible in the EGL, 

present in PD3 and PD7 WT and nNOS-/- mice. Briefly, the 10 largest processes were 

identified per image and measured in micrometers (μm) using the straight line tool on FIJI. 

BG lamellar process thickness was averaged from multiple images across four biological 

replicates. 

3.3.9.2 Colocalization Analysis 

Immunohistochemical images stained with both GLAST and CalB were converted 

separately into masks using FIJI open source software. Next, the GLAST mask was 

overlayed onto the CalB mask, and the image was subtracted to reveal the area of GLAST 

+ CalB per 60x image taken. This area of overlap consisting of GLAST + CalB was then 

normalized to the total area of GLAST staining to obtain a percent area (% area) of GLAST 

colocalizing to CalB. The resulting % areas were graphed using GraphPad Prism 8.  
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3.3.9.3 Immunocytochemistry PM/Cytosol Expression 
Quantification 

To determine changes in PM and cytosolic localization of GLAST across a variety 

of pharmacological treatments, an image analysis protocol as detailed in a previous report 

(Maksoud, Tellios, An, Xiang, & Lu, 2019) was adapted for cultured BG. Briefly, GLAST 

fluorescent staining was used to determine the outer borders of each BG in culture. The 

GLAST stain was then thresholded and converted into a mask using FIJI. Entire cell regions 

of interest (ROIs) were obtained corresponding to each cell within the imaged culture well, 

and each ROI was further eroded to create an ROI denoting the BG cytosol(Maksoud et 

al., 2019). A PM mask for each cell was then made from subtracting the cytosol mask from 

the entire cell mask. The PM and cytosol mask of each cell was then overlayed onto the 

GLAST fluorescent image, and the integrated density of each region was measured to 

determine a PM/cytosol ratio for each cell. The PM/cytosol ratio of GLAST fluorescence 

for all individual cells per treatment group were averaged and graphed using GraphPad 

Prism 8. 

3.3.10 Statistical Analysis 

Statistical analyses were performed using an unpaired, two-tailed t-test for all 

results comparing WT to nNOS-/- mice. Results obtained from immunocytochemistry PM 

expression were analyzed using a one-way 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 

 standard error of the mean (SEM). 

3.4 Results 

3.4.1 nNOS Regulates BG Morphology and GLAST Expression in 
the Cerebella of Mice During Postnatal Development. 

GLAST is highly expressed in specialized radial astrocytes and is a biomarker for 

cerebellar BG. Therefore, we first investigated whether the morphology of BG as well as 

the expression and localization of GLAST are altered during postnatal development in 

nNOS-/- cerebella by comparing to age-matched WT mice. Immunohistochemical analysis 

from WT and nNOS-/- cerebella at PD3 revealed GLAST expression within the IGL and 
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the EGL. GLAST-expressing BG processes surrounded the cell bodies and sparse dendritic 

processes of PNs, marked by CalB staining, and BG lamellar processes were easily visible 

(Figure 3.1a). To further examine BG morphology, we analyzed the percent of GLAST 

coverage to CalB staining between WT and nNOS-/- cerebella. Our analyses revealed more 

GLAST-PN coverage in WT cerebella compared to nNOS-/- cerebella at PD3 (Figure 

3.1b). Additionally, nNOS-/- BG displayed thicker lamellar processes when compared to 

WT BG at PD3 (Figure 3.1c). Our western blot analysis for GLAST expression in 

cerebellar tissues revealed a significant downregulation of GLAST protein expression in 

nNOS-/- cerebella when compared to WT cerebella at PD3 (Figures 3.1d).  

At PD7, cerebellar cortex organization was more apparent and PN dendritic 

processes were more visible. It is important to note that PN dendrites at this developmental 

time point differ significantly between WT and nNOS-/-, as described in prior experiments 

from our group(Tellios et al., 2020). GLAST staining of BG extended to all layers of the 

cerebellar cortex in PD7 mice (Figure 3.2a). However, the majority of GLAST expression 

remained close to the cell bodies and dendrites of PNs. Image analyses showed that the 

percentage of GLAST-CalB overlay was significantly lower in nNOS -/- cerebella 

compared to WT cerebella at PD7 (Figure 3.2b). BG lamellar processes were prominent 

in both WT and nNOS-/- BG at PD7, however, significantly thicker processes were 

observed in nNOS-/- BG compared to age matched WT BG (Figure 3.2c). Our western blot 

analysis revealed significantly less GLAST expression in nNOS-/- cerebella compared to 

WT cerebella at PD7 (Figure 3.2d). 

At 2W, the structural organization of the cerebellum is similar to the organization 

of the mature cerebellar cortex – the lamellar processes are functionally dissolved along 

with the EGL, and the IGL is now referred to as the granular cell layer. 

Immunohistochemical assays showed that nearly all GLAST expression was localized to 

the PN layer and the molecular layer, with little to no staining present in the granular cell 

layer (Figure 3.3a). Similar to earlier timepoints, our imaging analyses showed a 

significant decrease in the percent of GLAST-CalB colocalization in nNOS-/- cerebella 

compared to WT cerebella at 2W (Figure 3.3b). At this time point, total GLAST protein 
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expression was significantly decreased in nNOS-/- cerebella compared to WT cerebella, 

evidenced by our western blot analyses (Figure 3.3c).  

The majority of GLAST expression in 7W mice cerebella was concentrated to the 

PN layer and the molecular layer, with little to no GLAST immunofluorescence observed 

in the granular cell layer (Figure 3.4a). The percent of GLAST-CalB colocalization was 

significantly lower in nNOS-/- cerebella compared to age matched WT cerebella (Figure 

3.4b). Western blotting in nNOS-/- cerebella at 7W revealed a significant decrease in 

GLAST protein expression when compared to age-matched WT cerebella (Figure 3.4c). 

Together, results from our immunohistochemical and biochemical analyses showed that 

the absence of nNOS critically regulates BG morphology and decreases GLAST protein 

expression during postnatal development. 
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Figure 3.1 BG-PN colocalization and total GLAST expression decreased at PD3 in nNOS-

/- cerebella compared to WT.  

(A) Representative confocal images of WT and nNOS-/- cerebella showing GLAST (green) 

in BG, CalB (magenta) in PNs, and nuclei stained with DAPI (blue). White arrows point 

to BG lamellar processes. Scale bar represents 50 μm. Depicted in the third panel are 

representative images of GLAST-CalB colocalization analysis, with white representing the 

area of GLAST+CalB overlay. (B) Violin plots represent the area of GLAST+CalB overlay 

in relation to total CalB staining within a consistent ROI size, presented as % Area. N = 4 

biological replicates per group; WT n = 20 ROIs, nNOS-/- n = 12 ROIs. P < 0.0001. (C) 

Violin plots represent lamellar process thickness, measured in μm. N = 4 biological 

replicates per group. WT n = 58 processes, nNOS-/- n = 79 processes. P < 0.0001. (D) 

Representative western blot of total GLAST protein expression for PD3 WT and nNOS-/- 

cerebella and the housekeeping protein GAPDH. Bar graph reports GLAST expression 

normalized to GAPDH. N = 3 biological replicates per group. P = 0.0302.  
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Figure 3.2 BG-PN colocalization and total GLAST expression decreased at PD7 in nNOS-

/- cerebella compared to WT.  

(A) Representative confocal images of WT and nNOS-/- cerebella showing GLAST (green), 

CalB (magenta), and nuclei stained with DAPI (blue). White arrows highlight BG lamellar 

processes. Scale bar represents 50 μm. Depicted in the third panel are representative images 

of GLAST-CalB colocalization analysis with white representing the overlay of 

GLAST+CalB staining. (B) Violin plots represent the area of GLAST+CalB staining in 

relation to total CalB staining within a consistent ROI, represented as % Area. N = 4 

biological replicates per group; WT n = 14 ROIs, nNOS-/- n = 8 ROIs. P = 0.0161. (C) 

Violin plots represent lamellar process thickness, measured in μm. N = 4 biological 

replicates per group. WT n = 125 processes, nNOS-/- n = 112 processes. P < 0.0001. (D) 

Representative western blot of total GLAST protein expression for PD7 WT and nNOS-/- 

cerebella and housekeeping protein GAPDH. Bar graph represents GLAST protein 

expression normalized to GAPDH. N = 3 biological replicates per group. P = 0.0065.  
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Figure 3.3 BG-PN colocalization and total GLAST expression is decreased in 2W nNOS-

/- cerebella compared to WT.  

(A) Representative confocal images of GLAST (green) and CalB (magenta) expression in 

WT and nNOS-/- cerebella with nuclei stained by DAPI (blue). Scale bar represents 50 μm. 

Representative image of GLAST-CalB colocalization analysis depicted in third panel, with 

white representing the area of GLAST+CalB overlay. (B) Violin plots represent the area 

of GLAST+CalB overlay in relation to the total area of CalB staining within a consistent 

ROI, represented as % Area. N = 4 biological replicates per group; WT n = 14 ROIs, nNOS-

/- n = 16 ROIs. P = 0.0009. (C) Representative western blot of total GLAST protein 

expression in 2W WT and nNOS-/- cerebella and housekeeping protein GAPDH, along with 

bar graph presenting GLAST expression normalized to GAPDH. N = 3 biological replicates 

per group. P = 0.0077.  
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Figure 3.4 BG-PN colocalization and total GLAST expression is decreased in 7W nNOS-

/- cerebella compared to WT.  

(A) Representative confocal images of WT and nNOS-/- cerebella expressing GLAST 

(green) and CalB (magenta) with nuclei stained with DAPI (blue). Scale bar represents 50 

μm. Representative image of GLAST-CalB colocalization analysis are depicted in the third 

panel, with white representing common GLAST+CalB overlay. (B) Violin plots represent 

the area of GLAST+CalB overlay in relation to the total area of CalB staining within a 

consistent ROI, represented as % Area. N = 4 biological replicates per group; WT n = 12 

ROIs, nNOS-/- n = 10 ROIs. P < 0.0001. (C) Representative western blot of total GLAST 

protein expression for 7W WT and nNOS-/- cerebella and the housekeeping protein 

GAPDH, along with bar graph representing GLAST expression normalized to GAPDH. N 

= 3 biological replicates per group. P = 0.0053.  

  



128 

 

3.4.2 NO Upregulates GLAST Expression in Organotypic 
Cerebellar Slice Cultures and Facilitates L-Aspartate Uptake 
in Cultured BG. 

To determine whether NO regulates the expression level of GLAST in a functional 

paradigm, we established ex vivo organotypic cultures of cerebellar slices from PD0 WT 

and nNOS-/- mice. After treating the WT or nNOS-/- cerebellar slice cultures for 7 days with 

pharmacological agents that would either inhibit NO production or increase NO 

concentration respectively, the expression of GLAST protein was assayed using western 

blot. Results showed that after treatment with L-NAME, the expression level of GLAST in 

WT cerebellar slice cultures was significantly decreased compared to control WT slice 

cultures (Figure 3.5a). On the other hand, nNOS-/- slices treated with slow-release NO-

donor NOC-18 showed a significant increase in GLAST expression when compared to 

control nNOS-/- slice cultures (Figure 3.5b). These results demonstrated that NO regulates 

the expression level of GLAST in cerebellar astrocytes.   

 To examine whether nNOS/NO regulates the function of GLAST in BG, we 

cultured primary astrocytes and measured L-aspartate uptake between WT and nNOS-/- 

cultures. Our assay showed that 30 min after treatment with 100 μM L-aspartate, nNOS-/- 

BG exhibited a significantly lower level of cytosolic L-aspartate compared to WT BG 

(Figure 3.5c). 
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Figure 3.5 Nitric oxide modulates GLAST expression in an ex vivo model, and BG from 

nNOS-/- mice display deficits in GLAST functionality.   

(A) Representative western blot of total GLAST expression in WT slices that were left 

untreated (CON) or treated with 100 μM L-NAME. Bar graph represents N = 3 

experimental replicates. P = 0.0403. (B) Representative western blot of total GLAST 

expression in nNOS-/- slices that were left untreated (CON) or treated with 300 μM NOC-

18. Bar graph represents N = 3 experimental replicates. P = 0.0222. (C) Bar graph 

represents the concentration of L-aspartate taken up by WT and nNOS-/- astrocyte cultures 

after 30 mins of L-aspartate treatment. N = 4 experimental replicates. P = 0.0172.  
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3.4.3 PM GLAST Expression Can Be Modulated by NO 
Production In Vitro 

Considering that NO signals mainly through the classical PKG pathway, we next 

investigated whether NO-PKG signaling regulates the expression and subcellular 

localization of GLAST in cultured WT and nNOS-/- BG. Specifically, WT cells were either 

left untreated (CON), or treated with either 50 nM 7N or with 10 μM PKGi. BG were 

identified based on their intense staining of GLAST. WT CON BG exhibited GLAST 

fluorescence that was localized to the PM (Figure 3.6a). In contrast, 7N treatment 

significantly decreased GLAST fluorescence on the PM and increased GLAST 

internalization when compared to WT CON cells (Figure 3.6a). Treatment of PKGi did 

not affect PM localization of GLAST when compared to WT CON BG (Figure 3.6a). 

Similarly, western blot assays revealed a significant decrease in GLAST protein expression 

in 7N treated WT BG when compared to CON WT and PKGi-treated WT BG (Figure 

3.6b). 

 nNOS-/- BG were either left untreated (CON) or treated with either 250 μM SNAP 

or with a combination of SNAP and PKGi (SNAP+PKGi). The nNOS-/- CON BG had 

considerably less GLAST fluorescence localized near the PM in comparison to the WT 

CON cultures. Importantly, SNAP-treated nNOS-/- BG had significantly more GLAST 

localized on the PM than the CON nNOS-/- BG. Notably, nNOS-/- cells treated with 

SNAP+PKGi showed a similar amount of GLAST localization on the PM when compared 

to CON nNOS-/- BG, but significantly less PM localization of GLAST when compared to 

SNAP-treated nNOS-/- BG (Figure 3.7a). Western blotting of GLAST protein in nNOS-/- 

BG revealed an increase in GLAST expression within the SNAP-treated BG when 

compared to CON and SNAP+PKGi-treated nNOS-/- BG (Figure 3.7b).  
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Figure 3.6 PM localization and total expression of GLAST is decreased in WT BG that 

were treated with a nNOS inhibitor.  

(A) Representative confocal images of GLAST (green) and nuclear staining DAPI (blue) 

fluorescence in WT BG that were untreated (CON) or treated with either 50 nM 7N or 10 

μM PKGi. Scale bar represents 50 μm. Violin plots represent the ratio of PM-localized 

GLAST immunofluorescence to cytosol-localized GLAST immunofluorescence. N = 4 

experimental replicates per group; CON n = 18 cells, 7N n = 10 cells, PKGi n = 11 cells. 

F(2, 36) = 5.532; P = 0.0080. (B) Representative western blot of GLAST expression in WT 

astrocyte cultures that were untreated (CON) or treated with 7N or PKGi. Bar graph 

represents GLAST expression normalized to the housekeeping protein GAPDH. N = 3 

biological replicates per group. F(2, 6) = 8.282; P = 0.0188.  
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Figure 3.7 PM localization and total expression of GLAST is increased by NO application 

in nNOS-/- BG.  

(A) Representative confocal images of GLAST (green) and nuclear staining DAPI (blue) 

fluorescence in nNOS-/- BG that were left untreated (CON) or treated with either 250 μM 

SNAP or a combination of SNAP and 10 μM PKGi (SNAP+PKGi). Scale bar represents 

50 μm. Violin plots represent a ratio of PM-localized GLAST immunofluorescence to 

cytosol-localized GLAST immunofluorescence. N = 4 experimental replicates per group; 

CON n = 12 cells, SNAP n = 19 cells, SNAP+PKGi n = 9 cells. F(2, 37) = 7.022; P = 

0.0026. (B) Representative western blot of GLAST expression in nNOS-/- astrocyte cultures 

left untreated (CON) or treated with SNAP or SNAP+PKGi. Bar graph represents GLAST 

expression normalized to the housekeeping protein GAPDH. N = 3 biological replicates 

per group. F(2, 6) = 20.24; P = 0.0022.  
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3.4.4 NO Influences the D-Aspartate Evoked Ca2+/Na+ Dynamics 
in Cultured WT and nNOS-/- BG. 

The function of GLAST is tightly coupled to the sodium-calcium exchanger (NCX) 

reverse-mode activity(Sergei Kirischuk, Kettenmann, & Verkhratsky, 2007), and thus 

cytosolic changes in the concentrations of Ca2+ and Na+ in BGs are indicators of overall 

NCX-GLAST functionality. We performed live-cell imaging on WT and nNOS-/- 

cerebellar astrocytes to measure simultaneous changes of Na+ and Ca2+ fluorescence in 

response to application of 100 μM D-aspartate, a compound that is known to activate 

GLAST(Balderas et al., 2014). 

WT BG were left untreated (CON) or treated with either 50 nM 7N, 10 μM PKGi, 

1 μM UCPH, or 1 μM NCXi. Application of D-aspartate to CON WT cells evoked an influx 

of Ca2+ relative to Na+ that peaked within the first minute after D-aspartate application, and 

this ratio of Ca2+/Na+ remained elevated for the entire trace (Figures 3.8a-d). Notably, 

application of D-aspartate to WT cells pretreated with 7N significantly decreased the influx 

of Ca2+ relative to Na+ when compared to WT CON trace (Figure 3.8a and e). Treating 

WT BG with PKGi showed a similar Ca2+/Na+ response to D-aspartate as the WT CON BG 

(Figure 3.8b), while pretreatment with UCPH (Figure 3.8c) or NCXi (Figure 3.8d) 

significantly decreased the influx of Ca2+ relative to Na+ when compared to the WT CON 

trace (Figure 3.8e). These results confirm that endogenous nNOS activity in cerebellar BG 

regulates NCX-coupled GLAST activity. 

 As well, nNOS-/- BG were left untreated (CON), or were treated with either 250 μM 

SNAP, a combination of SNAP and PKGi (SNAP+PKGi), UCPH, or NCXi. Application 

of D-aspartate to CON nNOS-/- BG evoked an influx of Ca2+ relative to Na+ within the first 

2 minutes after D-aspartate application, and this ratio of Ca2+/Na+ dropped to baseline 

levels after 2 minutes before slowly increasing for the remainder of the trace (Figures 

3.9a). Importantly, pre-treatment with SNAP evoked a significantly larger Ca2+/Na+ influx 

in response to D-aspartate when compared to CON nNOS-/- BG (Figure 3.9a). As well, 

pre-treatment of SNAP+PKGi on nNOS-/- BG evoked a Ca2+/Na+ response similar to CON 

nNOS-/- BG, abolishing the observed effect from SNAP treatment alone (Figure 3.9b and 

e). In response to D-aspartate, both UCPH (Figure 3.9c) and NCXi (Figure 3.9d) pre-
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treatment showed similar Ca2+/Na+ kinetics as CON nNOS-/- BG, which was significantly 

smaller than nNOS-/- BG in the presence of SNAP (Figure 3.9e). These results confirm NO 

can recover NCX-coupled GLAST activity in nNOS-/- BG. 
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Figure 3.8 Ca2+/Na+ influx is downregulated by nNOS blockade in WT BG.  

(A-D) Representative time course of Ca2+/Na+ influx in response to application of D-

aspartate, denoted by the red arrow. The black line represents the Ca2+/Na+ influx of WT 

BGs without a pre-treatment (CON), while the blue line either represents WT BGs pre-

treated with 7N (A), PKGi (B), UCPH (C), or NCXi (D). Black, dashed line represents 

baseline Ca2+/Na+ conductance. (E) Bar graph represents the area under the curve (AUC) 

for each pre-treatment visualized in A-D after 5 mins of D-aspartate treatment. N = 3 

experimental replicates. CON n = 25 cells, 7N n = 24 cells, PKGi n = 24 cells, UCPH n = 

27 cells, NCXi n = 21 cells. F(4, 130) = 3.408; P = 0.0110. 
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Figure 3.9 Ca2+/Na+ influx is downregulated by NO application in nNOS-/- BG.  

(A-D) Representative time course of Ca2+/Na+ influx in response to application of D-

aspartate, denoted by the red arrow. The black line represents the Ca2+/Na+ influx of nNOS-

/- BGs without a pre-treatment (CON), while the orange line either represents nNOS-/-  BGs 

pre-treated with SNAP (A), SNAP+PKGi (B), UCPH (C), or NCXi (D). Black, dashed line 

represents baseline Ca2+/Na+ conductance. (E) Bar graph represents the area under the 

curve (AUC) for each pre-treatment visualized in A-D after 5 mins of D-aspartate 

treatment. N = 3 experimental replicates. CON n = 23 cells, SNAP n = 20 cells, 

SNAP+PKGi n = 26 cells, UCPH n = 25 cells, NCXi n = 25 cells. F(4, 130) = 4.723; P = 

0.0014.  
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3.5 Discussion 

In the cerebellum, the relatively high concentration of nNOS-derived NO is crucial 

for the development of PN dendritic arborization and PN calcium homeostasis(Tellios et 

al., 2020). Although some evidence suggests that NO regulates GLAST function in the 

cerebellum(Balderas et al., 2014; Tiburcio-Félix et al., 2019), this study is the first to 

thoroughly characterize the role of nNOS/NO signaling on the regulation of GLAST 

expression, localization and functionality of cerebellar BGs using WT and nNOS-/- mice. 

Specifically, this study is the first to report two novel findings. First, BG morphology and 

GLAST expression across early murine postnatal stages are regulated by nNOS signaling. 

Second, the PM localization of GLAST is regulated by NO, which facilitates the GLAST 

coupled to the reverse mode NCX activity to mobilize calcium and sodium ions in BG. 

3.5.1 Morphological Abnormalities Are Present in BG of Young 
nNOS-/- Mice. 

It has previously been reported that BG serve as important mediators of both 

granule cell differentiation and migration from the EGL to the IGL, as well as PN dendritic 

and synaptic growth from the PN layer to the pial surface(Altman, 1972; Ango et al., 2008; 

Lordkipanidze & Dunaevsky, 2005; Xu et al., 2013). During early postnatal development 

(PD0 – PD10), BG morphology transitions from distinct smooth lamellar processes that 

radiate towards the pial surface, to rough radial processes that contain outgrowths that work 

to ensheath PN synaptic connections with PFs and stellate cells(Lippman, Lordkipanidze, 

Buell, Yoon, & Dunaevsky, 2008; Yamada et al., 2000). In the present study, our group 

discovered abnormally thick lamellar processes in nNOS-/- cerebella during PD3 and PD7 

when compared to WT. An earlier study that explored BG morphology in the weaver 

cerebellar mutant mouse reported a similar BG morphology with abnormally thick lamellar 

processes, which this group denoted was the cause of PN and granule cell degeneration that 

presented later in life(Bignami & Dahl, 1974). Similarly, we have found stark PN dendritic 

deficits in the nNOS-/- mouse, specifically at PD7(Tellios et al., 2020). This finding, when 

taken into consideration with the BG morphological changes noted in this study, is not 

surprising as BG lamellar processes work to guide and promote PN dendritic growth 

towards the pial surface(Lordkipanidze & Dunaevsky, 2005).  
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BG lamellar processes guide the direction of PN dendritic growth by interacting closely 

with the tips of dendritic branches. Moreover, BG are able to influence PN dendritic growth 

and PN firing through a mechanism involving GLAST activity(Miyazaki et al., 2017; 

Perkins et al., 2018). In the present study, we observed a notable decrease in GLAST 

colocalization with CalB in nNOS-/- cerebella compared to WT. This finding implies a 

reduced ensheathment of PN dendritic spines and synapses by BG. As BG lamellar 

processes mature, radial outgrowths wrap around PN dendritic spines and protect synapses 

from excitotoxic damage(Lippman et al., 2008; Yamada et al., 2000). We previously 

showed that in adult nNOS-/- mice, there was an overall decrease in PN spine number 

compared to WT, and the majority of PN dendritic spines take the form of thin-type spines, 

as opposed to the predominant mushroom-type spine found on WT PNs(Tellios et al., 

2020). Therefore, the PN deficits reported in nNOS-/- mice may be the result of aberrant 

BG growth, which is supported by multiple studies that report BG-specific deficits lead to 

the degeneration and loss of PNs(Takatsuru et al., 2006; X. Wang, Imura, Sofroniew, & 

Fushiki, 2011). Likewise, it is known that nNOS is expressed in supporting cells such as 

BGs, and not PNs(Ihara et al., 2006; Kugler & Drenckhahn, 1996; Tiburcio-Félix et al., 

2019), therefore, it is possible that the structural and functional deficits of PNs in the nNOS-

/- mice are at least partially the result of aberrant BG growth. 

3.5.2 GLAST Protein Expression is Decreased in the Cerebella of 
nNOS-/- Mice. 

The morphological changes observed in nNOS-/- BG are associated with a decrease 

in GLAST protein expression in the cerebella of nNOS-/- mice across all time points in this 

study. Being the predominant transporter on BG, GLAST plays a crucial role in protecting 

PN synapses from excitotoxic damage. Although it has previously been reported that nNOS 

expression is upregulated in cultured BG following exposure to glutamate(Tiburcio-Félix 

et al., 2019) and that nNOS-derived NO signaling enhances glutamate uptake in BG 

(Balderas et al., 2014), our study is the first to report decreased GLAST expression from a 

lack of nNOS-derived NO production in vivo.  Specifically, our assays revealed a decreased 

expression of GLAST protein in nNOS-/- cerebella across postnatal time points when 

compared to WT cerebella. In addition, inhibition of the enzymatic activity of NOS in ex 
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vivo WT cerebellar slices by LNAME or in cultured WT BG by 7N, significantly reduced 

GLAST expression. It is known that GLAST is an important modulator of synaptic function 

in the cerebellum, as it is crucial in regulating glutamate levels within the synaptic cleft. 

As well, decreased GLAST expression on astrocytes is a major factor that propagates a 

host of neurological disorders involving excitotoxic damage, including but not limited to, 

episodic ataxia, Alzheimer’s disease, and retinal degeneration(Jen, Wan, Palos, Howard, 

& Baloh, 2005; Yanagisawa et al., 2020; Zoia et al., 2004). Decreased GLAST expression 

has been related not only to PN morphological deficits, but deficits in spontaneous PN 

firing and spike activity(Perkins et al., 2018; Takatsuru et al., 2006). GLAST 

downregulation can happen for various reasons, including genetic causes such as 

expression of polynucleotide expansion of ataxin-7 as seen in spinocerebellar ataxia 

7(Custer et al., 2006), or as a result of external factors such as high concentrations of 

extracellular glutamate (Lopez-Bayghen & Ortega, 2004). 

Importantly, our study also found that exogenous supplementation of NO 

significantly increased GLAST expression in ex vivo nNOS /- cerebellar slices and in 

cultured nNOS-/- BG. This is in line with our previous report that discovered more PN 

branching in nNOS-/- cerebellar slices treated with NOC-18, (Tellios et al., 2020). As well, 

a crucial study has noted that decreased GLAST expression may be a result of overactive 

group 1 mGluRs(Gegelashvili, Dehnes, Danbolt, & Schousboe, 2000). Interestingly, the 

nNOS-/- mouse itself may be a model of mGluR1 excitotoxicity, as this mouse line exhibits 

high levels of calcium-dependent protease activity, similar to levels experienced with WT 

slices treated with group 1 mGluR agonist, DHPG(Tellios et al., 2020). 

3.5.3 NO Increases L-Aspartate Uptake and Upregulates GLAST 
Expression on the PM of BG Through a PKG Mechanism. 

To examine the functional activity of GLAST, we examined L-aspartate uptake in 

cultured WT and nNOS-/- BG. Our study noted lower cytosolic concentrations of L-

aspartate in nNOS-/- BGs compared to WT BG, which is associated with the lower level of 

GLAST protein expression that was observed in nNOS-/- BG when compared to WT BG. 

Importantly, Balderas et al., noted higher levels of D-aspartate uptake in cerebellar BG 

treated with NO-donor sodium nitroprusside as well as with treatment of cGMP analogue, 
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dbcGMP(Balderas et al., 2014). This study by Balderas et al., highlighted the importance 

of the NO-cGMP-PKG pathway in upregulating GLAST activity in vitro.  

We further examined if GLAST localization in cultured WT and nNOS-/- BG was 

regulated by NO-PKG signaling. Notably, our assays detected a decrease in GLAST 

fluorescence on the PM of WT BG that were treated with nNOS inhibitor when compared 

to control WT BG. Importantly, treatment with PKGi on WT BG did not elicit any 

significant changes in GLAST localization when compared to control WT BG. Although, 

many studies have reported that the activation of PKG results in an upregulation of GLAST 

expression and functionality in WT BGs(Balderas et al., 2014; Cabrera-Pastor, Arenas, 

Taoro-Gonzalez, Montoliu, & Felipo, 2019), our results demonstrated that inhibition of 

PKG activity does not result in the internalization of GLAST, which must be regulated by 

an alternative mechanism. 

Alternatively, NO-donor increased GLAST fluorescence at the PM in nNOS-/- BGs 

when compared to control nNOS-/- BG. Indeed, inhibiting PKG activity abolished the 

increased PM localization of GLAST observed from NO-donor treatment. In this case, it is 

apparent that NO signals through PKG to facilitate GLAST trafficking to the PM. All these 

available data indicate that, NO facilitates GLAST localization to the PM of BGs via 

activation of the PKG pathway. 

3.5.4 NO Regulates the Function of GLAST Coupled to NCX 
Activity in the Reverse Mode. 

GLAST is a cotransporter utilizing the concentration gradient of Na+ to bring 

glutamate into the cell. Importantly, GLAST activity is balanced by NCX activity, which 

transports 3 Na+ in the opposite direction of 1 Ca2+(Bauer et al., 2012). In resting astrocytes, 

3 Na+ are shuttled into the cell while 1 Ca2+ is transported to the extracellular space by 

NCX activity in the forward mode. However, when GLAST is activated in the presence of 

glutamate, L-aspartate, or D-aspartate, the NCX functions in the reverse mode to combat 

the sudden Na+ influx from GLAST by ejecting Na+ to the extracellular space and 

mobilizing Ca2+ into the cell(S Kirischuk, Ketfenmann, & Verkhratsky, 2007; Rojas et al., 

2007). Considering this coupling action of GLAST and NCX, we utilized dual calcium and 
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sodium fluorescent imaging to examine ion mobilization from NCX in response to D-

aspartate activation of GLAST in cultures of WT and nNOS-/- BG.  

Our assays revealed that control WT traces resulted in peak Ca2+ entry and Na+ 

efflux within the first minute after application of D-aspartate, which was followed by a 

smaller, sustained increase in Ca2+/Na+ influx above baseline. Application of either UCPH 

or NCXi eliminated the peak influx of Ca2+/Na+ in response to D-aspartate and confirmed 

previous reports suspecting glutamate transporters such as GLAST are coupled to NCX 

activity, which may be required for GLAST activity in BG(Ibáñez, Bartolomé-Martín, 

Piniella, Giménez, & Zafra, 2019; S Kirischuk et al., 1997; Piccirillo et al., 2020).  

Notably, inhibiting endogenous nNOS activity in WT BG resulted in a significant 

decrease in the Ca2+/Na+ ratio when compared to control WT BG, while supplementing NO 

to the nNOS-/- BG significantly elevated the Ca2+/Na+ influx when compared to control 

nNOS-/- BG, confirming that NO critically controls the coupled activity of GLAST and 

NCX. Interestingly, treating WT BG with PKGi did not affect the Ca2+/Na+ ratio in 

response D-aspartate when compared to WT controls, while treating nNOS-/- BG with 

PKGi¬ significantly abolished the Ca2+/Na+ ratio observed from nNOS-/- BG that had NO 

supplemented in their culture conditions.  These trends noted from live cell imaging of 

calcium and sodium fluorescence in response to D-aspartate are substantiated by the 

fluorescent localization of GLAST protein on the PM in WT and nNOS-/-BG cultures. PKG 

inhibition on WT BG displayed no change in either PM localization of GLAST or Ca2+/Na+ 

ratio when compared to WT control BG while PKG inhibition on nNOS-/- BG that had NO 

supplemented in their culture conditions displayed both reduced PM localization of 

GLAST as well as reduced Ca2+/Na+ ratio when compared to nNOS-/- BG that had NO 

supplemented in their culture conditions. These data further demonstrate that NO signaling 

regulates the function of GLAST coupled to NCX activity in the reverse mode, possibly 

through GLAST trafficking to the PM in a PKG dependent mechanism. Further analysis of 

the coupling between GLAST and the NCX in relation to NO signaling would provide 

insight into novel therapeutic options for glutamate transporter dysfunction.  
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In general, Ca2+ influx is critical for BG to maintain appropriate physiological 

growth and functionality. Specialized Ca2+-permeable AMPA receptors are found on BG 

and are stimulated by glutamate but not by L- or D-aspartate (Lopez-Bayghen & Ortega, 

2004; Metea & Newman, 2006). A previous study noted that viral delivery of the GluR2 

gene into BG caused their Ca2+-permeable AMPA receptors to become Ca2+-impermeable, 

which resulted in retraction of BG processes and less PN ensheathment(Iino et al., 2001), 

similar to what we observed in nNOS-/- BG. Furthermore, overexpression of Ca2+-

permeable receptors on BG resulted in BG process growth and extension(Ishiuchi et al., 

2007). Therefore, the reduced Ca2+ influx and aberrant phenotype that we noted in nNOS-

/- BG aligns well with previous findings that reports Ca2+ signaling is important for the 

function and activity of BG.  

 In summary, results from this study demonstrate a novel role for nNOS-derived NO 

signaling in regulating BG morphological development, GLAST expression, and GLAST 

functionality. As depicted in Figure 3.10, we propose that under physiological conditions, 

BG express GLAST to remove excessive glutamate that is released from PFs. During this 

process, NO derived from nNOS located in PFs and BG leads to an upregulation of GLAST 

expression and functionality through NO-cGMP-PKG pathway. As well, NO influences 

the activity of GLAST coupled to the NCX channel working in the reverse mode to shuttle 

calcium into BG, which is a common indicator of GLAST function(Nashida et al., 2011). 

Under the regulation of NO, BG ensheath PN synapses whereby expression of GLAST can 

remove excessive glutamate from the synaptic cleft to combat excitotoxicity on PN during 

development. However, a lack of nNOS-derived NO, results in less BG ensheathment of 

PNs, less GLAST expression, less glutamate uptake, and more mGluR1 stimulation on PNs 

that leads to excitotoxicity during development(Tellios et al., 2020). Further analysis of the 

coupling between GLAST and the NCX in relation to NO would provide insight into novel 

therapeutic options for glutamate transporter dysfunction. 
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Figure 3.10 Schematic representation of GLAST regulation in relation to nNOS/NO 

signaling.  

The left side of the figure depicts a glutamatergic PN synapse in the absence of nNOS-

derived NO signaling, while the right side depicts a physiological glutamatergic synapse 

with nNOS expression and NO production. (1.) Glutamate released by PFs/CFs are taken 

up by GLAST and co-transported with 3 Na+ ions into the BG cytosol. Right side: (2.a) 

NO produced by PF terminals and BG will activate PKG through the common NO-cGMP-

PKG pathway, causing transport of GLAST to the BG PM. (3.a) Additionally, the 

increased Na+ influx through GLAST activity, along with the presence of NO, causes a 

reversal of the NCX, allowing for Na+ to be shuttled outside of the BG and causing an 

influx of Ca2+ into the BG. (4.a) As a result, appropriate glutamate clearance from the 

synaptic cleft occurs, contributing to the normal function of PNs in the cerebellum. Left 

side: (2.b) In the absence of nNOS/NO signaling, there is less activation of PKG and 

therefore less transport of GLAST to the BG PM. (3.b) Additionally, the lack of NO and 

lower Na+ from active GLAST transporters results in lower activity of the NCX in reverse 

mode, leading to less Ca2+ influx into the BG cytosol, which can cause BG process 

retraction and less BG ensheathment of the synaptic cleft. (4.b) As a result, the lower 

efficiency of glutamate uptake will lead to an overload of glutamate in the synaptic cleft, 

leading to PN excitotoxicity.  
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Chapter 4  

4 Neuronal Nitric Oxide Synthase Critically Regulates the 

Endocannabinoid Pathway in the Murine Cerebellum 

During Postnatal Development. 

4.1 Abstract 

The cerebellum is a major site of endocannabinoid (eCB) production and signaling. 

The predominant eCB within the cerebellum, 2-arachadonylglycerol (2-AG), is produced 

by a metabotropic glutamate receptor type 1 (mGluR1)-initiated signaling cascade within 

Purkinje neurons (PNs). 2-AG retroactively stimulates cannabinoid 1 receptors (CB1Rs) 

located on presynaptic terminals. The activated CB1R decreases neurotransmitter release 

and leads to the production of nitric oxide (NO), a gaseous molecule. Recently, our group 

discovered that during development in mice lacking neuronal nitric oxide synthase (nNOS-

/-), PNs display an excitotoxic phenotype associated with overactivated mGluR1. 

Considering the importance of mGluR1 in 2-AG synthesis, the present study explored the 

role of nNOS-derived NO in regulating the eCB pathway within the cerebella of wildtype 

(WT) and nNOS-/- mice at postnatal day 7 (PD7), 2 weeks (2W), and 7 weeks (7W). Our 

analysis showed that diacylglycerol lipase α, the enzyme that catalyzes 2-AG production, 

was elevated at early postnatal ages, and followed by elevated levels of 2-AG in nNOS-/- 

cerebella compared to WT. CB1R expression in nNOS-/- cerebella was upregulated at PD7 

but decreased at 2W and 7W when compared to age-matched WT mice cerebella. 

Importantly, treating organotypic nNOS-/- cerebellar slice cultures with an NO-donor 

attenuated CB1R levels after 7 days in vitro. In addition, expression of the eCB hydrolases 

fatty acid amide hydrolase and monoacylglycerol lipase were significantly downregulated 

in nNOS-/- cerebella compared to WT cerebella at 7W. Together, these results reveal a 

novel role for nNOS/NO in regulating eCB signaling in the cerebellum. 
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4.2 Introduction 

The cerebellum is a highly organized brain region commonly associated with motor 

coordination, locomotion, fine motor control, and spatial navigation, which works to fine 

tune the commands from the motor cortex(Koziol, Budding, & Chidekel, 2012; Manto et 

al., 2012). Unlike the cerebral cortex, the cerebellar cortex is divided into 3 distinct layers; 

the granule cell layer, the Purkinje neuron (PN) layer, and the molecular layer. PNs 

represent the sole output response of the cerebellum, and therefore are subject to heavy 

synaptic regulation by neighbouring glutamatergic and GABAergic innervations, including 

parallel fibers (PFs), basket cells (BCs), and stellate cells (SCs). 

A major component of synaptic regulation within the cerebellum involves nitric 

oxide (NO), a gaseous neurotransmitter produced by the catalytic activity of neuronal nitric 

oxide synthase (nNOS) that is abundantly expressed within the cerebellum, more so than 

any other region of the brain(Bredt, Hwang, & Snyder, 1990; Campese et al., 2006). NO is 

a major modulator of synaptic transmission and subsequently motor learning throughout 

development(Matyash, Filippov, Mohrhagen, & Kettenmann, 2001; Shibuki & Okada, 

1991; Wang et al., 2014). Recently, our group discovered that the absence of nNOS (nNOS-

/-) in mice resulted in major PN dendritic deficits, beginning early within postnatal 

development and persisting into adulthood(Tellios, Maksoud, Xiang, & Lu, 2020). 

Additionally, a significant component affected within the PN of nNOS-/- mice involves the 

metabotropic glutamate 1 receptor (mGluR1) pathway(Tellios et al., 2020). Metabotropic 

GluR1 is a Gq protein coupled receptor that catalyzes the production of inositol 

triphosphate (IP3) and diacylglycerol (DAG) from phosphatidylinositol 4,5-biphosphate 

(PIP2) via phospholipase-C activity(Willard & Koochekpour, 2013). The mGluR1-

initiated production of IP3 activates receptors on the endoplasmic reticulum to initiate 

store-operated calcium entry (SOCE) within the PNs(Hartmann, Henning, & Konnerth, 

2011; Ryu et al., 2017; Takashi Yoshida et al., 2006). Our group discovered that mGluR1-

initiated SOCE in PNs is overactivated in nNOS-/- mice when compared to normal wildtype 

(WT) mice, which results in calcium-dependent degradation of PN dendrites(Tellios et al., 

2020).  
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In addition to the activation of SOCE by IP3, the mGluR1-initiated production of 

DAG is involved with the synthesis of cerebellar endocannabinoids (eCBs). Specifically, 

DAG is enzymatically converted by DAG lipase α (DAGLα) into 2-arachidonoylglycerol 

(2-AG), a prominent eCB within the cerebellum(Maejima et al., 2005; Richardson, Ortori, 

Chapman, Kendall, & Barrett, 2007; Savinainen, Järvinen, Laine, & Laitinen, 2001; Su, 

Wang, Yang, Shen, & Hu, 2013). Once produced, 2-AG signals retroactively to 

cannabinoid-1 receptors (CB1Rs) located on presynaptic terminals, predominately PFs, 

BCs, and SCs(Kawamura, 2006). CB1Rs are Gi protein-coupled receptors that are 

abundantly expressed within the molecular layer of the cerebellum.  CB1R activation 

inhibits adenylyl cyclase and cAMP production(Howlett, 1987), suppresses the release of 

neurotransmitters such as GABA and glutamate from interneurons and PFs, 

respectively(Carey et al., 2011; P. Safo, Cravatt, & Regehr, 2006). Additionally, CB1R 

activity also induces morphological changes in neurons, specifically though cAMP-

dependent pathways(Tapia et al., 2017). Interestingly, chronic activation of CB1Rs  can 

result in  decreased nNOS expression and NO production through inhibition of voltage-

gated calcium channels, as CB1R-deficient mice exhibit greater NOS activity within the 

cerebrum compared to WT mice(Sun et al., 2006). However, evidence suggests that CB1R 

activation increases NO production in specific cell types. For example, N18TG2 

neuroblastoma cells demonstrated elevated NO production in the presence of CB1R 

agonists(Jones, Carney, Vrana, Norford, & Howlett, 2008). Importantly, there is little 

evidence that delineates the interaction between NO and CB1R within the cerebellum and 

it remains unclear how, or if, a lack of NO signaling during development can affect the 

maturation of the CB1R pathway in the cerebellum.  

Considering the already demonstrated, but not fully elucidated, interdependence 

between eCBs/CB1Rs and nNOS/NO production(Carney et al., 2009), along with our 

recent demonstration of the link between NO production and mGluR1 signaling in the 

cerebellum(Tellios et al., 2020), this study sought to characterize components of the 

eCB/CB1R pathway in the cerebellum of nNOS-/- mice across development. Specifically, 

the present study aimed to identify differences in the production of 2-AG, protein 

expression of eCB hydrolases, as well as the protein localization and expression of CB1R 

across postnatal ages between WT and nNOS-/- mice. 
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4.3 Materials and Methods 

4.3.1 Animals 

WT (C57/BL6, Stock No: 000664) and nNOS-/- mice (B6.129S4-Nos1tm1Plh, Stock 

No: 002986) were obtained from the Jackson Laboratory. All the experiments within this 

study were conducted in accordance with Animal Use Protocol (#2018-106) approved by 

the Animal Care and Veterinary Services at the University of Western Ontario. The 

timepoints for cerebellar tissue collection occurred at postnatal day 7 (PD7), 2 weeks (2W) 

and 7 weeks (7W) of age using male mice.  

4.3.2 2-AG ELISA  

Whole, intact cerebella from WT and nNOS-/- mice were harvested and stored at –

80 oC until use. To perform the 2-AG ELISA, samples were homogenized in PBS and 

centrifuged at 3000 rpm for 20 mins and the supernatant was collected. After 

homogenization, 2-AG levels within WT and nNOS-/- supernatants were measured using 

the Mouse 2-AG ELISA kit (MyBioSoure, San Diego, CA, Catalogue #: MBS1601288) 

and performed in accordance with the manufacturer’s instructions.  

4.3.3 Immunohistochemical Preparation 

Whole, intact brains were isolated from WT and nNOS-/- mice and immediately 

placed in 4% paraformaldehyde (PFA) for 48 hrs. Fixed brains were then transferred to a 

30% sucrose solution for a minimum of 48 hrs. Brains were sagittally sectioned at a 

thickness of 40 m using a vibratome, and later placed in a cryoprotectant solution and 

stored in -20oC until immunohistochemical preparation. Slices were washed with PBS then 

permeabilized using a 0.25% Triton-X solution for 5 mins. Slices were then incubated in 

10% normal donkey serum (NDS) solution for 1 hr and later incubated with the following 

primary antibodies overnight in 4oC: 1:500 guinea pig anti-calbindin (CalB) (Synaptic 

Systems, Goettingen, Germany, Catalogue #: 214005); 1:500 goat anti-DAGLα (Novus 

Biologicals, Toronto, ON, Catalogue #: NBP1-20905); 1:500 rabbit anti-CB1R (Abcam, 

Toronto, ON, Catalogue #: ab23703). Slices were then washed and incubated with the 

appropriate secondary antibodies for 2 hrs: anti-rabbit Cy3, anti-guinea pig AlexaFluor 
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488, or anti-goat AlexaFluor 647 (Jackson Immunoresearch, Burlington, ON). After 

incubation with the nuclear stain DAPI, 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 60x magnification using an oil-

immersion objective. 

4.3.4 Western Blotting 

Whole, intact cerebella were isolated from WT and nNOS-/- mice and stored at -80 

oC. Cerebellar tissues were homogenized using a glass homogenizer in 

radioimmunoprecipitation assay (RIPA) lysis buffer, supplemented with 0.1% apoprotein 

and 0.1% leupeptin. Once homogenized, cerebellar lysates were centrifuged for 30 mins at 

4 oC. The supernatant was collected, and protein was measured using a Bradford reagent 

mix (Bio-Rad, Hercules, CA). Samples were later prepared using 2x sample buffer and 

loaded onto 10% or 12% polyacrylamide gels for electrophoresis and run for 2 hrs at 100V. 

Gels were then wet-transferred onto nitrocellulose membranes for 2 hrs at 80V. Blots were 

then incubated in 5% bovine serum albumin (BSA) for 1 hr before incubated with the 

following primary antibodies overnight: 1:500 goat anti-DAGLα (62 kDa); 1:1000 rabbit 

anti-CB1R (53 kDa); 1:1000 mouse anti-fatty acid amide hydrolase (FAAH) (67 kDa) 

(Santa Cruz Biotechnology, Dallas, TX, Catalogue #: sc-100739); 1:500 rabbit anti-

monoacylglycerol lipase (MGL) (33 kDa) (ThermoFischer Scientific, Waltham MA, 

Catalogue #: PA5-27915). For total protein comparisons, 1:10000 anti-glyceraldehyde-3-

phosphate dehydrogenase (GAPDH, 40 kDa) (Abcam, Toronto, ON) was used. After 3 

washes in tris-buffered saline solution, the appropriate secondary horseradish-peroxidase 

antibodies (Jackson Immunoresearch, Burlington, ON) were incubated on the membranes 

for 1.5 hrs. Protein was visualized using enhanced chemiluminescence substrate (Bio-Rad, 

Hercules, CA) and imaged using the Bio-Rad VersaDoc system. All proteins were 

normalized to the housekeeping protein GAPDH. Densitometric analyses were quantified 

using FIJI open-source software.  
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4.3.5 Ex Vivo Organotypic Slice Cultures 

Cerebella were obtained from 10-12 PD0 WT and nNOS-/- pups in Hank’s balanced 

salt solution (HBSS) containing: 15 mM 4-(2-hydroxyehtyl)-1-piperazineethanesulfonic 

acid (HEPES), 0.5% glucose, 2% sucrose, and maintained at pH 7.3 and 315 mOsm. 

Cerebella were then sliced using a tissue chopper set to 350 μM thickness and carefully 

plated on 35 mm membrane inserts (Milipore Ltd., Etobicoke, ON). The bottom of the 

membrane insert was exposed to cerebellar slice culture media that contained 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. 

Cultures were maintained for 7 days in vitro (DIV7) and every 2 days, half of the medium 

was replaced. Slices from WT cultures were treated with 100 M NOS inhibitor N(G)-

Nitro-L-arginine methyl ester (L-NAME) (Santa Cruz Biotechnology, Dallas, TX), while 

nNOS-/- cultures were treated with the slow NO-donor, 300 M diethylenetriamine 

NONOate (NOC-18) (Santa Cruz Biotechnology, Dallas, TX). Cultured cerebellar slices 

were then prepared for western blotting. 

4.3.6 Image Analysis 

4.3.6.1 Integrated Density 

CB1R fluorescence intensity across all timepoints in WT and nNOS−/− cerebella 

was measured using FIJI. For PD7 and 2W CB1R measurements, a consistent ROI of the 

PN dendritic region, determined using the CalB stain, was made and overlayed on the 

corresponding DAGLα image. For 7W CB1R measurements, a consistent ROI of the PN 

dendritic region and the PN axon hillock region (distal and proximal measurements, 

respectively) were made and overlayed o the corresponding CB1R image. Then, integrated 

density — measured in arbitrary units of intensity (AUIs) — was graphed for each WT and 

nNOS−/− CB1R ROI. Integrated density was averaged from multiple images across four 

biological replicates. 
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4.3.7 Statistical Analysis 

Statistical analyses were performed using an unpaired, two-tailed t-test for all 

results comparing WT to nNOS-/- mice. Significance was determined using a threshold of 

p = 0.05. All values are reported as mean  standard error of the mean (SEM). 

4.4 Results 

4.4.1 2-AG Production is Higher in the Cerebella of nNOS-/- Mice 
at Later Postnatal Ages. 

Our group first investigated whether the basal levels of 2-AG differed between WT 

and nNOS-/- cerebella across postnatal development using a 2-AG ELISA kit. At PD7, the 

levels of 2-AG were not significantly different between WT and nNOS-/- cerebellar tissues 

(WT = 124.99  6.68 ng/mL; nNOS-/- = 112.11  8.14 ng/mL) (Figure 4.1a). In contrast, 

nNOS-/- cerebellar tissues had significantly elevated levels of 2-AG at 2W when compared 

to age-matched WT cerebellar tissues (WT = 90.82  6.86 ng/mL; nNOS-/- = 126.09  5.47 

ng/mL) (Figure 4.1b). A significant upregulation of 2-AG was also detected in nNOS-/- 

cerebellar tissues at 7W when compared to age-matched WT cerebellar tissue (WT = 

109.97  1.54 ng/mL; nNOS-/- = 138.08  9.36 ng/mL) (Figure 4.1c). 
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Figure 4.1 2-AG concentrations are significantly elevated in the cerebella of 2W and 7W 

nNOS-/- mice compared to age-matched WT mice.  

Bar graphs represent concentrations of 2-AG in cerebellar tissues from WT and nNOS-/- 

mice at (A) PD7 (P = 0.2884), (B) 2W (P = 0.0158), and (C) 7W (P = 0.0415). N = 3 

biological replicates per group. 
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4.4.2 DAGLα Expression is Upregulated in the Cerebella of 
nNOS-/- Mice at Early Postnatal Ages. 

DAGLα is an enzyme predominantly localized to the PN, responsible for cerebellar 

2-AG synthesis(Yoshida, Takayuki et al., 2006). Next, our group examined the expression 

and localization of DAGLα in the cerebella of WT and nNOS-/- mice across postnatal 

development. Immunohistochemical analyses showed that at PD7 CalB staining of PNs 

revealed some dendritic branches that colocalized to DAGLα fluorescence. Specifically, 

DAGLα fluorescence was located in the cytosol of both the cell body and dendrites of PNs, 

with intense staining near the PN cell border (Figure 4.2a). Western blot analyses revealed 

a significantly higher protein expression of DAGLα in nNOS-/- cerebellar tissues at PD7 

when compared to age-matched WT cerebella (Figure 4.2b). 

 At 2W, CalB staining revealed complex dendritic arborizations of the PNs. Notably, 

fluorescence of DAGLα is heavily localized to the dendrites of PNs and to a lesser degree 

in the soma of PNs (Figure 4.3a). Similar to the PD7 timepoint, western blot analyses 

showed a significant increase in DAGLα protein expression in nNOS-/- cerebellar tissues 

at 2W when compared to age-matched WT cerebellar tissues (Figure 4.3b).  

At 7W, CalB staining of PNs in both WT and nNOS-/- cerebella displayed more 

complex dendritic arborization.  Fluorescence of DAGLα was localized primarily in the 

PN dendrites, with little staining in the PN soma of both WT and nNOS-/- cerebella at 7W 

(Figure 4.4a). Interestingly, western blot analyses revealed no significant difference in 

DAGLα protein expression between WT and nNOS-/- cerebellar tissues at 7W (Figure 

4.4b). 
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Figure 4.2 DAGLα expression is significantly upregulated in PD7 nNOS-/- cerebella 

compared to WT cerebella.  

(A) Representative confocal microscopy images of DAGLα (green) and CalB (magenta) 

immunofluorescence in the cerebella of WT and nNOS-/- mice at PD7. Scale bar represents 

50 μm. (B) Representative western blot of total DAGLα protein expression for WT and 

nNOS-/- cerebella at PD7. The housekeeping protein GAPDH was used as the loading 

control. Bar graph (right) represents the ratio of total DAGLα protein normalized to 

GAPDH protein. N = 4 biological replicates per group. P = 0.0041.  
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** Figure legend on next page ** 
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Figure 4.3 DAGLα expression is significantly upregulated in 2W nNOS-/- cerebella 

compared to WT cerebella.  

(A) Representative confocal microscopy images of DAGLα (green) and CalB (magenta) 

immunofluorescence in the cerebella of WT and nNOS-/- mice at 2W. Scale bar represents 

50 μm. (B) Representative western blot of total DAGLα protein expression for WT and 

nNOS-/- cerebella at 2W. The housekeeping protein GAPDH was used as a loading control. 

Bar graph (right) represents the ratio of DAGLα protein normalized to GAPDH protein. N 

= 4 biological replicates per group. P = 0.0039. 

  



167 
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Figure 4.4 DAGLα expression is not significantly different between 7W WT and nNOS-/- 

cerebella.  

(A) Representative confocal microscopy images of DAGLα (green) and CalB (magenta) 

immunofluorescence in the cerebella of WT and nNOS-/- mice at 7W.  Scale bar represents 

50 μm. (B) Representative western blot of total DAGLα protein expression for WT and 

nNOS-/- cerebella at 7W. The housekeeping protein GAPDH was used as a loading control. 

Bar graph (right) represents the ratio of DAGLα protein normalized to GAPDH protein. N 

= 4 biological replicates per group. P = 0.1875. 
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4.4.3 CB1R Expression and Localization are Differentially 
Regulated at Different Postnatal Timepoints in nNOS-/- 
Cerebella.  

In the cerebellum, CB1Rs are located on the presynaptic terminals and are the main 

target for retrograde eCB signaling. To understand the impact of nNOS/NO signaling on 

eCB signaling in the cerebella, our group characterized potential differences in CB1R 

expression and localization between WT and nNOS-/- mice cerebella. At PD7, 

immunofluorescence of CB1R was predominantly localized to the molecular layer of the 

cerebellum, surrounding the PN dendrites (Figure 4.5a). An analysis of integrated density 

revealed significantly more CB1R fluorescence in nNOS-/- cerebella compared to age-

matched WT cerebella (Figure 4.5b). Similarly, western blot analyses revealed 

significantly more CB1R protein expression in nNOS-/- cerebellar tissue compared to WT 

cerebellar tissue at PD7 (Figure 4.5c).  

 At 2W, immunofluorescence of CB1R was heavily localized in the molecular layer 

of both WT and nNOS-/- cerebella. At this timepoint, immunofluorescence of CB1R also 

began to boarder the soma and axon hillock of PNs in both WT and nNOS-/- cerebella 

(Figure 4.6a). Integrated density analyses at this timepoint revealed significantly lower 

immunofluorescence of CB1R staining in nNOS-/- cerebella compared to WT cerebellar 

tissues (Figure 4.6b). Similarly, western blot analyses revealed significantly less CB1R 

protein levels in nNOS-/- cerebellar tissues when compared to age-matched WT cerebellar 

tissues (Figure 4.6c). 

 The localization of CB1R fluorescence at 7W was similar to that of 2W cerebella, 

with intense staining in the molecular layer. However, fluorescence of CB1R was also 

concentrated and localized around the soma and axon hillock of PNs, which was more 

prominent at 7W than at 2W (Figure 4.7a). Analyses of integrated density revealed 

significantly less CB1R immunofluorescence in the molecular layer (or the distal region) 

of nNOS-/- tissues compared to WT tissues at 7W (Figure 4.7b). Similarly, significantly 

less CB1R immunofluorescence in the proximal region containing the axon hillock of PNs 

was observed in nNOS-/- cerebella compared to WT cerebella at 7W (Figure 4.7b). 
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Western blot analyses revealed significantly less CB1R protein levels in nNOS-/- cerebella 

at 7W compared to age-matched WT cerebella (Figure 4.7c). 

  



171 

 

 

Figure 4.5 CB1R expression is significantly upregulated in PD7 nNOS-/- cerebella 

compared to WT cerebella.  

(A) Representative confocal microscopy images of CB1R (green) and CalB (magenta) 

immunofluorescence in the cerebella of WT and nNOS-/- mice at PD7. Scale bar represents 

50 μm. (B) Bar graph represents the integrated density of CB1R fluorescence. N = 4 

biological replicates per group. WT n = 10 ROIs, nNOS-/- = 10 ROIs. P = 0.0006. (C) 

Representative western blot of total CB1R protein expression and the housekeeping protein 

GAPDH for WT and nNOS-/- cerebella at PD7. Bar graph (right) represents the ratio of 

CB1R protein normalized to GAPDH protein. N = 3 biological replicates for WT; N = 4 

biological replicates for nNOS-/-. P = 0.0187. 
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Figure 4.6 CB1R expression is significantly downregulated in 2W nNOS-/- cerebella 

compared to WT cerebella.  

(A) Representative confocal microscopy images of CB1R (green) and CalB (magenta) 

immunofluorescence in the cerebella of WT and nNOS-/- mice at 2W. Scale bar represents 

50 μm. (B) Bar graph represents the integrated density of CB1R fluorescence. N = 4 

biological replicates per group. WT n = 14 ROIs, nNOS-/- = 12 ROIs. P = 0.0121. (C) 

Representative western blot of total CB1R protein and the housekeeping protein GAPDH 

WT and nNOS-/- cerebella at 2W. Bar graph represents CB1R protein normalized to 

GAPDH protein. N = 4 biological replicates per group. P = 0.0057. 
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Figure 4.7 CB1R expression is significantly downregulated in 7W nNOS-/- cerebella 

compared to WT cerebella.  

(A) Representative confocal images of CB1R (green) and CalB (magenta) 

immunofluorescence in the cerebella of WT and nNOS-/- mice at 7W. Scale bar represents 

50 μm. The right panel depicts a thresholded image of CB1R fluorescence and denotes the 

distal region that contains the PN dendrites in the ML and the proximal region that contains 

the PN soma and axon hillock, which were separated for image analyses. (B) Bar graph 

represents the integrated density of CB1R fluorescence in the distal and proximal regions. 

N = 4 biological replicates per group. WT (distal and proximal) n = 20 ROIs, nNOS-/- (distal 

and proximal) = 20 ROIs. P < 0.0001 for both distal and proximal comparisons. (C) 

Representative western blot of total CB1R protein and the housekeeping protein GAPDH 

for WT and nNOS-/- cerebella at 7W. Bar graph represents the ratio of CB1R protein 

normalized to GAPDH protein. N = 4 biological replicates per group. P = 0.0016. 
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4.4.4 Both FAAH and MGL Protein Expression Are 
Downregulated in Adult nNOS-/- Cerebella. 

The breakdown of eCBs in the cerebellum is primarily facilitated by enzymatic 

activity of FAAH and MGL. Therefore, our group characterized the expression levels of 

these proteins in the cerebella of WT and nNOS-/- mice across different postnatal ages. At 

PD7, western blot analyses revealed less FAAH protein levels in nNOS-/- cerebella 

compared to age-matched WT cerebella, although this difference was not significant 

(Figure 4.8a). At 2W, no significant differences in FAAH protein levels were noted 

between WT and nNOS-/- cerebella (Figure 4.8b). Notably, western blot analyses revealed 

a significant decrease in FAAH protein levels in nNOS-/- cerebella at 7W compared to age-

matched WT mouse cerebella (Figure 4.8c).  

 Western blot analyses detected significantly less MGL protein expression in nNOS-

/- cerebella at 7D compared to age-matched WT mouse cerebella (Figure 4.9a). At 2W, 

there were no significant differences in MGL protein expression between WT and nNOS-/- 

cerebella (Figure 4.9b). Finally, western blot analyses detected a significant decrease in 

MGL protein expression in nNOS-/- cerebella at 7W compared to age-matched WT 

cerebella (Figure 4.9c).  
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Figure 4.8 FAAH protein expression is significantly decreased in 7W nNOS-/- cerebella 

compared to WT cerebella.  

(A) Representative western blot of total FAAH and GAPDH protein for PD7 WT and 

nNOS-/- cerebella. Bar graph represents the ratio of FAAH protein normalized to GAPDH. 

N = 4 biological replicates per group. P = 0.0814. (B) Representative western blot of total 

FAAH and GAPDH protein for 2W WT and nNOS-/- cerebella. Bar graph represents the 

ratio of FAAH protein normalized to GAPDH. N = 4 biological replicates per group. P = 

0.1829. (C) Representative western blot of total FAAH and GAPDH protein for 7W WT 

and nNOS-/- cerebella. Bar graph represents the ratio of FAAH protein normalized to 

GAPDH. N = 4 biological replicates per group. P = 0.0097. 
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Figure 4.9 MGL protein expression is significantly decreased in PD7 and 7W nNOS-/- 

cerebella compared to WT cerebella.  

(A) Representative western blot of total MGL and GAPDH protein for PD7 WT and nNOS-

/- cerebella. Bar graph represents the ratio of MGL protein normalized to GAPDH. N = 4 

biological replicates per group. P = 0.0287. (B) Representative western blot of total MGL 

and GAPDH protein for 2W WT and nNOS-/- cerebella. Bar graph represents the ratio of 

MGL protein normalized to GAPDH. N = 4 biological replicates per group. P = 0.3196.  

(C) Representative western blot of total MGL and GAPDH protein for 7W WT and nNOS-

/- cerebella. Bar graph represents the ratio of MGL protein expression normalized to 

GAPDH. N = 4 biological replicates per group. P = 0.0096. 
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4.4.5 NO Signaling Regulates CB1R Expression in WT and 
nNOS-/- Organotypic Cerebellar Slice Cultures. 

To determine whether nNOS/NO signaling influences the expression of CB1R in 

the cerebellum of mice, we compared the protein expression of CB1R in untreated 

organotypic slice cultures of WT or nNOS-/- cerebella to organotypic slice cultures of WT 

or nNOS-/- cerebella treated with the NOS inhibitor L-NAME or the slow-release NO-donor 

NOC-18 respectively, for 7 days in vitro (DIV7). Western blot analyses revealed that 

blocking NOS activity in WT organotypic slice cultures caused significantly more CB1R 

protein expression when compared to control organotypic WT cerebellar cultures (Figure 

4.10a). Furthermore, western blotting revealed that supplementing NO onto nNOS-/- 

cerebellar slices significantly decreased CB1R protein expression in nNOS-/- organotypic 

cerebellar cultures when compared to control organotypic nNOS-/- cerebellar cultures 

(Figure 4.10b).  
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Figure 4.10 CB1R expression in the cerebella of WT and nNOS-/- mice is modulated by 

NO signaling in an ex vivo model.  

(A) Representative western blot of total CB1R and GAPDH protein in WT cerebellar slices 

that were left untreated (CON) or treated with 100 μM L-NAME for 7 days. Bar graph 

represents the ratio of CB1R protein normalized to GAPDH from N = 3 experimental 

replicates. P = 0.0050. (B) Representative western blot of total CB1R and GAPDH protein 

in nNOS-/- cerebellar slices that were left untreated (CON) or treated with 300 μM NOC-

18. Bar graph represents the ratio of CB1R protein normalized to GAPDH from N = 3 

experimental replicates. P = 0.0026. 
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4.5 Discussion 

The cerebellum is a brain region that has one of the highest concentrations of 2-

AG, which makes the eCB pathway a crucial component in regulating cerebellar 

function(Richardson et al., 2007; Su et al., 2013). Although there is evidence of CB1R 

activity interacting with the NO signaling pathway, it is currently unknown whether 

alterations in the nNOS-derived NO pathway elicits changes in the eCB pathway within 

the cerebellum. This study is the first to determine changes in the eCB pathway in the 

cerebellum during postnatal development of nNOS-/- mice. The major findings of this study 

are summarized in Table 1.   
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Table 4.1 Summary of alterations in the eCB pathway components in the cerebella of 

nNOS-/- mice during cerebellar development. 

 

 

  

eCB Pathway Components  Alterations at Postnatal Developmental Timepoints  

  7D  2W  7W  

2-AG  –––  ↑  ↑  

DAGLα  ↑↑  ↑↑  –––  

CB1R  ↑  ↓↓  ↓↓  

FAAH  –––  –––  ↓↓  

MGL  ↓  –––  ↓  
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4.5.1 A Lack of nNOS/NO Signaling in the Cerebellum Increases 
the Basal Concentrations of 2-AG During Postnatal 
Development. 

2-AG is an important neurotransmitter responsible for the activation of CB1Rs and 

at physiological levels, 2AG induces long term depression at the PF-PN synapse(Lévénès, 

Daniel, Soubrié, & Crépel, 1998; P. K. Safo & Regehr, 2005; Takayuki Yoshida et al., 

2002).  Likewise, the presence of nNOS/NO signaling is crucial in regulating long term 

depression at the PF-PN synapse through a mechanism that involves mGluR1-mediated 

calcium mobilization within PNs(Daniel, Levenes, & Crépel, 1998; Tellios et al., 2020). 

We previously discovered that a lack of NO within the cerebellum of nNOS-/- mice resulted 

in an overactivation of mGluR1(Tellios et al., 2020). Importantly, activation of mGluR1 

increases the synthesis and release of eCBs such as 2-AG within the cerebellum(Kyriakatos 

& El Manira, 2007). Aligning with this understanding, our present study revealed that the 

cerebella from nNOS-/- mice contain significantly elevated levels of 2-AG at 2W and 7W 

when compared to the cerebella from age-matched WT mice. Interestingly, it was reported 

that chronic alcohol exposure, a known mediator of nNOS inhibition(Karadayian et al., 

2015), also elevates 2-AG levels in humans(Basavarajappa & Hungund, 2005). These 

results further confirm that deficient NO signaling enhances 2-AG synthesis in the 

cerebellum during development. 

4.5.2 A Lack of nNOS/NO Signaling in the Cerebellum Decreases 
the Expression of 2-AG Hydrolyzing Enzymes and 
Increases the Expression of DAGLα 

The eCBs in the CNS are hydrolyzed by two prominent enzymes: FAAH and MGL. 

Cerebellar localization of FAAH and MGL are complementary, such that FAAH is 

predominantly located in the soma and dendrites of PNs, while MGL is localized within 

presynaptic terminals within the molecular layer(Gulyas et al., 2004).  Interestingly, our 

assays revealed a significant downregulation of both FAAH and MGL at 7W, while only 

MGL was downregulated at PD7 in nNOS-/- cerebella compared to age-matched WT 

cerebella.  
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 The decreased protein expression of MGL in nNOS-/- cerebella at PD7 aligns well 

with our previous study that noted a decreased expression of the presynaptic terminal 

marker, vesicular glutamate transporter-1 (vGluT1), in PD7 nNOS-/- cerebella when 

compared to age-matched WT cerebella(Tellios et al., 2020). Specifically, the decreased 

protein expression of MGL in nNOS-/- cerebella at this timepoint is likely attributed to 

structural differences such as a reduction of PF-PN synapses within nNOS-/- cerebella.  

 At 7W, both MGL and FAAH protein expression was decreased in nNOS-/- 

cerebella compared to WT cerebella. It is known that blockade of MGL, either using 

pharmacological inhibitors or MGL-/- models, elevates 2-AG levels in vivo(Donatelli, 

2015; Pan et al., 2011; Schlosburg et al., 2010). On the other hand, FAAH is commonly 

associated with the hydrolysis of N-arachidonoylethanolamide (AEA), the second most 

common eCB within the CNS. Although 2-AG is the predominant eCB within the 

cerebellum, others have noted the unusually high expression of FAAH within the 

cerebellum may play a role in 2-AG hydrolysis in vivo(Di Marzo & Maccarrone, 2008; 

Goparaju, Ueda, Yamaguchi, & Yamamoto, 1998). Specifically, downregulation or 

inhibition of FAAH has been shown to increase levels of both 2-AG and AEA(Hohmann 

et al., 2005). It is important for future studies to consider the delicate balance between 

FAAH, AEA, and 2-AG when examining changes in these eCBs.   

DAGLα is the dominant enzymatic isoform that catalyzes 2-AG synthesis in the 

nervous system and is responsible for about 80% of 2-AG production in the brain(Gao et 

al., 2010). In the cerebellum, DAGLα is expressed specifically in PNs, and its activity is 

downstream of the mGluR1 signaling cascade(Maejima et al., 2005). In this study, we 

found a significant increase in DAGLα expression in nNOS-/- cerebella at PD7 and 2W but 

not at 7W when compared to age-matched WT cerebella. Considering that DAGLα 

converts the compound DAG into 2-AG, the elevated protein expression of DAGLα 

observed in the nNOS-/- cerebella at 2W correlates well with our findings that demonstrate 

elevated 2-AG in nNOS-/- cerebella at 2W when compared to age-matched WT cerebella. 

Furthermore, overactive mGluR1 receptors in the nNOS-/- mouse is a likely contributor to 

the increased expression of DAGLα protein observed at PD7 and 2W(Tellios et al., 2020). 

However, DAGLα protein expression at 7W of age was unchanged in the nNOS-/- cerebella 
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despite an increase of 2-AG at this timepoint in comparison to WT cerebella. This observed 

phenomenon may be the result of decreases in 2-AG hydrolyzing enzymes such as FAAH 

and MGL in nNOS-/- cerebella at 7W.  Furthermore, the enzymatic activity of DAGLα has 

been reported to depend on calcium/calmodulin dependent protein kinase II 

activity(Shonesy et al., 2013), which may be altered in the nNOS-/- cerebella at this 

timepoint. Another potential factor that may influence 2-AG production is the lack of 

transient receptor potential vanilloid type 1 ion channel activity, which can promote 

glutathione-dependent 2-AG synthesis as described by a previous group(Maccarrone et al., 

2008). In order to further characterize the compensatory effects occurring in the eCB 

pathway of the nNOS-/- mouse cerebella, future studies should examine the regulatory 

mechanisms surrounding DAGLα expression and activation. 

4.5.3 A Lack of nNOS/NO Signaling Alters CB1R Expression 
During Postnatal Development 

CB1R is abundant in the cerebellum and specifically located on pre-synaptic 

terminals including PFs, BCs, and SCs(P. K. Safo & Regehr, 2005). Our assays found that 

at PD7, the expression of CB1R was significantly upregulated in nNOS-/- cerebella 

compared to WT cerebella. It is important to note that at PD7, BC innervation specifically 

at the axon hillock has yet to form. Although inhibitory interneurons such as BCs and 

stellate cells express CB1Rs to a high degree in the cerebellum, inhibitory interneuron 

migration to the molecular layer occurs between PD1 – 2W, while these cells functionally 

innervate PNs at around PD10(Pouzat & Hestrin, 1997). Therefore, the CB1R expression 

measured at PD7 is likely associated with PF terminals. Interestingly, our previous study 

revealed a significant downregulation of vGluT1, a marker for PF terminals, in PD7 nNOS-

/- cerebella compared to WT(Tellios et al., 2020). Previous literature has demonstrated that 

activation of CB1R at vGluT1-positive terminals led to a decrease in excitatory synaptic 

transmission, which may also account for the decrease in vGluT1 expression in the 

cerebella of nNOS-/- mice at PD7(Castillo, Younts, Chávez, & Hashimotodani, 2012).  

Our group noted significant decreases in CB1R fluorescent intensity and protein 

expression in nNOS-/- cerebella compared to WT cerebella at both 2W and 7W. Previous 

studies have identified a compensatory mechanism where chronically elevated levels of 2-
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AG can result in CB1R internalization and inactivation over time(Wu et al., 2008). As our 

study noted elevated levels of 2-AG at both 2W and 7W of age, it is likely that chronic 2-

AG elevation within the nNOS-/- cerebellum results in the downregulation of CB1R 

expression at these postnatal timepoints. It could also be the case that a lack of nNOS/NO 

signaling may differentially affect CB1Rs on glutamatergic and GABAergic synaptic 

terminals. As previously mentioned, inhibitory interneurons such as BCs and stellate cells 

begin to innervate PNs at around 2W, and axon terminals from BCs form pinceau synapses 

that surround the axon hillock of PNs at this time point(Pouzat & Hestrin, 1997). We 

specifically discovered a striking difference in CB1R expression specifically on pinceau 

synapses that are localized to the PN axon hillock at 7W in nNOS-/- cerebella, which may 

contribute to the overall downregulate of CB1Rs at this timepoint. Future studies should 

explore whether retrograde eCB signaling is different between the glutamatergic and 

GABAergic neurons that exist in the cerebellum. 

4.5.4 Modulation of the NO Pathway Can Regulate CB1R 
Expression in an Ex Vivo Model. 

To determine whether expression of CB1R protein in the cerebella of mice is 

dependent on nNOS/NO signaling, we blocked nNOS activity in organotypic WT cerebella 

slices and supplemented exogenous NO to organotypic nNOS-/- cerebella slices in an ex 

vivo model. The ex vivo cerebellar tissues were from PD0 WT and nNOS-/- pups and 

harvested for western blotting after DIV7. Collecting the ex vivo organotypic slices after 7 

days allowed us to compare trends to the cerebella isolated from PD7 WT and nNOS-/- 

mice(Rakotomamonjy & Guemez-Gamboa, 2019). Firstly, our western blot analyses 

revealed similar trends in CB1R protein expression from the ex vivo environment when 

compared to the in vivo environment, in that protein expression of CB1R was higher in the 

absence of nNOS/NO signaling. Specifically, treatment of L-NAME onto organotypic WT 

cerebellar slices increased the protein expression level of CB1R, which was similar to the 

trend observed in the nNOS-/- cerebella at PD7 in vivo. Similarly, treatment of the slow-

release NO donor NOC-18 onto organotypic nNOS-/- cerebellar slices decreased the protein 

expression level of CB1R, which was similar to the observed trend in the WT cerebella to 

PD7 in vivo. These results confirm a key role of nNOS/NO signaling in the regulation of 
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eCB signaling components and indicates that the absence of nNOS/NO signaling in the 

cerebella alters CB1R expression. Our previous study examined ex vivo cerebellar slices 

prepared from nNOS-/- and WT mice and showed that deficiency in nNOS/NO signaling 

caused morphological alterations of the PF-PN synapses through mGluR1 activation and 

calcium overload at DIV7(Tellios et al., 2020). Likewise, NO from PFs may indirectly 

regulate CB1R expression by indirectly exerting its effects on the mGluR1 pathway. The 

possibility that NO regulates CB1R expression in glutamatergic and GABAergic terminals 

should be examined in the future. 

In summary, our group noted a significant dysregulation of various components of 

the eCB pathway in the cerebellum of nNOS-/- mice when compared to WT mice across 

development. Specifically, the absence of nNOS/NO signaling resulted in increased 

DAGLα protein expression at early developmental timepoints and a downregulation of the 

eCB hydrolyzing enzymes FAAH and MGL in adulthood, which could both be responsible 

for the increased synthesis of 2-AG at older developmental timepoints. Importantly, a 

consequence of chronically elevated 2-AG levels is internalization and decreased protein 

expression of CB1Rs(Wu et al., 2008), which was also observed in the absence of 

nNOS/NO signaling. The changes in the eCB pathway components in the absence of 

nNOS/NO signaling may be the result of structural changes or compensatory mechanisms 

from altered glutamatergic and GABAergic terminals within the cerebellum. 

Understanding the interaction between the eCB signaling pathway and NO production in 

the cerebellum is foundational for discovering the therapeutic potential of cannabis for 

patients with cerebellar ataxia. 
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Chapter 5 Discussion 

5 nNOS/NO signaling regulates neuronal and glial 

morphology as well as network formation in murine 

cerebella.  

NO derived from nNOS is a key component of cerebellar synaptic plasticity in the 

form of LTD and has also been implicated in a wide variety of functions related to 

cerebellar homeostasis, including synaptic transmission and physiological development. 

Despite the important role of nNOS-derived NO signaling in cerebellar functions, previous 

studies using nNOS-/- mice have not reported gross anatomical deficits with regards to the 

morphology of cerebellar cells, despite studies that report behavioural and motor deficits 

in this mouse model and has since remained largely uncharacterized(Huang, Dawson, 

Bredt, Snyder, & Fishman, 1993; Kriegsfeld et al., 1999; Nelson et al., 1995). Previous 

reports have also determined a link between NO production and ataxic behaviours in 

mutant mouse models of cerebellar ataxia, which report decreases in NO concentrations or 

NOS activity in association with PN loss or degeneration(Abbott & Nahm, 2004; Rhyu et 

al., 2003). In addition, the association between neurodegenerative processes and 

intracellular calcium levels has been heavily established, as chronic increases in 

intracellular calcium often result in neurodegeneration. Although both NO levels and 

intracellular calcium levels have been implicated in ataxic behaviours and 

neurodegeneration, the link between NO production and intracellular calcium regulation is 

not entirely known. My dissertation focused on characterizing crucial differences within 

the cerebellum of the nNOS-/- mouse across development. Here, I will discuss my work 

surrounding nNOS-derived NO signaling on cerebellar neuron and glia development and 

function, while examining the implications of this work on cerebellar pathologies and 

excitotoxic disorders.  
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5.1 Absence of nNOS/NO production during development 

results in delayed PN dendritic arborization and 

aberrant mGluR1 signaling. 

Although the nNOS-/- mouse displays behavioural deficits associated with 

movement coordination and balance (Kriegsfeld et al., 1999; Nelson et al., 1995), a general 

morphological characterization of PNs had not been fully conducted in this mouse strain. 

We are the first to report distinct alterations in PN morphology of nNOS-/- mice across three 

developmental time points. Specifically, analyses reported in Chapter 2 showed that the 

morphological differences in PN dendritic branching were accompanied with decreased 

total mGluR1 expression, along with alterations associated with the downstream pathway 

of mGluR1-initiated SOCE.  

5.1.1 A lack of NO signaling delays PN dendritic development  

One of the significant discoveries found by this study is the robust decrease in PN 

dendritic branching in nNOS-/- mice specifically at PD7 compared to WT (Figure 2.3). In 

the cerebellum, NO is produced in an activity-dependent manner from PFs/GNs as well as 

GABAergic interneurons, although at PD7 the latter are not fully developed (D.-J. Wang 

et al., 2014). The activity-dependent production of NO is essential for the induction of PF-

PN synaptic LTD (Boxall & Garthwaite, 1996; Lev-Ram, Jiang, Wood, Lawrence, & 

Tsien, 1997; Lev-Ram, Makings, Keitz, Kao, & Tsien, 1995), which contributes to spine 

morphology (Lee, Jung, Arii, Imoto, & Rhyu, 2007). While normal neurite growth relies 

on optimal levels of calcium influx during development, chronically increased calcium 

suppresses neurite elongation and growth cone movement, as discovered in culture 

(Mattson & Kater, 1987). Therefore, a lack of NO signaling may affect intracellular 

calcium transients within the PN and contribute to the dendritic deficits during the early 

phase of PN dendritic development.  

The early phase of PN dendritic development is characterized by an increase in PN-

CF innervation, which decreases within the late phase of PN development until only one 

CF interacts with one PN(Hashimoto, Ichikawa, Kitamura, Watanabe, & Kano, 2009; 
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Mason, Christakos, & Catalano, 1990). While my analyses showed no difference in CF 

innervation at PD7 between WT and nNOS-/- cerebella, increased CF innervation persisted 

in nNOS-/- mice at 7W when compared to age-matched WT mice (Figure 2.8), which may 

suggest impairments in the late phase of CF synapse elimination during the late phase of 

development. Elimination of weak CF synapses in the late phase is controlled by mGluR1-

mediated PKC activation (Kano et al., 1997; Offermanns et al., 1997). Specifically, in 

mice lacking either mGluR1 or PKC protein expression, CF elimination is significantly 

impaired (Kano et al., 1995, 1997). Moreover, mGluR1-deficient mice result in an 

abnormal PN morphology similar to that of nNOS-/- PNs reported in my studies (Kano et 

al., 1997). 

In older nNOS-/- cerebella it was noted that PN dendritic spines appeared to have 

less mushroom-type dendritic spines and more thin-type spines in relation to WT cerebella 

(Figure 2.4). Mushroom spines are often considered to be “memory spines”, while thin 

spines or “learning spines” are transient and unstable, with smaller post-synaptic densities 

that either increase in strength or degrade completely (Bourne & Harris, 2007; Dumitriu et 

al., 2010; Mahmmoud et al., 2015). Changes from mushroom spines to thin spines may 

rely on the size and time-course of calcium dynamics within the synapse, as aberrant 

connectivity can lead to an accumulation of thin-type spines (Bourne & Harris, 2007).  

5.1.2 A lack of NO production results in greater PN calcium entry 

through mGluR1-initiated SOCE. 

My analyses in Chapter 2 uncovered significantly more protein expression of 

calpain-1, a calcium-dependent protease, in nNOS-/- cerebella – particularly within PNs – 

compared to WT (Figure 2.10). Additionally, calpain-1 expression in WT ex vivo slices 

was elevated by inhibiting NOS activity via L-NAME or by agonizing mGluR1 via DHPG 

(Figure 2.11). Furthermore, additional experiments revealed greater calcium influx in WT 

PNs pretreated with the selective nNOS inhibitor 7N when exposed to DHPG, while nNOS-

/- PNs pretreated with SNAP attenuated the calcium influx associated with DHPG treatment 

(Figure 6.A1). Elevated intracellular calcium levels with PNs can result in altered dendrite 

and spine morphology via calcium-dependent activation of calpain. Calpains in neuronal 
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cells are crucial for the regulation of synaptic plasticity, morphology, and 

neurodegeneration (Sorimachi, Ishiura, & Suzuki, 1997). Notably, my analyses revealed a 

significant decrease in -III-spectrin expression in the cerebella of adult nNOS-/- mice, 

along with increased calpain-1 expression when compared to cerebella from age-matched 

WT mice (Figure 2.10). Given that -III-spectrin is necessary for the formation of 

mushroom-like dendritic spines (Efimova et al., 2017), the reduction of -III-spectrin in 

the cerebellum may explain the alterations in dendritic structures and synapses in PNs of 

nNOS-/- mice.  

5.1.3 A lack of NO production results in altered mGluR1 signaling 

within PNs. 

My results reported in Chapter 2 showed that mGluR1 protein expression was 

significantly decreased in nNOS-/- mice at PD7, 2W and 7W, while PM protein expression 

of mGluR1 was significantly increased in 7W nNOS-/- cerebella compared to age-matched 

WT mice (Figures 2.5, 2.6). Since mGluR1 is predominately located on PN spine heads, 

decreased total mGluR1 protein expression may be due to decreased dendritic puncta, 

noted earlier in Chapter 2 (Figure 2.4). As well, decreased PN spine head diameter in 

nNOS-/- animals can lead to smaller post-synaptic densities and less synaptic mGluR1 

protein accommodation within the dendritic spine (Ganeshina, Berry, Petralia, Nicholson, 

& Geinisman, 2004; Santamaria, Wils, De Schutter, & Augustine, 2006). However, the 

increased PM localization of mGluR1 in nNOS-/- cerebella appropriately explains the 

increase in mGluR1-initiated SOCE in comparison to WT (Figure 6.A1). In terms of 

synaptogenesis, activation of mGluR1 leads to the initiation of calcium-dependent protein 

kinase-C- (PKC) activity, and subsequent phosphorylation of calmodulin-dependent 

protein kinase-2 (CaMKII), which has been shown to repress spine synaptogenesis on 

PNs (Sugawara, Hisatsune, Miyamoto, Ogawa, & Mikoshiba, 2017). Interestingly, a 

previous study reported that over-stimulation of mGluR1 on cultured hippocampal neurons 

resulted in prominent dendritic spine elongation into thin spines (Vanderklish & Edelman, 

2002). 
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The changes in mGluR1 protein expression resulted in protein changes downstream 

of mGluR1, including STIM1 and TRPC3 (Figures 2.9, 6.A3). Along with increased PM 

protein expression of mGluR1 in nNOS-/- mice, significant increases in STIM1 protein 

expression and clustering were also found at PD7, 2W and 7W (Figure 2.9). Following 

mGluR1 activation, STIM1 proteins oligomerize gate calcium influx through TRPC3 

channels (Hartmann et al., 2008, 2014). Therefore, changes in expression levels and 

oligomerization patterns of STIM1 are indicative of calcium dysregulation (Klejman et al., 

2009). Our results displayed increased STIM1 clustering in nNOS-/- PNs, alluding to 

aberrant calcium entry through a SOCE mechanism. Indeed, a recent study noted the 

interaction between STIM1 and NO via S-nitrosylation results in the prevention of STIM1 

oligomerization and further reduction of SOCE (Gui et al., 2018). The absence of NO/S-

nitrosylation of STIM1 may result in elevated calcium entry through STIM1-gated TRPC3 

channels in nNOS-/- PNs, despite decreases in mGluR1 protein expression. As well, my 

analyses also revealed a significant decrease in TRPC3 protein expression at 7W in nNOS-

/- mice compared to WT (Figure 6.A3). This decrease may be a result of a negative 

feedback regulation, which works to adjust calcium entry despite overactivation of 

mGluR1. A study revealed that TRPC3 can be regulated independently of STIM1, which 

may explain why TRPC3 does not increase in accordance with STIM1(Dehaven et al., 

2009).  

5.2 Implications of mGluR1 dysfunction in SCAs. 

In human SCAs, mutations within the mGluR1 pathway, including SPTBN2, 

ITPR1 and TRPC3 – genes that encode -III-spectrin, IP3 receptors, and TRPC3 – are 

affected in SCA5, 15 and 41 respectively, and are crucial in maintaining PN viability and 

functionality(Armbrust et al., 2014; Becker, 2014; Coutelier et al., 2015; Cvetanovic, 2015; 

Jin, Kim, Kim, Worley, & Linden, 2007; Kim et al., 2012). Specifically, these gene 

mutations are similar in that they alter calcium ion dynamics within the PN and result in 

PN degeneration and loss(Kasumu & Bezprozvanny, 2012; Reitstetter & Yool, 1998; Yang 

& Lisberger, 2014). Results from Chapter 2 indicate that the nNOS-/- mouse model also 

harbours similar features to those discovered in human SCAs, including decreased protein 

expression of -III-spectrin and TRPC3 (Figures 2.10, 6.A3). It is understood that calpain 
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activity can induce degradation of neuronal cytoskeletal proteins, including - and -

spectrins, as well as IP3 receptors, which are implicated in the progression of multiple 

SCAs (Avery, Thomas, & Hays, 2017; Hubener et al., 2013; Löfvenberg & Backman, 

1999; Rami, Ferger, & Krieglstein, 1997; Schumacher, Siman, & Fehlings, 2002; Tada, 

Nishizawa, & Onodera, 2016; Vosler, Brennan, & Chen, 2008). Therefore, the knowledge 

that nNOS-derived NO signaling may mimic a similar phenotype to that of human SCAs 

could provide foundational knowledge in better understand the progression of SCA 

progression as well as other movement disorders associated with the cerebellum.  

5.3 nNOS/NO production increases glutamate uptake via 

GLAST activity on BG. 

Our results reported in Chapter 2 indicated that the normal expression of nNOS, 

and subsequently nNOS-derived NO, is important for the development of PN dendritic 

arborization and PN calcium homeostasis(Tellios, Maksoud, Xiang, & Lu, 2020). In 

Specifically, my analyses reported in Chapter 2 revealed that the nNOS-/- mouse exhibits a 

decrease in mGluR1 protein expression but an overactivation of mGluR1 downstream 

signaling. These results imply that mGluR1 in PNs is overstimulated by excessive 

extracellular glutamate. To further understand the cause of mGluR1 overactivation, results 

from Chapter 3 focused on the relationship between NO production and astrocytic 

glutamate uptake. Although some evidence suggests that NO regulates GLAST function in 

the cerebellum(Balderas et al., 2014; Tiburcio-Félix et al., 2019), my thesis work is the first 

to thoroughly characterize the role of nNOS/NO signaling on GLAST expression and 

localization, in addition to functionality of cerebellar BGs using WT and nNOS-/- mice. 

Specifically, Chapter 3 reports two novel findings. First, both BG morphology and GLAST 

expression across early murine postnatal ages are regulated by nNOS signaling. Second, 

the PM localization of GLAST is regulated by NO, which facilitates GLAST coupling to 

the reverse mode NCX activity to mobilize calcium and sodium ions in BG. 
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5.3.1 nNOS-/- mice display altered BG morphology across 

postnatal development. 

It has previously been reported that BG serve as important mediators of both 

granule cell differentiation and migration from the EGL to the IGL, in addition to PN 

dendritic and synaptic growth from the PN layer to the pial surface(Altman, 1972; Ango et 

al., 2008; Lordkipanidze & Dunaevsky, 2005; Xu et al., 2013). During early postnatal 

development (PD0 – PD10), BG morphology transitions from distinct smooth lamellar 

processes that radiate towards the pial surface, to rough radial processes that contain 

outgrowths that work to ensheath PN synaptic connections with PFs and stellate 

cells(Lippman, Lordkipanidze, Buell, Yoon, & Dunaevsky, 2008; Yamada et al., 2000). In 

Chapter 3, my analyses revealed abnormally thick lamellar processes in nNOS-/- cerebella 

during PD3 and PD7 in comparison to WT (Figures 3.1, 3.2). An early study that explored 

BG morphology in the weaver cerebellar mutant mouse reported similarly thick BG 

lamellar processes, which this group denoted to be the reason behind PN and granule cell 

degeneration(Bignami & Dahl, 1974). Likewise, the nNOS-/- mouse presents with stark PN 

dendritic deficits, specifically at PD7(Tellios et al., 2020). 

BG are able to influence PN dendritic growth and PN firing through a mechanism 

involving GLAST activity(Miyazaki et al., 2017; Perkins et al., 2018). In the present study, 

we observed a notable decrease in GLAST colocalization with PNs in nNOS-/- cerebella 

compared to WT cerebella (Figures 3.1-4). This finding implies the BG ensheathment of 

PN dendritic spines and synapses by BG is reduced in nNOS-/- cerebella. As BG lamellar 

processes mature, radial outgrowths wrap around PN dendritic spines and protect synapses 

from glutamate-induced excitotoxic damage(Lippman et al., 2008; Yamada et al., 2000). 

Less colocalization between BG processes and PN dendrites in nNOS-/- cerebella might be 

a driver for the overall decrease in PN mushroom-type spines and overall spine number 

when compared to WT cerebella(Tellios et al., 2020). Therefore, the PN deficits reported 

in nNOS-/- mice may be exacerbated by aberrant BG growth, which is supported by 

multiple studies that report BG-specific deficits lead to the degeneration and loss of 

PNs(Takatsuru et al., 2006; X. Wang, Imura, Sofroniew, & Fushiki, 2011). Likewise, it is 

known that nNOS is expressed in supporting cells such as BG and GNs, and not PNs(Ihara 
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et al., 2006; Kugler & Drenckhahn, 1996; Tiburcio-Félix et al., 2019), therefore, it is 

possible that the structural and functional deficits of PNs in the nNOS-/- mice are at least 

partially the result of aberrant BG growth. 

5.3.2  NO signaling in necessary for GLAST function. 

To examine the functional activity of GLAST, I examined L-aspartate uptake in 

cultures of WT and nNOS-/- BG and discovered lower levels of both GLAST protein 

expression and cytosolic concentrations of L-aspartate in nNOS-/- BGs compared to WT 

BG (Figure 3.5). Importantly, Balderas et al., noted higher levels of D-aspartate uptake in 

cerebellar BG treated with the NO-donor sodium nitroprusside as well as with treatment of 

the cGMP analogue, dbcGMP(Balderas et al., 2014). This study by Balderas et al., 

highlighted the importance of the NO-cGMP-PKG pathway in upregulating GLAST 

activity in vitro. Results from Chapter 3 demonstrated that SNAP treatment on cultured 

nNOS-/- BG increased the PM expression of GLAST on BG, which was abolished with the 

blockade of PKG (Figure 3.7). However, PKG blockade alone in WT BG did not 

significantly alter PM expression of GLAST (Figure 3.6). In this case, it is apparent that 

NO signals through PKG to facilitate GLAST trafficking to the PM but does not have a 

prominent role in the internalizing of GLAST. 

5.4 Implications of BG and GLAST dysfunction on 

excitotoxic neurological disorders.  

GLAST is localized to almost all astrocytes of the CNS but has the highest 

expression in astrocytes of the cerebellum, retina, and hippocampus(Schmitt, Asan, 

Püschel, & Kugler, 1997). As such, GLAST activity plays an important role in regulating 

synaptic activity and preventing excitotoxic insults to neurons. In fact, dysfunction of 

GLAST has been linked to motor disorders such as Parkinson’s disease and retinal 

degeneration(Iovino, Tremblay, & Civiero, 2020; Yanagisawa et al., 2015). This next 

section will describe the role of GLAST in neurodegenerative disorders such as ataxia and 

glaucoma.  
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5.4.1 GLAST dysfunction and ataxia progression. 

Both SCA and EA progression are affected by changes to BG and GLAST 

expression and functionality. Although SCA1 is caused by a mutation in the ATXN1 gene, 

reports have shown the loss of the protein ataxin-1 can negatively affect the morphology 

of BG, while analyses of humans with SCA1 revealed overall less BG compared to healthy 

controls, which suggests that stimulating BG activity and proliferation might be beneficial 

for treating this form of SCA(Cvetanovic, 2015; Shiwaku, Yagishita, Eishi, & Okazawa, 

2013). Similar to SCAs, EA is a neurological condition originating in the cerebellum that 

transiently affects movement coordination (Orsucci, Raglione, Mazzoni, & Vista, 2019). 

Like SCAs, there are multiple types of EAs that present with various genetic mutations, in 

particular SLC1A3 – a gene that encodes EAAT1 in humans and leads to the progression 

of EA6 (Iwama et al., 2018; Jen & Wan, 2018). Although the severity of the PN deficit is 

currently unclear in clinical cases of EA6, characterization of the GLAST-/- mouse model 

showed a large detriment to PN synaptic transmission and development(Miyazaki et al., 

2017). Understanding the relationship between NO and GLAST functionality may bring to 

light novel ways to increase BG activity and GLAST expression to ameliorate motor 

deficits seen in various ataxias.  

5.4.2 GLAST dysfunction and glaucoma progression. 

Glaucoma is the second leading cause of irreversible blindness worldwide, 

projected to affect nearly 112 million people by 2040, with no known cause or cure(Tham 

et al., 2014). As a progressive optic neuropathy, glaucoma results in retinal ganglion cell 

(RGC) death along with optic nerve degeneration, and leads to progressive vision 

loss(Weinreb, Aung, & Medeiros, 2014).  Despite being a neurodegenerative disease, 

current glaucoma treatments do not target neuronal dysfunction. One potential overlooked 

mechanism of onset for glaucoma lists glutamate excitotoxicity as a cause of RGC 

death(Gupta & Yücel, 2007). In this case, overstimulated glutamate receptors on neurons 

can lead to cell death and progressive vision loss characteristic of glaucoma(Guo et al., 

2006; Gupta & Yücel, 2007). Similar to the cerebellum, the retina also contains specialized 

radial astrocytes similar to BG, termed Müller glia (MG) that control glutamate uptake via 

GLAST and maintain RGC functionality(Harada et al., 2007). A recent study focused on 
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ways to upregulate GLAST protein expression in MG in order to reduce the excessive 

amount of free glutamate within the synaptic cleft and combat RGC degeneration that is 

prevalent in the retina of GLAST+/- mice(Yanagisawa et al., 2015). However, a clinical 

study had shown that mutations in the GLAST gene across patients with glaucoma are not 

significantly different than control subjects(Nishisako et al., 2016). Despite no common 

alteration in gene structure, post-mortem immunohistological analyses of human 

glaucomatous eyes revealed less GLAST immunostaining on the MG membrane compared 

to control samples(Naskar, Vorwerk, & Dreyer, 2000). Therefore, investigating potential 

upstream regulators of GLAST protein function and localization, such as NO, rather than 

gene expression could reveal potential targets for future glaucoma medications.  

 

Interestingly, NO levels are decreased both with age as well as within glaucomatous 

eyes(Doganay, Evereklioglu, Turkoz, & Er, 2002). With the rise of NO-donating glaucoma 

treatments within the pharmaceutical industry, it is important to determine the potential 

neurological effect of NO treatment on the retina(Cavet, Vittitow, Impagnatiello, Ongini, 

& Bastia, 2014). Understanding the full potential of NO beyond its already established 

vasodilating effects may help to broaden the scope of current glaucoma therapies, which 

only target intraocular pressure symptoms, to therapies that may remedy the 

neurodegeneration ubiquitously present across all glaucomatous patients. 

5.5 NO production regulates eCB synthesis in the 

cerebellum via the mGluR1 pathway. 

In addition to initiating SOCE signaling, mGluR1 activation is concurrently 

responsible for 2-AG production in the cerebellum. Importantly, my analyses in Chapter 4 

revealed a significant increase in basal levels of 2-AG in 2W and 7W nNOS-/- cerebella 

compared to age-matched WT cerebella (Figure 4.1). 2-AG is an important 

neurotransmitter responsible for the activation of CB1Rs and at physiological levels, 2-AG 

works to induce LTD within the PN in addition to termination of synaptic transmission at 

the PF-PN synapse(Lévénès, Daniel, Soubrié, & Crépel, 1998; Safo & Regehr, 2005; 

Yoshida et al., 2002). Likewise, NO has been shown to be crucial in regulating PN LTD, 
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specifically by affecting calcium transients within the PN, particularly via mGluR1-

initiated SOCE(Tellios et al., 2020). In Chapter 2, my thesis work revealed that a lack of 

NO within the cerebellum resulted in an overactivation of mGluR1, which leads to 

increased calcium entry into the PN and activation of calcium-dependent proteases such as 

calpain-1 (Figure 2.10). Therefore, a lack of NO production during development affects 

both SOCE and eCB production primarily through the mGluR1 pathway. To further 

corroborate this information, my analyses revealed a significant increase in DAGLα 

expression – an enzyme responsible for 2-AG synthesis downstream of mGluR1 activation 

– in nNOS-/- cerebella at PD7 and 2W timepoints compared to age-matched WT cerebella 

(Figures 4.2-4). Interestingly, the increase in 2-AG levels in nNOS-/- cerebella can also be 

attributed to the decrease in 2-AG hydrolyzing enzymes such as FAAH and MGL at 7W 

when compared to WT cerebella (Figures 4.8, 4.9).  

5.6  Implications of the eCB pathway on cerebellar 

dysfunction. 

Chronic increases in eCBs, as we noted in the nNOS-/- mouse model, have been 

previously shown to result in an internalization of CB1Rs and likewise, my analyses in 

Chapter 4 revealed a similar trend, where CB1R expression was significantly decreased in 

2W and 7W nNOS-/- cerebella compared to age-matched WT cerebella (Figures 4.6, 4.7). 

As a prominent control of the overall output of the cerebellar cortex, CB1Rs could act as a 

good therapeutic site for synaptic modulation. However, the effects of CB1R 

antagonism/agonism in treating symptoms of ataxia have been equivocal within the 

literature. The next section will discuss the current literature on the role of the eCB pathway 

in movement disorders. 

5.6.1 Using the eCB pathway as a potential therapeutic in treating 

motor disorders.  

Anecdotal evidence points to the use of cannabis as a useful agent in alleviating 

symptoms of various movement disorders such as ataxia, tremors, and pain. Preclinical 

studies have shown that overactivation of CB1Rs within the cerebellum can lead to an 
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ataxic phenotype that can be modulated via CB1R antagonists(DeSanty & Dar, 2001; Patel 

& Hillard, 2001). Interestingly, CB1R-/- mice display a progressive ataxic phenotype, in 

which younger animals do not present with behavioural deficits, while older mice display 

deficits in motor function and coordination, which suggests that long term loss of CB1R 

expression may contribute to the ataxic phenotype(Bilkei-Gorzo et al., 2005; Kishimoto & 

Kano, 2006). This finding is particularly interesting, as my analyses on CB1R expression 

in nNOS-/- cerebella showed a similar progressive loss of CB1Rs at older developmental 

timepoints (Figures 4.6, 4.7). However, the clinical data associated with cannabis use to 

treat ataxic symptoms remains inconclusive. Some clinical data suggest that oral THC or 

inhaled cannabis compounds improved motor coordination in patients with multiple 

sclerosis, while post-mortem studies of SCA patients revealed an increase in postsynaptic 

CB1R expression, attributed to increased PN degeneration(Fernández-Ruiz et al., 2011; 

Hill, Williams, Whalley, & Stephens, 2012; Rodríguez-Cueto et al., 2014). In the early 

phases of Parkinson’s disease progression, CB1R protein expression is low, while late 

phases of Parkinson’s disease progression is presented with elevated levels of CB1R 

protein expression(Arjmand et al., 2015; García-Arencibia et al., 2009). The sensitivity of 

CB1Rs during the time course of different neuropathologies with similar symptoms 

suggests that the use of cannabis as a therapeutic for motor disorders should be considered 

on a neuropathology-specific basis. It is important to observe the eCB system as being in a 

delicate balance, as both increases as well as decreases in eCB signaling within the 

cerebellum may lead to the progression of symptoms of ataxia.  

5.7 Known limitations to this study. 

Although the work presented in this dissertation uncovered new information on the 

nNOS-/- mouse model with regards to postnatal development of the cerebellum, it is 

important to acknowledge certain shortcomings associated with the methodology and the 

experimental design. First, it is important to note that the nNOS-/- mouse model used 

throughout this dissertation is a global knockout of the nNOS gene. Due to this design, it 

was difficult for our group to discern the effects of one specific component to the rest of 

the cerebellar network. To combat this, conditional knockout models of the nNOS gene in 
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GNs or BG would be helpful in determining each cell’s supporting role in PN growth and 

development.  

Secondly, the experiments within this dissertation measured differences in protein 

expression using western blotting techniques; however, we understand that a difference in 

protein expression alone does not equate to differences in activity level of the protein. To 

address this limitation, enzymatic activity assays (particularly in the case of calpain-1 and 

DAGLα) can be conducted to determine whether increases in protein expression can be 

equated to increases in the function of these enzymes. Following closely to this limitation, 

it is also important to note that some proteins assayed within this dissertation are not cell 

specific; rather, proteins such as STIM1 and calpain-1 are abundantly expressed in PN, yet 

also ubiquitously expressed by other cerebellar cells. Therefore, localizing one specific 

protein and its expression to a specific cell type in vivo can be difficult. In these cases, we 

worked to increase the specificity of our data to the cell type of interest by comparing total 

cerebellar expression of a protein with immunohistochemical analyses within a certain cell 

type, such as the PN. However, future studies can address this concern by creating 

conditional knockouts of specific proteins within specific cerebellar cell types to determine 

its effect on cerebellar and PN growth and development.  

5.8 Concluding remarks and future directions.  

PNs comprise the sole output response of the cerebellum, and as such, they are 

crucial in regulating cerebellar function and motor coordination in conjunction with the 

cerebral cortex. Results from my studies revealed that global deletion of the gene 

responsible for nNOS expression disrupts normal cerebellar development by delaying PN 

dendritic growth and disrupting calcium homeostasis via overactivation of mGluR1. 

Overactivation of mGluR1 resulted in elevated levels of intracellular calcium within the 

PN via mGluR1-initiated SOCE. Increases in intracellular calcium levels within nNOS-/- 

PNs was associated with increases in calpain-1, leading to PN dendritic degeneration across 

all developmental time points assayed in my studies.  
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The relative overactivation of mGluR1 in nNOS-/- cerebella is complimented with 

a decrease in GLAST expression on BG across all studied time points. A decrease in 

GLAST corresponded to a decrease in glutamate uptake in an in vitro environment. 

Likewise, application of exogenous NO was able to increase GLAST expression in nNOS-

/- cerebella in an ex vivo model.  

Overactivation of mGluR1 was found to have repercussions on both the SOCE 

component of the signaling cascade as well as 2-AG synthesis.  Chronic elevations of 2-

AG within the nNOS-/- cerebellum resulted in less CB1R expression in relation to WT in 

adult ages. Overall, this thesis is the first to thoroughly characterize the cerebellar 

microenvironment of nNOS-/- mice across development. A summary of these findings can 

be found in Figure 5.1. The findings within these studies point to the nNOS-/- mouse model 

as a potential cerebellar ataxia model. The foundational work presented in this thesis 

implicates NO as a critical regulator of mGluR1 activity, but some questions remain that 

may be examined in future cerebellar research, which will be discussed in the sections to 

follow.  
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Figure 5.1 Summary schematic of PF-PN dynamics between WT and nNOS-/- mice.  

 The left side of this figure depicts a WT glutamatergic tripartite synapse consisting of the 

presynaptic PF, postsynaptic PN, and BG, while the right side depicts an nNOS-/- tripartite 

synapse. (1) Glutamate is released from the PF and binds to mGluR1 receptors on PNs. 

Left side (WT): (2.a) Through a Gq signaling cascade, mGluR1 activation stimulates the 

production of IP3 in PNs, leading to IP3R activation and subsequent calcium efflux from 

internal ER stores to the PN cytosol. (3.a) Glutamate within the PF-PN synaptic cleft is 

then taken up by BG via GLAST activity. (4.a) Glutamate transporter via GLAST triggers 

reversal of the NCX, leading to increases in calcium within the BG cytosol. (5.a) In 

addition to mGluR1-initated SOCE, mGluR1 activation also triggers the production of 2-

AG. (6.a) 2-AG retroactively signals to CB1Rs, a Gi protein-coupled receptor, which 

works to inhibit glutamate release in the presynaptic terminal. Right side (nNOS-/-): (2.b) 

Excessive mGluR1 activation results in ER calcium depletion, increased STIM1 

oligomerization, and overall increases in PN SOCE in mice lacking nNOS expression. (3.b) 

Overactivation of mGluR1 is exacerbated by excess glutamate within the PF-PN synaptic 

cleft, as a result of decreased BG GLAST expression and decreased glutamate uptake by 

nNOS-/- BG. (4.b) As a result of the lack of NO as well as decreased glutamate uptake, the 

NCX transports less calcium into the BG cytosol in nNOS-/- mice. (5.b) Overactivation of 

mGluR1 also contributes to elevated 2-AG levels within older ages of nNOS-/- mice. (6.b) 

Excessive 2-AG may contribute to lower CB1R expression within nNOS-/- mice, and 

therefore perpetuating the cycle of mGluR1 overaction within the PF-PN synapse.  
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5.8.1 Does PN dendritic arborization affect supporting cell 

morphology? 

The results presented within Chapters 2 and 3 revealed morphological deficits in 

both PN dendrites and synapses, as well as BG lamellar processes. Considering the close 

interaction between PN and supporting glia during cerebellar development, a question 

remains as to whether glial deficits result in PN morphological delays, PN deficits cause 

glial morphological abnormalities, or whether both deficits occur independently of each 

other. As BG lamellar processes mature, radial outgrowths wrap around PN dendritic 

spines and protect synapses from excitotoxic damage(Lippman et al., 2008; Yamada et al., 

2000). My analyses from Chapter 2 showed that in adult nNOS-/- mice, there was an overall 

decrease in PN spine number as well as mushroom-type spines in comparison to WT 

mice(Tellios et al., 2020). Therefore, it may be the case that PN deficits reported in nNOS-

/- mice may be the consequence of aberrant BG growth, which is supported by multiple 

studies that report BG-specific deficits led to the degeneration and loss of PNs(Takatsuru 

et al., 2006; X. Wang et al., 2011). Likewise, it is known that nNOS is expressed in 

supporting cells such as BGs, and not PNs(Ihara et al., 2006; Kugler & Drenckhahn, 1996; 

Tiburcio-Félix et al., 2019), therefore, it is possible that the structural and functional 

deficits of PNs in the nNOS-/- mice may be at least partially the result of aberrant BG 

growth. Future studies should explore whether the absence of nNOS-derived NO 

production negatively affects PN morphology independently or as a consequence of 

aberrant BG development. 

5.8.2 Is glutamate uptake in PNs also altered in nNOS-/- mice and 

does this correspond to differences in GABA production? 

Results from Chapter 3 revealed a novel role for NO in regulating glutamate uptake 

via GLAST on BG. Although glutamate uptake via GLAST makes up around 90% of the 

total glutamate uptake within the cerebellum, neuronal glutamate uptake also plays a 

unique role in synaptic transmission regulation(Martínez-Lozada, Hernández-Kelly, 

Aguilera, López-Bayghen, & Ortega, 2011). In particular, EAAT4 is a PN-specific 

glutamate transporter that is responsible for the remaining 10% of glutamate clearance 
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within the cerebellum(Martínez-Lozada et al., 2011). Located in the perisynaptic region of 

PN dendritic spines, EAAT4 is responsible for preventing any spill-over of glutamate 

outside of the synaptic cleft that may occur, thereby containing synaptic transmission 

within a particular synaptic cleft. Although the deficits observed in EAAT4-/- mice are not 

as severe as EAAT1-/- mice, EAAT4-/- PNs display aberrant PN firing, specifically within 

the mGluR1-mediated EPSC(Nikkuni, Takayasu, Iino, Tanaka, & Ozawa, 2007; Perkins et 

al., 2018). In particular, this group noted that EAAT4-/- PNs exhibit larger mGluR1 

activation compared to WT mice, similar to the mGluR1 overactivation demonstrated in 

nNOS-/- mice(Nikkuni et al., 2007). Furthermore, a crucial cytoskeletal protein involved in 

anchoring EAAT4 to the PN cell membrane is -III-spectrin, which results from Chapter 

2 revealed to be significantly downregulated in nNOS-/- mice compared to WT (Figure 

2.10). The consequences of reduced EAAT4 activity in PNs may result in an overall 

decrease in GABA output via less conversion of intracellular glutamate, which may be 

another factor that can affect movement output(Nanri et al., 2013). Future studies should 

identify whether PN-specific glutamate uptake is altered in nNOS-/- mice, and whether 

changes in EAAT4 expression result in overall changes in PN GABA production.  

5.8.3 How is the activity of GLAST coupled to the activity of the 

NCX in the reverse mode in BG? 

Previous reports discuss the relationship between GLAST and NCX activity(S 

Kirischuk, Kettenmann, & Verkhratsky, 1997; Sergei Kirischuk, Kettenmann, & 

Verkhratsky, 2007; Rose, Ziemens, & Verkhratsky, 2020). As described in Chapter 3, 

inhibiting endogenous nNOS activity in WT BG resulted in a significant decrease in the 

Ca2+/Na+ ratio when compared to control WT BG, while supplementing NO to the nNOS-

/- BG significantly elevated the Ca2+/Na+ influx when compared to control nNOS-/- BG 

(Figures 3.8, 3.9). Although these results confirm that NO critically controls the coupled 

activity of GLAST and NCX, it remains unknown how this coupling occurs, as well as the 

role NO has in facilitating this GLAST-NCX coupled activity. A previous study noted the 

characteristic calcium influx induced by the co-transport of either glutamate or D-aspartate 

with sodium leads to the activation of the NCX(Takuma, Ago, & Matsuda, 2013). 

Furthermore, it is known that NO can affect the direction of NCX activity from the forward 
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to the reverse mode, allowing calcium entry into BG(Asano et al., 2002; Secondo et al., 

2011). It has been speculated that the NO-cGMP-PKG pathway is implicated in the reversal 

of the channel however, whether NO production occurs prior to NCX reversal or as a result 

of NCX reversal remains unknown(Takuma et al., 2013). Further analysis of the coupling 

between GLAST and the NCX in relation to NO signaling would provide insight into novel 

therapeutic options for glutamate transporter dysfunction. 

5.8.4 Are CB1Rs differentially regulated in glutamatergic and 

GABAergic presynaptic terminals? 

As described in Chapter 4, CB1R expression in nNOS-/- mice is differentially 

regulated according to postnatal developmental timepoint. Specifically, my analyses in 

Chapter 4 revealed increased CB1R expression at PD7 in nNOS-/- cerebella compared to 

WT cerebella, while 2W and 7W nNOS-/- cerebella showed decreased CB1R expression 

compared to age-matched WT cerebella (Figures 4.6, 4.7). Although inhibitory 

interneurons such as BCs and SCs express CB1Rs within the cerebellum, this inhibitory 

interneuron innervation PNs only occurs at around PD10(Pouzat & Hestrin, 1997). 

Therefore, the CB1R expression measured at PD7 is likely associated with PF terminals. 

Interestingly, results from Chapter 2 revealed a significant downregulation of vGluT1, a 

marker for PF terminals, in PD7 nNOS-/- cerebella compared to age-matched WT 

cerebella(Tellios et al., 2020). Previous literature has demonstrated that activation of CB1R 

at glutamatergic terminals led to a decrease in excitatory synaptic transmission, which may 

also account for the decrease in vGluT1 expression in the cerebella of nNOS-/- mice at 

PD7(P. E. Castillo, Younts, Chávez, & Hashimotodani, 2012).  

As our group noted elevated levels of 2-AG at both 2W and 7W of age, it is likely 

that chronic 2-AG elevation within nNOS-/- cerebella results in downregulation of CB1R 

protein expression at these timepoints. It could also be the case that a lack of nNOS/NO 

signaling may differentially affect CB1Rs on glutamatergic and GABAergic synaptic 

terminals. As previously mentioned, inhibitory interneurons such as BCs and stellate cells 

begin to innervate PNs at around 2W, and axon terminals from BCs form pinceau synapses 

that surround the axon hillock of PNs at this time point(Pouzat & Hestrin, 1997). We 
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specifically discovered a striking difference in CB1R expression specifically on pinceau 

synapses that are localized to the PN axon hillock at 7W in nNOS-/- cerebella, which may 

contribute to the overall downregulate of CB1Rs at this timepoint (Figures 4.6, 4.7). As 

CB1R expression is mostly associated with inhibitory interneuron terminals, global 

decreases in cerebellar CB1R expression at 2W and 7W in nNOS-/- mice may not accurately 

depict individual changes in glutamatergic and GABAergic terminals. Future studies 

should explore whether retrograde eCB signaling is different between glutamatergic and 

GABAergic neurons within the cerebellum.  

5.8.5 Is NO supplementation a feasible therapeutic in treating 

cerebellar disorders?  

Taken together, results from my thesis work revealed deficits in cerebellar network 

formation as a result of a global lack of nNOS-derived NO production. NO is a hotly 

disputed molecule in terms of its role in physiological and pathological contexts. In general, 

chronically elevated NO concentrations have proven detrimental in a variety of 

neurological pathologies, such as stroke, multiple sclerosis, and glaucoma(J. Castillo, 

Rama, & Dávalos, 2000; Eliasson et al., 1999; Lu, Chen, Chang, Chiang, & Yao, 2014; 

Neufeld, 1999). In pathologies such as stroke, NO levels increase as a result of 

excitotoxicity and subsequently results in decreased neuron survival. Specifically, NO as a 

free radical can oxidize and form reactive oxygen and nitrogen species in high 

concentrations that are detrimental to cell metabolism, and eventually induce 

apoptosis(Osborne, 2010). In excitotoxic environments within the cerebral cortex, 

NMDARs are coupled with the production of NO via nNOS, in that overactivation of 

NMDARs on neurons results in a chronic influx of calcium, consequently causing the 

overactivation of nNOS and the overproduction of NO(Prilloff, Noblejas, Chedhomme, & 

Sabel, 2007; Sucher, Lei, & Lipton, 1991). Additionally, stressed or dying cells can release 

cytokines such as TNF-, which can trigger the expression and activation of iNOS within 

neurons and supporting cells(Tezel, 2008). NO production via iNOS activity occurs as a 

burst effect, releasing higher levels of NO in a shorter period of time, and has often been 

deemed the culprit of pathologically elevated NO levels(Colasanti & Suzuki, 2000).  
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Despite the detrimental effect NO may have at pathologically high concentrations, 

physiological levels of NO are crucial in maintaining normal neuronal structure and 

function. Importantly, a lack of NO can produce effects that are equally as harmful to 

neuronal homeostasis as an excess of NO, as demonstrated by my work characterizing 

nNOS-/- mice, as well as in neuropathologies such as Huntington’s disease and to some 

degree schizophrenia and depression(Norris, Waldvogel, Faull, Love, & Emson, 1996; 

Xing, Chavko, Zhang, Yang, & Post, 2002). In the cerebellum specifically, PNs have the 

added benefit of not expressing NMDARs on their cell membranes, which may alleviate 

the detrimental effects of excess NO production in these cells. However, maintaining 

physiologically appropriate levels of NO via exogenous application may be difficult, as 

NO is a highly diffusible and transient molecule. Although there have been recent advances 

in optimizing the slow release of NO for neurological targets, using NO as a widescale 

therapeutic may be tricky(Horton et al., 2018). As mentioned previously, multiple animal 

models of SCA have identified a decrease in cerebellar NOS activity, highlighting a 

common deficit associated with this pathology(Abbott & Nahm, 2004; Rhyu et al., 2003). 

In order to avoid the unpredictability of exogenous NO supplementation, clinical 

therapeutics often target downstream effectors of NO, such as cGMP or PKG, in order to 

elicit similar effects. Gaining a better understanding of what interacts with NO in the 

cerebellum is the first step in conceptualizing therapeutics to combat motor deficits. Future 

studies should determine the efficacy of targeting cGMP analogues or PKG modulators as 

a potential therapeutic in cerebellar disorders.  
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Chapter 6  

6 Appendix 

 

Figure 6.A1 NO modulation affects mGluR1-initiated calcium influx in WT and nNOS-/- 

PNs in culture.  

(A) Representative time course of calcium influx in response to application of DHPG, 

denoted by the black arrow. The black line represents the calcium influx of WT PNs 

without a pre-treatment (CON), while the grey line represents WT PNs pre-treated with 7N 

and the light grey line represents TRPC3 inhibitor Pyr3. Black, dotted line represents 

baseline calcium conductance. (B) Bar graph represents the area under the curve (AUC) 

for each pre-treatment visualized in (A) after DHPG treatment. (C) Representative time 

course of calcium influx in response to application of DHPG, denoted by the black arrow. 

The black line represents the calcium influx of nNOS-/- PNs without a pre-treatment (CON), 

while the grey line represents nNOS-/- PNs pre-treated with SNAP and the light grey line 

represents Pyr3. Black, dotted line represents baseline calcium conductance. (B) Bar graph 

represents the area under the curve (AUC) for each pre-treatment visualized in (A) after 

DHPG treatment. 
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Figure 6.A2 nNOS-/- PN somata express caspase-3 expression at PD7 and 7W. 

(A) Representative confocal images of PD7 WT and nNOS-/- cerebellar tissues stained with 

DAPI (blue), GLAST (green), and caspase-3 (magenta). (B) Representative confocal 

images of 7W WT and nNOS-/- cerebellar tissues stained with DAPI (blue), GLAST 

(green), and caspase-3 (magenta). Scale bar represents 50 µm.  
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Figure 6.A3 TRPC3 expression is significantly decreased in 7W nNOS-/- cerebella 

compared to WT.  

Representative western blot of total TRPC3 and GAPDH protein for PD7, PD14, and 7W 

WT and nNOS-/- cerebella. Bar graph represents the fold change of TRPC3 protein 

normalized to GAPDH. N = 3 biological replicates per group. P < 0.001. 
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