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ABSTRACT 

In neurons, the signaling molecule nitric oxide (NO) is produced by neuronal 

nitric oxide synthase (nNOS). nNOS full length (nNOSa), and nNOS splice variant 

beta (nNOS(3), are the only nNOS forms active in the brain. nNOS(3 lacks the PDZ 

domain which is important for nNOSa interactions with regulatory proteins such as 

the postsynaptic density 95 (PSD95). To better understand the regulatory mechanisms 

of nNOSa and nNOSP, chimeras of nNOSa and nNOS(3 were expressed in primary 

neurons. nNOSa and nNOSP chimeras localized to all neuronal compartments and 

co-localized with PSD95-EGFP clusters. Trafficking studies revealed that nNOSa 

mobility is affected by the chaperone, Heat Shock Protein 90 (HSP90), and the 

hormone, estrogen. nNOSa and nNOSP were also present in aggresome-like 

inclusions and their aggregation was induced by HSP90 inhibition. These results 

suggest that nNOSp is another constituent of the synapse and that nNOS aggregation 

is a mechanism for its regulation. 
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CHAPTER 1 

INTRODUCTION 



1.1. Nitric Oxide (NO) discovery and synthesis 

Nitric oxide (NO) is a highly reactive gas first described by Ignarro and 

collaborators as a mediator of vasodilation in 1987 (Ignarro et al., 1987). NO is a free 

radical with a high diffusion rate and lipophilicity (Reiter et al., 2006). NO is also a 

signaling molecule that reacts with heme proteins, metalloenzymes and other free 

radicals. In excess, NO can generate harmful oxidative and nitrosative species (Szabo 

et al., 2007). NO is mainly generated by nitric oxide synthase (NOS) that uses L-

arginine and oxygen to generate L-citrulline and NO (Knowles et al., 1994). A 

representation of the reaction involved in NO production is depicted in Figure 1. To 

date, three isoforms of NOS have been characterized. One of them is the inducible, 

calcium-independent nitric oxide synthase (iNOS). The other two are endothelial 

(eNOS) and neuronal (nNOS) NOS, both calcium-dependent. All three isoforms share 

approximately 50% homology but their regulation is quite distinct and complex 

(Aldertonetal., 2001). 

Since the discovery of NO as an important mediator of vasodilation, a great 

number of studies have supported its role in astonishingly different physiological 

processes. For example, NO is involved in apoptosis (Afanas'ev et al., 2007), 

differentiation (Stroissnigg et al., 2007), blood pressure regulation (Gingerich et al., 

2006), and synaptic plasticity (Sergeeva et al., 2007), among others. 

1.2. Physiological effects of Nitric Oxide (NO) 

NO has various physiological effects and modulates different body functions. 

NO is important for the proper functioning of the cardiovascular, respiratory, renal, 
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I I NMDA receptor 

11 L-type Ca2+ channel 

° Ca2+ 

4^fr Calmodulin 

Figure 1. Nitric oxide production. At the level of the reductase domain of nitric 
oxide synthase, NADPH donates electrons (e-) that are carried via FAD and FMN to 
the oxygenase domain. At the active site, they interact with the heme iron and 
tetrabiopterin (BH4) to catalyse the reaction of oxygen with L-arginine. This reaction 
generates NO and L-citrulline. Electron flow through the reductase domain requires 
bound calcium/calmodullin (Ca2+/CaM) for both eNOS and nNOS. 



reproductive, muscular, digestive, immune, and nervous systems. The first known 

physiological effect of NO was its participation in vascular relaxation through its 

direct action on the vascular smooth muscle (Ignarro et al., 1987). Subsequent studies 

showed that NO is the principal regulator of blood pressure (Griffith et al, 1987). NO 

effects in the cardiovascular system also depend on its actions in the brain. For 

example, inhibition of NOS in autonomic centers leads to an increase in blood 

pressure and heart rate in anesthetized rats (Nurminen et al., 1997). NO also has a 

direct effect on the cardiovascular system through the regulation of myocardial 

94- 94-

contractility. For example, NO inhibits L-type Ca channels and stimulates Ca 

release from sarcoplasmic reticulum in cardiomyocytes (Barouch et al., 2002). 

The effect of NO on vascular relaxation greatly affects other systems as well 

such as the renal system, having a relaxing effect on the glomerular microcirculation 

(Hirata et al., 1995); reproductive system, producing penile erection (Toda et al., 

2005); and the respiratory system, increasing lung blood flow and gas exchange 

(Walters et al., 2008). NO is also directly involved in respiratory rhythmogenesis 

facilitating ventilation under physiological conditions of increased oxygen demand 

(Pierrefiche et al., 2007). 

In skeletal muscle, NO mediates different processes such as excitation-

contraction coupling, glucose metabolism and mitochondrial energy production to 

increase muscle relaxation (Grozdanovic, 2001). 

NO is also a key player in the immune system, being involved in processes 

such as proliferation, differentiation and apoptosis of macrophages, thymocytes, 

lymphocytes and endothelial cells (Duan et al., 2007). NO can also form 
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peroxynitrate (ONOO-), which is a powerful anti-microbial and anti-tumoral agent 

(Xie et al., 1994). NO is also an important neurotransmitter and neuromodulator of 

the central and peripheral nervous systems (Bredt et al., 1994). NO has varied effects 

on different neural populations including neurons (Oess et al., 2006), astrocytes (Saha 

et al., 2006), microglia (Gebicke-Haerter et al., 2001), and oligodendrocytes 

(Boullerne et al., 2006). 

1.2.1. NO in the brain 

Due to its effects on all cell populations in the brain, NO can greatly affect 

brain function. nNOS is the main enzyme responsible for NO production in neurons 

and has been detected in different areas of the brain including the cerebral cortex, the 

hippocampus, hypothalamus and thalamus (Calabrese et al., 2007). 

NO effects in the brain were first described by Garthwaite in 1988, who 

observed that activation of N-methyl-D-aspartate (NMDA) receptors results in the 

release of NO (Garthwaite et al., 1988). NO functions in the brain include induction 

and maintainance of synaptic plasticity (Dinerman et al., 1994), control of sleep, 

appetite and, body temperature (Monti et al., 2004), modulation of the hypothalamic-

pituitary-adrenal axis (Rivier et al., 2001), and control of neural development (Cheng 

et al., 2003). 

NO involvement in synaptic transmission requires its diffusion to the 

presynaptic neuron and activation of cyclic guanylate cyclase (cGC) thus increasing 

the release of glutamate and strengthening the synapse (Yang et a l , 1999). In this 

way, NO modulates long term potentiation (LTP), a physiological form of memory 

formation (Schuman et al., 1991). 
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In addition to its role as a neurotransmitter, NO has been shown to affect the 

release of other neurotransmitters such as acetylcholine (Prast et al., 1998), gamma-

aminobutyric acid (GABA) (Getting et al., 1996), noradrenaline, glutamate (Lonart et 

al., 1992), dopamine, and serotonin (Lorrain et al., 1993) through the activation of 

soluble guanylyl cyclases (sGC). 

In addition, NO has a role in the sleep pattern. Intracerebroventricular 

administration of L-arginine during the dark phase of the light-dark cycle 

significantly increased slow-wave sleep and reduced waking in adult rats (Monti et 

al., 2004). In addition, acute intraperitoneal administration of the NOS inhibitor, L-

NAME, reduced food intake in lean rats (Squadrito et al., 1994), suggesting a strong 

effect of NO in modulating feeding behaviours. Furthermore, NO also regulates body 

temperature. Intravenous injection of L-NAME significantly attenuated the elevation 

in body temperature elicited by stress in adult rats (Soszynski et al., 2006). 

NO affects the hypothalamic-pituitary-adrenal axis by inhibiting 

adrenocorticotropic hormone (ACTH) responses to pro-inflammatory cytokines or 

vasopressin (VP), and stimulating the synthesis of the hypothalamic peptides, 

corticotropin-releasing factor (CRF) and VP (Rivier et al., 2001). NO affects 

sympathetic output through different hypothalamic regions including the 

paraventricular nucleus and posterior hypothalamus, and regions that participate in 

the baroreflex such as ventrolateral medulla and nucleus of the tractus solitarium. NO 

regulation of sympathetic function can result in changes in arterial pressure and heart 

rate (Krukoff, 1999). 
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NO also influences neuronal differentiation. Treatment of dissociated cortical 

neuroepithelium cells from embryonic day 10 mice with the NOS inhibitor L-NAME 

increases proliferation of neuronal cell precursors (NCPs) and decreases 

differentiation into neurons, whereas the NO donor, sodium nitroprusside, inhibits 

NCPs proliferation and increases neuronal differentiation (Cheng et al., 2003). 

Besides its ability to modulate neuronal signaling, NO also participates in 

brain homeostasis. For example, NO released from endothelial cells through eNOS 

decreases vascular tone and increases cerebral blood flow (Bauser et al., 2007). NO 

also influences the permeability of the blood-brain barrier, inhibits hypertrophy of 

vascular muscle, and promotes angiogenesis and neurogenesis (Faraci et al., 2006). 

NO has also a role in neuronal survival, being neuroprotective or toxic 

depending on its concentration. NO can be neuroprotective through different 

mechanisms. NO activates protein kinase B (AKT) and cyclic AMP responsive 

element binding protein (CREB), both of which are involved in neuroprotection 

(Contestable et al., 2004). NO also inhibits NMDA receptors, reducing the formation 

of pcroxynitrite or excessive calcium influx that can cause cell death (Jaffrey et al., 

2001). NO can also be neuroprotective through the inhibition of the pro-apoptotic 

protein caspase-3 (Melino et al., 1997) or through the up-regulation of heme 

oxygenase 1 (Kitamura et al., 1998). 

On the other hand, if NO is produced in excess, nitric oxide becomes 

cytotoxic. For example, NO can react with superoxide anions to form peroxynitrite, 

which in turn causes protein damage by nitration (Pacher et al., 2007). NO is also 

known to affect proteins such as matrix metalloproteinase-9 (MMP9) (Gu et al., 
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2002) and the E3 ligase, Parkin, (Yao et al., 2004), both of which are involved in 

neuronal cell death. Activation of the haemoprotein cyclooxygenase (COX) by NO 

also produces free-radicals and prostaglandins contributing to inflammatory processes 

(Mancuso et al., 2007). Oxidative and nitrosative (i.e. N2O3 formation) stress have 

been related to different neurodegenerative diseases such as Alzheimer (Sultana et al., 

2006), Parkinson and Huntington disease (Browne et al , 2006). 

1.3. Nitric Oxide Synthases (NOS) 

NOS enzymes are dimeric proteins that require calmodulin (CaM) for their 

activation. Three different isoforms of NOS have been identified so far: nNOS, eNOS 

and iNOS. These isoforms are products of different genes, are regulated in different 

ways, have different catalytic properties, and share 51-57% homology (Wendy et al., 

2001). 

The three isoforms are differentially expressed in different tissues: nNOS is 

mainly present in neurons and muscle, eNOS mainly in endothelial cells, and iNOS 

mainly in immune cells (Knowles et al., 1994). nNOS and eNOS are constitutively 

expressed and need calcium for their activation whereas iNOS is inducible and 

calcium independent. 

NOS has an N-terminal oxygenase domain that contains binding sites for 

heme, tetrabiopterin (BH4) and L-arginine. This domain is linked by a CaM-

recognition site to a C-terminal reductase domain that contains binding sites for flavin 

adenine dinucleotide (FAD), flavin mononucleotide (FMN) and nicotinamide adenine 

dinucleotide phosphate (NADPH) (McMillan et al., 1995) (Fig. 1). 
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1.3.1. Neuronal NOS (nNOS) 

nNOS gene is located on chromosome 12 in the human genome and has 29 

exons and 28 introns which produce a protein of 160 kDa (Alderton et al., 2001). To 

date, it is kown that nNOS is activated by glutamate, acetylcholine (Mungrue et al., 

2004), catecholamines (Balligand et al., 1997) and sex hormones (Weiner et al., 

1994). nNOS is expressed in neurons, skeletal muscle, cardiac muscle, and arterial 

smooth muscle. nNOS has an PSD/Disc-large/ZO-1 homologous (PDZ) binding 

domain in its amino terminal end. This domain allows the interaction of nNOS with 

different proteins including the postsynaptic density protein 95 (PSD95), which binds 

to the cytosolic tail of the NMDAR in neurons (Brenman et.al, 1996). In this way, 

NO is produced following nNOS activation by calcium influx through the NMDAR 

(Satler et al, 1999). 

NO from nNOS increases glucose uptake into skeletal muscle cells (Roberts et 

al., 1997) and participates in vascular relaxation and cardiac contractility (Barouch et 

al., 2002). In the brain, NO from nNOS regulates synaptic transmission (Yang et al., 

1999) and neuronal survival (Contestabile et al., 2004). 

1.3.2. Endothelial NOS (eNOS) 

The eNOS gene is located on chromosome 7 in the human genome and has 26 

exons, 25 introns and produces a protein of 133 kDa (Alderton et al., 2001). Agonists 

of different G-protein-coupled cell surface receptors, hemodynamic shear stress and 

oxygenation can activate eNOS (Shaul et al., 1996). eNOS is highly expressed in the 

vascular endothelium, airway epithelium and cardyomyocytes, and is mainly involved 

in the regulation of the cardio-respiratory system (Forstermann et al., 2006). eNOS is 
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localized to microdomains of the plasmalemmal membrane called caveolae (Shaul et 

al., 1996). It directly interacts with caveolin-1 in endothelial cells and caveolin-3 in 

the sarcolemma of cardiomyocytes (Feron et al., 1996). eNOS has also been shown to 

be trafficked to other cellular compartments such as the Golgi apparatus, nucleus, 

mitochondria, and peroxisomes (Oess et al., 2006). eNOS undergoes acylation by 

both myristate and palmitate, which regulate its subcellular localization (Michel et al., 

1999). 

1.3.3. Inducible NOS (iNOS) 

The iNOS gene is located on chromosome 17 in the human genome and has 

26 exons and 25 introns which produce a protein of 131 kDa (Alderton et al., 2001). 

iNOS activity does not depend on calcium and its expression is not constitutive. The 

iNOS gene is under transcriptional control of different inflammatory mediators such 

as cytokines and lipopolysacharide (LPS) (Kroncke et al., 1995). iNOS is expressed 

in different cellular types including macrophages and microglia (Kroncke et al., 

1998). iNOS trafficking can be regulated by palmitoylation which results in its 

tethering to the plasma membrane (Navarro-Lerida et al., 2004). NO from iNOS plays 

a very important role in the immune system as a defense molecule against pathogens 

and as a regulator of the survival of immune cells but its activity has detrimental 

effects in autoimmune or chronically inflammatory processes (Kroncke et al., 1998). 
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1.4. nNOS signaling in neurons 

In neurons, NO interacts with many intracellular targets to activate a range of 

different signal transduction pathways that result in stimulatory or inhibitory output 

signals. The most established mechanisms of NO signaling in neurons are the 

activation of guanylate cyclase (GC) and protein modifications such as S-

nitrosylation (Calabrese et al., 2007). An example of GC activation and S-

nitrosylation events occurring at the synapse is depicted in Figure 2. 

1.4.1. Activation of soluble guanylate cyclase (sGC) 

sGC is a heterodimeric hemoprotein that catalyzes the conversion of 

guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). cGMP 

mediates several effects of NO in the central nervous system (Poulos et al., 2006). 

NO activates sGC by binding to its heme prosthetic group (Denninger et al., 1999). 

There are three known targets for cGMP that mediate the transmission of the 

NO/cGMP pathway signal downstream from guanylate cyclase; cGMP-dependent 

protein kinase (Lohmann et al., 1997), cGMP-regulated phosphodiesterase 

(Degerman et al., 1997) and cGMP-gated ion channels (Zagotta et al., 1996). In 

neurons, NO activates cGMP-dependent protein kinase G (PKG) I and II, which are 

involved in the control of calcium and sodium influx (Guix et al, 2005). At the 

neuronal synapse, NO diffuses retrogradely to the presynaptic neuron and stimulates 

the NO/cGMP/PKG pathway that ultimately induces the release of the 

neurotransmitter glutamate. This mechanism is important for LTP and long term 

depression (LTD), both mechanisms of learning and memory formation (Domek-

Lopacihska et al., 2005). In addition, cGMP mediates NO-induced 
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0 S-nitrosylation 

Figure 2. NO signaling at the synapse. Glutamate released by the pre-synaptic 
neuron activates the NMDAR in the post-synaptic neuron. This activation results in 
the influx of calcium through the NMDAR calcium channel. In the cytosol, calcium 
binds calmodulin which, in turn, binds nNOS inducing the production of NO. Nitric 
oxide diffuses back to the pre-synaptic neuron activating sGC. Activated sGC 
initiates a cascade of events terminating in the release of glutamate from synaptic 
vesicles. These events will ultimately strengthen the synapse. In addition to the 
activation of sGC, NO also reacts with cystein thiol groups of the NMDAR and 
nNOS, which will lead to their inhibition. Furthermore, S-nystrosylation of the G-
protein Ras will activate MAPK. S-nitrosylation of the G-protein Dexras can also 
occur. 
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release of other neurotransmitters such as acetylcholine (Prast et al., 1998), GABA 

(Getting et al., 1996), noradrenaline, dopamine, and serotonin (Lorrain et al., 1993). 

1.4.2. S-nitrosylation 

S-nitrosylation is a covalent attachment of a nitrogen monoxide group to the 

thiol side chain of cysteine. This post-translational protein modification is reversible 

and tightly regulated in time and space (Hess et al, 2005). S-nitrosylation can change 

protein conformation affecting different protein properties such as electrostatic 

environment and ability to form disulfide linkages within or between proteins (Hess 

et al., 2005). The NO moiety can be provided by NO itself whereas de-nitrosylation is 

carried out by an enzyme, oxidoreductase thioredoxine (Kahlos et al., 2003). 

Examples of proteins affected by S-nitrosylation are N-Methyl-D-Aspartate receptor 

(NMDAR) and nNOS itself. Calcium influx through the stimulated NMDAR 

activates nNOS which produces NO. Nitric oxide generated in this process can inhibit 

NMDAR and nNOS by S-nitrosylation (Kim et al., 1999; Hes et al., 2005) (Figure 2). 

Other targets for S-nitrosylation are enzymes such as caspases and aromatases, G-

proteins such as cdc42, Ras, Dexras, and kinases such as extracellular signal-

regulated kinase-1 (ERK) and p38 (Guix et al, 2005). S-nitrosylation can also confer 

neuroprotection through the formation of the antioxidant and NO-storing molecule, S-

nitroso-L-glutathione (GSNO) (Rauhala et al., 1998). S-nitrosylation can also be 

detrimental for neurons. An example is the activation of matrix metalloproteases 

during stroke and neurodegeneration (Gu et al., 2002; Chung et al., 2004). 
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1.5. nNOS regulation 

1.5.1. nNOS gene regulation 

The nNOS gene is regulated at transcriptional and translational levels. 

Therefore, it is considered one of the most structurally diverse human genes (Wang et 

al., 1999). This diversity confers a highly regulated spatial and temporal expression. 

The nNOS promoter is particularly regulated through the variability of exon 1, which 

confers nNOS promoter diversity in a tissue- and differentiation-specific manner 

(Panda et al., 2003). 

nNOS mRNA is also alternatively spliced. To date, five primary 

insertion/deletion nNOS splice variants have been reported in the brain and skeletal 

muscle (Alderton et al., 2001) (Figure 3). Even though nNOS gene complexity has 

been extensively studied, the mechanisms and physiological relevance of different 

splice variants are poorly understood. 

1.5.1.1. nNOS splice variants 

In 1993, Huang and collaborators generated the first nNOSa null mouse. 

Surprisingly, this mouse seemed almost completely normal except for digestive and 

behavioral anomalies (Huang et al., 1993). It was shown later that some residual NO 

was being produced by different nNOS splice variant isoforms in the brain. These 

variants were reported to account for 5% of the total NO production in the wild type 

brain (Brenman et al, 1996). In 1997, Eliasson and collaborators showed that the 

splice variant beta (nNOSp1) is actually an important source of NO in discrete regions 

of the wild type brain such as cortex and striatum. nNOS(3 is produced by translation 
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Figure 3. nNOS splice variants. nNOS gene undergoes alternative splicing in the 
brain and skeletal muscle. nNOSa is a 160 kDa protein and the main splice variant in 
the brain. It contains 1433 amino acids. nNOSP transcript produces a 136 kDa protein 
that lacks the PDZ domain. It is comprised of aminoacids 236-1433. nNOSy 
transcript produces a 125 kDa protein comprised of aminoacids 336-1433. nNOS-2 
transcript produces a 144 kDa protein that has a deletion of 104 amino acids between 
amino acids 504 and 608. nNOS|j, transcript produces a 165 kDa protein with an 
insert of 34 amino acids in the reductase domain. This protein is mainly expressed in 
the skeletal muscle. Boxes indicate the PDZ, oxygenase and reductase domains of rat 
nNOS. 
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initiation within exon la, which gives rise to a protein lacking the first 236 N-

terminal amino acids of the full length nNOS (See Fig. 3). Therefore, nNOSP lacks 

the important PDZ domain which, in the full length isoform, is responsible for 

mediating interactions with important regulators such as carboxy-terminal PDZ 

ligand of nNOS (CAPON) (Jaffrey et al„ 2002), protein inhibitor of nNOS (PIN) 

(Jaffrey et al., 1996) and PSD95 (Brenman et al., 1996). The absence of this 

important domain raises a lot of intriguing questions regarding the physiological role 

of nNOSP and the molecular mechanisms that allow its functioning in neurons. 

To date, very little is known about the role of nNOS(3 in the brain. It was 

reported that nNOSP has 80% of nNOSa activity (Brenman et al., 1996). It is also 

known that its dimerization capability, which is indispensable for the enzyme 

activation, is not affected by the lack of N-terminal leader sequences (Panda et al., 

2003). In addition, nNOSp up-regulation was observed in the spinal cord of humans 

suffering from amyotrophic lateral sclerosis (Catania et al., 2001). 

Another nNOS splice variant, nNOSy, produces a 125 kDa protein with the 

deletion of the first 335 amino acids of nNOSa (Eliasson et al., 1997). nNOSy was 

shown to have just 3% of nNOSa activity and it is speculated that it can regulate the 

catalytic activity of nNOSa and nNOSP (Brenman et al., 1996). nNOS-2 is another 

nNOS splice variant expressed in mouse brain and neuroblastoma cells that lacks 104 

amino acids of nNOSa (Brenman et al., 1997). Evidence of opposing effects of 

nNOSa and nNOS-2 on morphine analgesia and tolerance in mice suggests a 

dominant negative role of the latter in regulating other nNOS isoforms (Kolesnikov et 

al., 1997). 
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nNOS|a is another nNOS splice variant expressed in rat heart, skeletal muscle, 

penis and urethra (Silvagno et al., 1996), and in human penis and urethra (Magee et 

al., 1996). nNOSu. is the best characterized nNOS variant. It has additional 34 amino 

acids present between the CaM and flavin binding domains (Silvagno et al., 1996). 

1.5.2. Protein-protein interactions 

nNOS must be regulated at different levels to ensure the precise temporal and 

spatial production of NO. Regulation of protein-protein interactions is an essential 

strategy to establish nNOS spatial organization within the cell. There are several 

nNOS interactors that regulate nNOS trafficking and activity in neurons. A list of all 

known neuronal interactors of nNOS and their significance is shown in Table 1. At 

least half of nNOS interactors bind to its PDZ domain located at the N-terminal (Fig. 

3). 

Postsynaptic density protein 95 (PSD95) is a scaffold protein with multiple 

protein-protein interaction domains. It is the backbone of a protein complex that 

organizes receptors and signal transduction molecules at the synapse (Dosemeci et al., 

2007). nNOS has been shown to interact with PSD95 through its PDZ domain. This 

interaction allows nNOS to be present at the synaptic active site, especially close to 

the NMDAR, thus coupling NMDAR activity to NO production (Brenman et al., 

1996). nNOS also interacts with postsynaptic density protein 93 (PSD93), another 

important scaffold present in the postsynaptic density complex (Kim et al., 2004). 

The exact significance of this interaction is not known. 

Another protein that interacts with nNOS PDZ domain is carboxy-terminal 

PDZ ligand of nNOS (CAPON), which is thought to regulate nNOS association with 
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Table 1. Known protein interactors for nNOS in neurons. The nNOS region 
responsible for nNOS binding to the corresponding protein, and the most important 
outcome of the interaction of nNOS with other proteins are mentioned. 

Protein 
name 
Akt 
CaM 

CamKII 

CAPON 

CtBP 

HSP90 

NIDD 

NOSIP 

PIN 

PFK-M 
PSD93 

PSD95 

RSK1 

SERT 

Interaction 
site 
Unknown 
Reductase 
domain 
Unknown 
PDZ domain 

PDZ domain 
Unknown 

PDZ domain 

N-terminus 
Met-228 to 
His-244 
PDZ domain 
PDZ domain 

PDZ domain 
Unknown 
PDZ domain 

Main function of the interaction 

nNOS phosphorylation at serine 1412 
nNOS activation 

nNOS phosphorylation at serine 847 
Couples nNOS to Dexrasl 
nNOS localization to the presynaptic 
membrane. 
CtBP subcellular localization 
Enhance nNOS/calmodulin 
association. 
Modulates nNOS degradation 
Targets nNOS to synaptic 
compartments 
nNOS subcellular localization 
Inhibits nNOS activity 

Neuroprotection? 
Targeting of nNOS to postsynaptic 
density 
Targets nNOS to the NMDA receptor 
nNOS phosphorylation at serine 847 
Negative modulation of SERT activity 

Reference 

Adaketal., 2001 

Persechini et al., 1994 

Komeimaetal., 2000 

Fangetal., 2000 
Jaffreyetal.,2002 

Riefleretal.,2001 

Songetal., 2001 
Avernaetal.,2007 

Saitoh et al., 2004 

Dreyeretal.,2004 

Jaffreyetal., 1996 

Firestein et al., 1999 
Brenmanetal., 1996 

Brenmanetal., 1996 

Songetal., 2007 

Chanrionetal.,2006 
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PSD95 (Jaffrey et al., 1998). CAPON was also found to form a ternary complex with 

nNOS and synapsin I, which is exclusively a presynaptic protein that mediates 

neurotransmitter release and synaptic plasticity (Evergren et al., 2007). CAPON-

mediated targetting of nNOS to synapsin may expose different synapsin-associated 

proteins to NO and regulate neurotransmitter release in neurons (Jaffrey et al., 2001). 

CAPON also forms a ternary complex with nNOS and Dexras 1, a member of the Ras 

family of monomeric G- proteins. This association allows Dexras 1 to be activated by 

NO through S-nitrosylation (Fang et al., 2000). Even though the physiological 

importance of Dexras 1 as a target of nNOS is not clear, some studies suggest that 

nNOS activation of Dexras 1 could be involved in iron-mediated neurotoxicity since 

activation of Dexras 1 increases iron uptake (Cheah et al., 2006). 

The heat shock protein 90 (HSP90) also binds to nNOS (Bender et al., 1999). 

HSP90 is a chaperone that contributes to proper protein folding. It is different from 

other chaperones because it induces conformational changes in folded native-like 

proteins (Wandinger et al., 2008). It has been shown that HSP90 increases nNOS 

activity by enhancing calcium/calmodulin binding (Song et al., 2001). HSP90 binding 

to nNOS is very dynamic and is also important to facilitate the binding of the heme 

group to nNOS (Bender at al., 1999). This binding contributes to the stabilization of 

the nNOS homodimer. Therefore, inhibition of HSP90 with the antibiotic 

geldanamycin causes nNOS dimer destabilization and degradation through the 

proteosome pathway (Osawa et al., 2002). On the other hand, HSP90 is also involved 

in modulating the proteolytic degradation of nNOS by the enzyme calpain. HSP90-
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nNOS complexes recruit calpain, reducing the extent of nNOS proteolysis through 

this enzyme (Averna et al., 2007). 

Another nNOS PDZ domain-interacting protein is nNOS-interacting DHHC 

domain-containing protein with dendritic mRNA (NIDD). It was reported that NIDD 

regulates nNOS activity by targeting it to the postsynaptic membrane (Fuminori et al., 

2004). nNOS was also reported to bind an isoform of the muscle phosphofructokinase 

(PFK-M) in brain and skeletal muscle (Firestein et al., 1999). nNOS and PFK-M are 

enriched in synaptosomes and are present in the same neurons in the brain. nNOS 

binding to PFK-M may be involved in neuronal survival since the product of PFK-M, 

fructose-1, 6-biphosphate, is neuroprotective (Firestein et al., 1999). Nevertheless, 

clear evidence for the purpose of this interaction is lacking. 

Interaction of nNOS with the serotonin transporter (SERT) has also been 

recently reported. nNOS was shown to modulate the membrane localization of SERT 

and subsequent 5-hydroxytryptamine (5-HT) uptake. Uptake of 5-HT also increased 

nNOS activity. Therefore, this interaction confers reciprocal functional modulation 

for nNOS and SERT (Chanrion et al., 2007). 

nNOS also interacts with nitric oxide synthase-mteracting protein (NOSIP). 

NOSIP reduces nNOS activity and regulates nNOS localization to terminal dendrites 

(Dreyer et al., 2004). Protein inhibitor of nNOS, PIN, is another nNOS interactor that 

inhibits nNOS activity possible through destabilization of nNOS dimer (Jaffrey et al., 

1996). nNOS has also been shown to affect the localization of other proteins. For 

example, it interacts with C-terminal binding protein (CtBP), a transcriptional co-
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repressor, changing its localization from the nuclear to the cystosolic compartment 

(Riefleretal., 2001). 

1.5.3. Post-transcriptional modifications 

nNOS is also regulated by post-transcriptional modifications that allow the 

modulation of its activity in response to the changing physiological environment. One 

of these modifications is phosphorylation. nNOS can be phosphorylated at two 

different residues. Serine 847 phosphorylation is carried out by calcium/calmodulin-

dependent protein kinase II (CaM-K II) resulting in inhibition of nNOS (Komeima et 

al, 2000). It has been shown that PSD95 promotes CaM-K II-mediated nNOS 

phosphorylation at this site (Watanabe et al., 2003). This phosphorylation is also 

strongly regulated by the NMDAR. It has been shown that physiological 

concentrations of glutamate induce phosphorylation of nNOS at serine 847 but 

pathological activation of NMDAR by excitotoxic concentrations of glutamate does 

not induce the phosphorylation of nNOS at this residue (Rameau et al., 2004). 

Recently, ribosomal S6 kinase 1 (RSK-1), a downstream effector of mitogen-

activated protein kinase (MAPK) (Grove et al., 1993), was also shown to directly 

phosphorylate nNOS in response to mitogens. Treatment of rat hippocampal neurons 

with epidermal growth factor (EGF) induced the phosphorylation of nNOS at serine 

847. This phosphorylation was prevented by MAPK/extracellular-signal-regulated 

kinase kinase (MEK) inhibitor PD98059 (Song et al, 2007). 

nNOS serine 1412 is phosphorylated by AKT (Adak et al, 2001). Recent 

studies suggest that NMDAR activation leads to increased phosphorylation of serine 
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1412 by AKT, which in turn increases nNOS sensitivity to calcium/calmodulin 

(Rameau et al., 2007). Therefore, nNOS phosphorylation is tightly regulated by the 

NMDAR since both, serine 847 and serine 1412, are phosphorylated after glutamate 

transmission. 

Another important post-translational modification of nNOS is S-nitrosylation 

(Hess et al., 2006). This modification has not been studied but it was previously 

shown that S-nitrosylation of eNOS leads to dimer collapse with a resultant loss of 

enzyme activity (Ravi et al., 2003). 

1.5.4. Degradation 

Protein degradation is another mechanism by which nNOS is regulated. 

The ubiquitin-proteasome and calpain pathways are the major proteolytic systems 

regulating nNOS turnover (Osawa et al., 2003). The exact mechanism that triggers 

nNOS proteolysis is not known. Nevertheless, there are studies suggesting that the 

activation of calpain after excitotoxic insults leads to the proteolytic cleavage of 

nNOS in rat cerebrocortical cells (Hajimohammadreza et al., 1997). In addition, it 

was suggested that the heme-deficient monomeric form of nNOS is preferentially 

ubiquitylated to favour nNOS proteosomal degradation (Osawa et al., 2002). There 

are different conditions in which the nNOS monomeric form could increase and 

trigger nNOS degradation. These include NOS inhibitors such as (2,6-

dichlorophenyl)-methylidene-amino-imino-methane-diamine (Guanabenz) (Noguchi 

et al., 2000), heme availability (Albakri et al., 1996), tetrahydrobiopterin depletion 

(Reif et al., 1999), dimerization inhibition (McMillan et al., 2000) and S-nitrosylation 

(Ravi et al., 2003). 
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nNOS degradation is also strongly regulated by HSP90. This chaperone has 

been shown to prevent both, calpain- and proteosome-induced nNOS degradation 

(Osawa et al., 2002; Averna et al., 2007). 

1.6. nNOS sub-cellular localization 

Due to its highly reactive nature and its different effects within the cell, NO 

sub-cellular production, and therefore nNOS subcellular localization, must be tightly 

regulated. Most of the studies regarding nNOS localization in neurons have been 

related to the targeting of nNOS to the post-synaptic plasma membrane through its 

interaction with the scaffold PSD95 (Brenman et al, 1996). Nevertheless, nNOS is 

also an important regulator of neurotransmitter release and is also found in the 

presynaptic vesicles (Loesch et al., 1994). nNOS has also been found in the neuronal 

mitochondria (Loesch et al., 1994; Batista et al., 2001), endoplasmic reticulum, 

cytosol (Batista et al., 2001) and presynaptic cytoskeleton (Loesch et al, 1994). 

nNOS expression has also been reported in reactive astrocytes (Cantoni et al., 

2008). In cultured cerebral cortical astrocytes of rats, nNOS was reported to 

translocate to the nuclear compartment in astrocytes cultured for 7 days (Yuan et al., 

2004). 

Despite evidence for nNOS subcellular localization to different neuronal 

compartments, the consequences of its presence on certain compartments and how it 

is trafficked to them remains unclear. 
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1.7. Estrogen effects on nNOS 

Estrogen is a steroid hormone that plays different physiological roles in the female 

and male reproductive systems (Luconi et al., 2002), non-reproductive systems 

(Mendelsohn et al., 2002), and the initiation and proliferation of reproductive cancer 

cells (Pike et al., 2004). Some of the physiological processes in which NO mediates 

estrogen effects include the attenuation of blood pressure responses to psychological 

stress (Cherney et al., 2003), neuroprotection (Lee et al., 2003; Wen et al., 2004) and 

learning and memory (Audesirk et al., 2003). 

Estrogen exerts most of its effects by increasing nNOS expression in both, 

endothelial and neuronal cells (Okamura et al., 1994; Sanchez et al., 1998; McNeill et 

al., 1999; Yang et al., 2000;). Estrogen also activates nNOS by increasing its 

phosphorylation at serine 1412 through a mechanism that involves calcium 

mobilization and activation of phosphoinositide 3-kinases (PI3K) (Alexaki et al., 

2004). 

Whether estrogen affects NO production in other ways remains to be elucidated. 

Nevertheless, there is evidence suggesting that estrogen regulates nNOS protein-

protein interactions. For example, estrogen was found to enhance the association of 

nNOS with PSD95 in the rat hypothalamus (d'Anglemont de Tassigny et al., 2007). 

1.8. Objectives 

• nNOSa and nNOSp are the only active forms of nNOS in the brain. Even 

though it is well established that nNOSa localizes to almost all neuronal 

compartments, little is known about the signaling that mediates nNOS trafficking to 
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each compartment where NO is produced locally. In addition, nNOS(3 sub-cellular 

distribution in neurons is poorly understood. Therefore, my first aim is to use 

primary cortical neuron cultures to study nNOSa and nNOSp subcellular 

localization. 

• HSP90 is an important chaperone and modulator of protein trafficking that has 

been shown to interact with nNOS (Bender et al, 1999). HSP90 has also been shown 

to influence cell signaling by affecting protein conformation and protein-protein 

interactions (Stravopodis et al., 2007). In addition, HSP90 inhibitors have been 

proposed to ammeliorate neurodegeneration (Luo et al., 2007). Therefore, my 

second aim is to determine whether HSP90 affects nNOSa and nNOSp 

subcellular localization and nNOSa trafficking in primary cortical neurons. 

• Even though estrogen effects are known to be partly mediated by NO, the 

mechanisms through which estrogen can modulate NOS are not clear. In addition to 

affect nNOS phosphorylation, estrogen may promote nNOS protein-protein 

interactions. For example, estrogen enhances the association of nNOS with PSD95 in 

the rat hypothalamus (d'Anglemont de Tassigny et al., 2007) and promotes the 

binding of HSP90 to eNOS in endothelial cells (Schulz et al., 2005). To investigate 

whether estrogen affects nNOS protein-protein interactions, my third aim is to 

study the effects of estrogen on nNOSa trafficking in primary cortical neurons. 
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CHAPTER 2 

MATERIALS AND METHODS 
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2.1. Materials 

2.1.2. Reagents and supplies 

Reagents and supplies were used as recommended by the manufacturer unless 

otherwise stated. 

Table 2. Reagents and supplies 

Name of Reagent 

1 kb DNA ladder 
3,8-Diamino-5-ethyl-6-phenylphenanthridinium bromide (Ethidium 
bromide) 
17P-estradiol 
40% Acrylamide/Bis-acrylamide solution (29:1) 
4'-6-diamidino-2-phenylindole (DAPI) 
Agar bacteriological 
Agarose A, electrophoresis grade 
Ammoniumm persulfate 
Ampicillin 
B27 supplement 
Bradford assay 
Bacto-tryptone 
Bacto-yeast extract 
Bromophenol blue 
Complete EDTA-free protease inhibitors 
D-glucose 
Dimethyl sulfoxide (DMSO) 
Dithioethreitol (DTT) 
Dulbeco's modified essential media (DMEM) 
dNTPs 
Ethanol 
Ethylenediaminetetraacetic acid (EDTA) 
Fetal bovine serum (FBS) 
Glycerol 
Halothane 
Hank's balanced salt solution (HBSS) 
HEPES buffer solution 
Hydrogen Peroxide 
Isopropanol 
lsopropyl-thio-2-D-galactopyranoside (1PTG) 
Kanamycin 
L-glutamic acid 
Lipofectamine 2000 
Mercaptoethanol 
Methanol 
N,N,N',Tsl'-tetramethylenediamine (TEMED) 
Neurobasal medium 
Nonfat dry milk 
oligo(dT) |2„i8 

Source of Reagent 

Invitrogen 
Sigma 

Sigma 
Sigma 
Vector 
Gibco 
Rose Scientific 
BDH 
Sigma 
Invitrogen 
BioRad Laboratories 
Difco 
Difco 
BDH 
Roche 
Invitrogen 
Sigma 
Sigma 
Invitrogen 
Invitrogen 
Comercial Alcohols 
Sigma 
Invitrogen 
BDH 
Halocarbon 
Invitrogen 
Invitrogen 
Sigma 
Fisher 
Quiagen 
Sigma 
Sigma 
Invitrogen 
Sigma-Aldrich 
Fisher 
Invitrogen 
Invitrogen 
Carnation 
Invitrogen 
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Table 2. Reagent and supplies (continued) 

Name of Reagent Source of Reagent 

Paraformaldehyde 
Penicillin-streptomycin 
Poly-D-lysine 
Pre-stained protein ladder (20-25- kDa) 
Rx film (Western blot) 
Sodium bicarbonate 
Sodium Chloride 
Sodium deoxycholate 
Sodium dodecyl sulfate 
Sodium orthovanadate 
Sodium pyruvate solution 
Trans-blot Transfer medium-nitrocellulose membrane 
Tris base 
Triton-X 100 
Trizo! 
Trypsin 
Tween-20 
Vectashield-DAPI solution 
Western Lightning chemiluminescence kit 
5-bromo-4-chloro-3-indolyl-(3-D-galactopyranoside (X-gal) 

Sigma-Aldrich 
Invitrogen 
Sigma 
Fermentas 
Fuji 
Invitrogen 
Sigma 
Sigma 
Sigma 
Sigma 
Invitrogen 
Bio-Rad 
Roche 
Sigma 
Invitrogen 
Invitrogen 
Sigma 
Vector Labs 
PerkinElmer 
Quiagen 

Table 3 . Multi-component systems 

System Source 

QUIAEXII Gel extraction kit 
QUIAGEN plasmid Maxi Kit 
Superscript™ III RT 

Quiagen 
Quiagen 
Invitrogen 

Table 4. DNA modifying enzymes 

Enzymes Source 

Calf intestinal alkaline phosphatase 
Platinum Taq High fidelity DNA polymerase 
Restriction endonucleases 
T4 DNA ligase 

Roche 
Invitrogen 
Invitrogen 
Invitrogen 
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2.1.2. Oligonucleotides and plasmids 

Table 5. Oligonulceotides 

Primer name Primer sequence Engineered 
sites 

l.nNOSctF 

2. nNOSaRGFP 

3.nNOSpF 

4. nNOSB R GFP 
5. nNOS R HA 

6. Cherry F 

7. Cherry R 
8. nNOSa RT F 
9. nNOSB RT F 
10. nNOS RTR 
11. L-19F 

5'ACCGCTCGAGACCATGGAGAACACGTTTG3' 
5'CCGGAATTCCGTGATGGTGATGGTGATGATGGGAGC 
TG AA A ACCTC ATCTGC3' 
5'ATATTGAATTCACCATGCGCGGGCTCGGCAGCAGAG 
ACCTCGATGGCAAACT3' 
5'ATATGAATTCGGGAGGCGGAGCTGAAAACCTCATC3' 
5'ATATGAATTCTTATACCCATACGATGTTCCAGATTAC 
GCTGGCGGAGGGGGCGGAGGAGCTGAAAACCTCATCT 
G3' 
5'ATATGAATTCATGGGCGGAGGCGGAGGCATGGT 
GAGCAAGGGCGCATC3' 
5'ATATGCGGCCGCTTACTTGTACAGCTCGTCCATG3' 
5'AGGTGGACAGAGACCTCGAT3' 
5'CTGCGCGGGCTCGGCAG3' 
5'AGCATGATCGAGCCCATGC3' 
5'GAAATCGCCAATGCCAACTC3' 

Xhol 
EcoRl 

EcoRl 

EcoRl 
EcoRl 

EcoRl 

Notl 

12. L-19R 

Table 6. 

Vector 

Plasmids 

5' ACCTCCAGGTACAGGCTGTG3' 

Source Institution 

pGEM-T 
pEGFP-Nl 
PSD95-GFP 
pnNOS-cDNA 
pAALN-Cherry 

Promega 
Clontech 
Dr. Alaa El-Huseinni 
Dr. Solomon Snyder 
Dr. Tom Hobman 

N/A 
N/A 
University of British Columbia, Vancouver, Canada 
Johns Hopkins University, Baltimore, USA 
University of Alberta, Edmonton, Canada 

2.1.3. Antibodies 

Table 7. Primary antibodies 

Specificity Dilution Source Institution 

Rabbit anti-nNOS (R-20) 
Mouse anti-Neurofilament M 
Mouse anti-Ubiquitin 
Mouse anti HSP90 
Rabbit anti-phospho nNOS 
(Ser'412) 
Rabbit anti-phospho nNOS (Ser8' 
Mouse anti-pl 15 

Mouse anti-a-synuclein 
Mouse anti-MAP-2 
Rabbit anti-cleaved caspase 3 
Mouse anti-B-actin 

') 1 

100/500/6C 
50 
10 
50 
500 

500 
50 

50 
50 
50 
4000 

)00 Santa Cruz 
Santa Cruz 
Santa Cruz 
Cell Signaling 
Abeam 

Abeam 
Dr. Melancon 

Cell Signaling 
Cell Signaling 
Cell Signaling 
Jackson Immunoresearch 

N/A 
N/A 
N/A 
N/A 
N/A 

N/A 
University of 
Alberta, Canada 
N/A 
N/A 
N/A 
N/A 
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Table 8. Secondary antibodies 

Specificity Source 

Donkey anti- rabbit Alexa Fluor 488 
Donkey anti- mouse Alexa Fluor 568 
Donkey anti-rabbit Alexa Fluor 568 
Goat anti-mouse HRP 
Donkey anti-rabbit HRP 

Invitrogen 
Invitrogen 
Invitrogen 
Jackson Immunoresearch 
Jackson Immunoresearch 

2.1.4. Animals 

Pregnant female Sprague-Dawley rats (day 18 of gestation) were purchased 

from Charles River Laboratories (Saint-Constant, Quebec). All procedures were 

approved by by the local Animal Welfare Committee. 

2.1.5. Commonly used buffers 

Table 9. Buffers 

Buffer Ingredients 

4 x protein sample buffer 

6 x DNA loading buffer 

Phosphate buffered saline (PBS) 
Protein transfer buffer 
Radioimmunoprecipitation buffer (RIPA) 

SDS-PAGE resolving gel buffer 
SDS-PAGE running buffer 
SDS-PAGE stacking gel buffer 
Solution I (miniprep) 

Solution II (miniprep) 
Solution III (miniprep) 
TAE 
TE 

400 mM DTT, 8% SDS, 0.4% bromophenol blue, 20% 
glycerol, 200 mM Tris-HCL, pH 6.8 
40% sucrose, 0.25% bromophenol blue, 0.25% xylene 
cyanol FF 
137 mM NaCl, 2.7 mM KCI, 8 mM Na2mHP04 

200 mM glycine, 25 mM Tris Base, 20%o methanol 
150 mM NaCl, 0.5% sodium deoxylate, 0.1 % SDS, 1% 
NP40, 50 mM tris-HCl, pH 8.0 
0.1 % SDS,, 374 mM Tris-HCl, pH 8.8 
250 mM Glycine, 0.1 % SDS, 100 mM Tris Base 
0.1 % SDS,, 250 mM Tris-HCl, pH 6.8 
50 mM tris-HCl pH 8.0, 10 mM EDTA, 100 u.g/ml 
RNase A 
200 mM NaOH, 1 % SDS 
3 M Potassium acetate pH 5.5 
40 mM Tris acetate. 1 mM EDTA, pH 8.0 
1 mM EDTA, 10 mM Tris-HCL, pH 7.5 

30 



2.2. Cell culture 

2.2.1. Primary rat cortical culture 

Primary cortical neurons were obtained from embryonic day 18 rat pups and 

cultured as described previously (Brewer et al., 1993). Briefly, brains were dissected 

and the forebrain separated from the rest of the brain. The cortex was obtained by 

removing adjacent tissue (meninges, basal ganglia, thalamus, hypothalamus, and 

hippocampus). Cortices were rinsed 3 times in Hank's balanced salt solution (HBSS, 

containing 15 mM HEPES and 30 |ig/mL penicillin-streptomycin) followed by 

digestion with 0.125% trypsin for 15 minutes at 37°C. Cortical tissue was then rinsed 

with HBSS followed by trypsin inactivation with fetal bovine serum (FBS) for 30 

seconds. Tissue was rinsed again 3 times in HBSS and then mechanically dissociated 

by trituration. Cortical neurons were re-suspended in serum-free media (SFM) 

consisting of phenol-red free Neurobasal medium, 15 mM Hepes, 1.5 mM sodium 

pyruvate, 0.6 mM L-glutamine, 30 u.g/mL penicillin/streptomycin and 2% B27 

supplement. 

Cells were plated onto culture dishes or cover-slips coated with poly-D-Lysine 

(Sigma) at a density of 1400 cells/mm2, and incubated at 37°C in 5% CO2 and 95% 

air. On day 3, medium was changed to SFM without L-glutamine. Medium was 

changed three times per week. Cultures were maintained for 14 days in vitro (DIV). 

Culture materials were purchased from Tnvitrogen unless otherwise stated. 

2.2.2. Human embryonic kidney cells (HEK293) culture 

HEK293 cells (Clontech) were grown in DMEM medium supplemented with 
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10% fetal bovine serum and 30 ug/mL penicillin/streptomycin. Medium was changed 

every 3 days. Cells were grown in 6-well plates or 24-well plates according to the 

experimental design. Culture materials were purchased from Invitrogen. 

2.2.3. E.coli culture 

DH5a chemicompetent cells (Invitrogen) were grown on LB (0.5g/ml Bacto 

tryptone, 0.25 g/ml bacto-yeast extract, 40 mM NaCl) antibiotic-selective plates for 

16 hours. Colonies from plates were then grown in 5 ml of antibiotic-selective LB 

media and processed later for plasmid purification. Bacteria transformed with pGEM-

T vector (Table 6) were grown on plates containing 0.1 mM of X-gal and 0.1 mM 

IPTG (Table 2). 

2.3. DNA and RNA analysis 

2.3.1. Isolation of DNA from E.coli 

High yield plasmid DNA (-500 u.g) was purified using a commercially 

available kit from Qiagen (Table 3). DNA minipreparations were made as follows. 

Bacterial pellets were resuspended in 250 ul of solution I (Table 9). Then, 250 ul of 

solution II (Table 9) were added. The tube was then inverted 4 times and incubated 

for 5 minutes at room temperature to allow the lysis of bacteria. Proteins were 

precipitated upon the addition of 350 ul of solution III (Table 9). The tube was 

centrifuged at 14,000 g for 15 minutes to pellet proteins and chromosomal DNA. The 

supernatant was transferred to a new tube and 0.6 volumes of isopropanol were added 

to precipitate the plasmid DNA. The tube was centrifuged at 15,000 g for 15 minutes. 
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The pellet was washed with 70% of Isopropanol and air-dried. Subsequently, the 

pellet was resuspended in 30 ul of TE (Table 9). 

2.3.2. Restriction endonuclease digestion and dephosphoryiation of 5', 3' 

overhangs 

Prior to the ligation of insert and vector, a restriction digestion was carried 

out. Reactions volumes of 20 ul were used to completely digest 0.5 to 3.0 ug of DNA 

with EcoRl or Xhol as per manufacturer's specifications. 

To enrich for positive clones and minimize the occurrence of vector self-

ligation when using single cut vectors, calf intestinal alkaline phosphatase (Table 4) 

was used to dephosphorylate the ends of linearized vectors. The reaction was carried 

out according to the manufacturer's instructions. The inserts and vectors were then 

ligated as described below (section 2.3.4). 

2.3.3. Ligation of DNA 

T4 DNA ligase (Table 4) was used to ligate DNA fragments. All reactions 

were carried out according to manufacturer's recommendations. Normally, 20 ul of 

the reaction contained 10 fmol of vector and 30 fmol of insert. Reactions were carried 

out for 16 hours at 15 °C. 

2.3.4. Isolation of RNA from primary neurons 

In order to determine whether primary cortical neurons express nNOSa and/or 

nNOSP in culture, the corresponding RNA transcripts were amplified by RT-PCR 

(see below). RNA was extracted from 14 DIV cells grown in 6-well plates using the 

Trizol reagent (Table 2) according to the manufacturer's instructions. Briefly, cells 
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were washed twice with PBS and 1 ml of Trizol reagent was added to homogenize the 

cells. After 5 minutes of incubation at room temperature, 0.2 ml of chloroform were 

added and samples incubated for 3 more minutes at room temperature. Subsequently, 

samples were centrifuged at 10,000 g for 15 minutes at 4°C. The aqueous phase was 

transferred to a new tube and the RNA was precipitated by the addition of 0.5 ml of 

isopropanol. Samples were incubated for 30 minutes at room temperature and 

centrifuged at 10,000 g for 10 minutes. Subsequently, the supernatant was removed 

and the RNA pellet was washed with 1 ml of 75% ethanol. Samples were further 

centrifuged at 7,000 g for 10 minutes. The pellet was air-dried and dissolved in 

RNAse-free water. Samples were stored at -80°C until use. 

2.3.5. Reverse transcriptase polymerase chain reaction 

To assess the presence of nNOSa and nNOS(3 transcripts, cDNA was 

generated from RNA obtained from primary cortical neurons using first strand 

synthesis followed by PCR. Thirteen ul of a reaction containing 500 ng of 

oligo(dT)|2-i8 (Table 2), 5 fig total RNA, 1 ul of 10 mM dNTPs mix (Table 2) and 

Millipore water were heated to 65°C for 5 minutes and incubated on ice for 1 minute. 

A second reaction mix containing 4 ul of 5X First-Strand Buffer, 1 ul 0.1 M DTT 

(Table 2), 1 ul RNaseOUT™, and 1 ul of Superscript™ 111 RT (200 units/ul) (Table 

3) was added and mixed with gentle pipetting. The sample was incubated at 50°C for 

60 minutes followed by incubation at 70°C for 15 minutes. The cDNA was used for 

PCR amplification of nNOS isoforms. 
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2.3.6. Polymerase chain reaction 

To assess the presence of nNOSa and nNOSp1 transcripts in cultured neurons, 

the cDNA generated from RNA of primary cortical neurons was used as a template. 

The sets of primers were constructed to span an intron between exon 2 and 3. A 

region of-290 bp for nNOSa was amplified using primers 8 and 10 (Table 5). A 

region of ~310 bp for nNOSp was amplified using primers 9 and 10 (Table 5). 

Amplification of a 290 bp fragment of the L-19 ribosomal protein mRNA was used as 

a control and carried out using the primer pair 11 and 12 (Table 5). The 50 u.1 reaction 

normally contained 1 \xg of cDNA template, 10 uM of dNTPs, 1 unit of Platinum 

High Fidelity Taq polymerase (Table 4), IX reaction buffer and 20 ul of mineral oil. 

DNA amplification was performed using a PTC-100 programmable thermal 

controller (NJ Research, Inc.). A PCR reaction consisted of a denaturating cycle at 

94°C for 2 minutes, followed by 35 cycles of amplification defined by denaturation at 

94°C for 45 seconds, annealing at 50°C for 45 seconds, and extension at 68°C for 5 

minutes. A final extension cycle of 68°C for 10 minutes was included. The PCR 

product was run on an agarose gel. 

For the construction of nNOS chimeras (section 2.4), nNOS cDNA (Table 6) 

was amplified by PCR. The amplification of nNOSa and nNOS(3 sequences was 

performed with corresponding primers (Table 5): 1,2 for nNOSa-EGFP; 3,4 for 

nNOSp-EGFP; 1,5 for nNOSa-HA; 3,5 for nNOSp-HA. The reaction was carried on 

in a 50 ul solution containing high fidelity polymerase according to the 

manufacturer's specifications. The PCR was carried out as described above except for 

an extension time of 5 minutes. The PCR product (4.4 Kb for nNOSa; 3.7 KB for 
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nN0S(3) was run on agarose gel and purified using a gel purification kit (Table 3) 

before it was subjected to restriction endonuclease digestion. 

For the construction of a mCherry expression vector, mCherry sequence was 

amplified from pAALN-Cherry (Table 6) by PCR. The amplification of mCherry was 

carried out using the primers 6 and 7 (table 5) which amplify a 711 bp fragment. The 

PCR reaction was carried on as described above using an extension time of 1 minute. 

2.3.7. Agarose gel electrophoresis 

Gels were prepared by adding 1% of electrophoresis grade agarose to TAB 

buffer (Table 9) and heating to dissolve. Prior to congealing of the gel, 0.3 u.g/ml 

ethidium bromide (Table 2) was added. DNA samples mixed with 6X gel loading dye 

(Table 9) were resolved while immersed in TAE. The fragments were visualized and 

images captured using a FluoroChem imaging system (Alpha Innotech Corporation). 

2.4. Construction of tagged nNOS proteins 

2.4.1. nNOSa-EGFP and nNOSp-EGFP 

To generate nNOSa-EGFP and nNOSp-EGFP chimeras, nNOS cDNAs were 

amplified by PCR (section 2.3.7) and cloned into the EGFP-N1 vector (Table 6). 

Briefly, nNOSa and nNOSp PCR products were run on agarose gels and purified 

using a gel purification kit (Table 3). Purified nNOSa DNA was ligated into pGEM-T 

(section 2.3.4) to facilitate restriction endonuclease activity of Xhol. Bacteria were 

transformed and grown on IPTG/XGal plates (section 2.2.3) for blue/white selection. 

Plasmid DNA from positive colonies (white color) was extracted. Purified pGEM-T-
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nNOSa and EGFP-N1 vectors (Table 6) were subjected to restriction endonuclease 

digestion using Xhol and EcoRl. The samples were run again on agarose gels and 

purified. Ligation of the fragments was performed using T4 DNA ligase (section 

2.3.4). The ligated vector was then transformed in bacteria and grown on antibiotic-

selective plates (section 2.5.1). Colonies were grown in antibiotic-selective LB media 

and plasmid DNA was purified for restriction digestion screening. 

Purified nNOSp DNA and EGFP-N1 vector were subjected to restriction 

endonuclease digestion using EcoRl. The samples were gel-purified and cloned as 

described above. 

2.4.2. nNOSa-HA and nNOSp-HA 

nNOSa and nNOSp DNA were amplified from nNOS cDNA by PCR 

(section 2.3.7) and cloned into the EGFP-N1 vector (Table 6). The cloning protocol 

was followed as explained above (section 2.4.1). Expression of the EGF protein was 

prevented by the insertion of a stop codon in front of the EGFP coding region. 

2.4.3. mCherry expression vector 

A red fluorescent protein (mCherry) was used as a control for protein 

localization in primary cortical cultures. mCherry DNA was amplified from pAALN-

Cherry by PCR (section 2.3.7) and cloned into the EGFP-N1 vector (Table 6). 

Purified mCherry PCR product and EGFP-N1 vectors were subjected to restriction 

endonuclease digestion using Xhol and Notl. The cloning protocol was followed as 

described above (section 2.4.1) 
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2.5. Plasmid delivery 

2.5.1. Transformation of chemically competent E.coli 

Fifty ul of chemically competent E.coli DH5a were transformed by adding 1 

fil of appropriate plasmids (1 u.g/ml) and incubating them on ice for 20 minutes. 

Heat-shock was carried out at 37°C for 20 seconds. Subsequently, cells were placed 

on ice for 2 minutes followed by the addition of 1 ml of LB media. Cells were 

incubated at 37°C for 45-60 minutes. Afterwards, cells were precipitated by 

centrifugation, resuspended in 100 ul of LB media and plated on LB Ampycillin+ or 

Kanamycin+ (Table 2) plates. 

2.5.2. Transfection of HEK293 and primary cortical neurons 

HEK293 cells and primary cortical neurons were grown in 24-well or 6-well 

and transfected with Lipofectamine 2000 (Table 2) according to the manufacturer's 

instructions. Briefly, 3.4 ul/ml of Lipofectamine were dissolved in 50 ul (24-well) or 

200 ul (6-well) of Neurobasal media (NB). The mixture was incubated at room 

temperature for 5 minutes. A solution containing appropriate DNA in 50 ul or 200 ul 

of NB was added to the lipofectamine mixture so that the final concentration of DNA 

per well was 8 ug/ml. The final mixture was incubated for 20 minutes at room 

temperature and added to the wells. Normally, cells were used for experiments after 

24 hours of transfection. 
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2.6. Protein electrophoresis and detection 

2.6.1. Whole cell extracts 

In order to evaluate the sizes and phosphorylation states of the nNOS 

chimeras, HEK293 cells were grown in 6-wells and transfected with the respective 

nNOS plasmids. After 24 hours, cells were lysed in RIPA buffer containing complete 

protease inhibitor cocktail and sodium orthovanadate (Table 2). After incubation on 

ice for 20 minutes, genomic DNA was sheared by passing the lysate through a 16 

gauge needle. Lysates were cleared by centrifugation (4000 x g) for 15 minutes at 

4°C. The supernatant was used for protein quantification with the Bradford assay. 

The supernatant was subsequently stored at -80°C. 

2.6.2. Sodium Dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) 

Sample buffer (Table 9) was added to the protein samples extracted from 

HEK293 cells. Proteins were then denatured at 95°C for 6 minutes and separated by 

gel electrophoresis. To prepare the stacking gel, 4% of acrylamide/bis-acrylamide 

(Table 2) was added to the SDS-PAGE stacking buffer (Table 9). The resolving gel 

was comprised of 8% acrylamide/bis-acrylamide added to the SDS resolving buffer 

(Table 9). Prior to gel casting, 0.1% TEMED (v/v) and 0.1% ammonium persulfate 

(w/v) (Table 9) were added. Electrophoresis was conducted in SDS-PAGE buffer 

(Table 9). 

2.6.3. Western blot 

Proteins were transferred to a nitrocellulose membrane after being separated 
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on an SDS-PAGE gel. Transfer was achieved using a Bio-Rad Mini Trans-Blot 

electrophoretic transfer cell at 120 mV for 80 minutes. During the transfer, the 

apparatus was chilled in an iced water bath. After transfer of proteins, membranes 

were washed in TBS-T for 10 minutes and then blocked in TBS-T containing 5% 

milk for 1 hour at room temperature. Respective primary antibodies (Table 7) were 

diluted in blocking solution. Membranes were incubated overnight at 4°C. 

Subsequently, membranes were washed in TBS-T for 1 hour, incubated with 

peroxidase-conjugated secondary antibody (Table 8) and washed again in TBS-T for 

1 hour. Membranes were subsequently incubated with a chemiluminescent reagent 

(PerkinElmer, Boston, MA) for 1 minute and exposed to an autoradiography film. 

2.6.4. Membrane stripping 

To blot against phosphorylated nNOS at both, serine 847 and serine 1412 

residues, membranes containing antibody against nNOS were exposed to a stripping 

solution comprised of 350 pi of 4.3 M Mercaptoethanol, 10 ml of 10% SDS, 31.25 ml 

of 1M Tris-HCl pH 6.7 and 8.75 ml of diestilled water. The incubation was 

performed for 1 hour at 50°C. Membranes were then washed 3 times in TBS and 

subsequently blocked and treated as in section 2.5.4. 

2.6.5. Immunofluorescence 

Immunocytochemistry was used to study nNOS distribution and viability of 

primary cortical cultures. Cultures were washed twice with PBS (Table 9) and fixed 

with 3% paraformaldehyde (Table 2) for 20 minutes. After a subsequent wash with 

PBS, free aldehydes were quenched with 50 mM NH4CI/PBS for 10 minutes. 
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Neurons were then permeablized in 0.1% Triton-X 100/PBS (table 2) for 4 minutes, 

washed twice with PBS and incubated in blocking solution (PBS containing 0.1% 

Tween 20 and 1% nonfat dry milk) for 30 more minutes. Subsequently, neurons were 

incubated overnight at 4°C with the respective primary antibodies (Table 7) diluted in 

blocking solution. After three washes with blocking solution, respective secondary 

antibodies conjugated to fluorophores (Table 8) were added. Cultures were then 

washed twice with blocking solution for 10 minutes and twice with PBS for 20 more 

minutes. For double labeling experiments with a-synuclein and activated caspase-3, 

cultures were blocked again and the procedure was repeated with anti-nNOS 

antibody. After the final washing, fixed-cells were mounted and imaged as described 

in section 2.6.1. 

2.7. Fluorescence Microscopy 

2.7.1. Fixed-cell confocal microscopy 

Confocal microscopy was performed on cells grown on cover-slips in 24-well 

plates. Imaging was carried out in transfected primary cortical neurons and HEK293 

cells, or in neurons processed for immunofluorescence and fixed with 

paraformaldehyde. Cover-slips were mounted onto slides over a drop of Vectashield-

DAPI solution (Table 2). Imaging was achieved using a Zeiss LSM510 confocal 

microscope. 

2.7.2. Live-cell confocal microscopy 

With the purpose of assessing nNOS distribution in live HEK293 cells and 
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trafficking in primary cortical cultures, cells were grown on 22 mm cover-slips and 

transfected with nNOSa-EGFP. Twenty four hours after transfection, cover-slips 

were transferred to an Attofluor cell chamber (Invitrogen), The chamber was kept at 

37°C using a lens heater and stage heater while images were taken using a Zeiss 

LSM510 confocal microscope. 

2.7.3. Fluorescence recovery after photobleaching (FRAP) 

In order to study nNOS trafficking in live-cells, primary cortical neurons were 

grown for 13 DIV, transfected with nNOSa-EGFP and imaged as in section 2.6.2. A 

confocal image of the transfected neuron of interest was taken before starting the 

photobleaching procedure. The zoom-up function (2X) was used to limit the scanned 

region to the dendrites (3 urn pinhole) of interest or nucleus (8 u.m pinhole). A chosen 

dendrite from the neuron of interest was bleached by directing a high power (100%) 

argon laser onto an area of 20 x 20 urn . The dendrite was imaged before bleaching 

and every 10 seconds after bleaching over 290 seconds. The fluorescence recovery 

was studied by measuring the signal intensities obtained every 10 seconds after 

bleaching. The signal intensities were studied in an area of 10 urn in the bleached 

field using LSM510 software. To normalize for fluorescence loss, another region not 

adjacent to the bleached dendrite was monitored for changes in intensity. Data from 6 

neurons per treatment were used for analysis. The amount of recovery (R) at each 

time point (t) was normalized with the fluorescence in a non-bleached area (control) 

using the following formula: R = (F'0/F't) * (Ft/FO). 

F'O = fluorescence of the 10 urn control area before bleaching 

F't = fluorescence at every time point of the control area 
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FO = fluorescence of the bleached area before bleaching 

Ft - fluorescence at each time point of the 10 um bleached area 

With the aim of assessing nNOS nuclear localization in HEK293 cells, cells 

were transfected with nNOSa-EGFP and treated as in section 2.6.2. The nucleus was 

bleached in an area of 8 X 8 \im2 corresponding to approximately half of the nuclear 

compartment. Two images before bleaching and 1 image 10 seconds after bleaching 

were taken. 

2.8. Experimental design 

2.8.1. Determining the percentage of cells containing nNOS aggregates 

in primary cortical neurons 

In order to assess the numbers of cells containing nNOS aggregates in culture 

at different times, cells at 6, 10 and 14 DIV were processed for indirect 

immunofluorescence against endogenous nNOS and visualized under a fluorescence 

microscope. To assess the numbers of neurons with nNOS aggregations at different 

DIV, neurons with aggregates and total nuclei were counted under the microscope. 

Using the 63X lens, approximately 1000 cells were counted per cover-slip. Ten fields 

were counted through the middle of the cover slip following a straight line that 

corresponded to the cover-slip diameter. All DAPI-stained nuclei were counted 

regardless of the nuclear integrity. The percentage of nNOS-containing aggregates 

relative to the total number of nuclei counted was used for comparison among 6, 10 

and 14 DIV. Four different cultures were used per treatment. 
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2.8.2. Effect of HSP90 on nNOS aggregations 

To induce aggresome formation of nNOSa and nNOS|3, HEK293 cells and 

primary cortical cultures were transfected with nNOSa-EGFP, nNOSp-EGFP or 

EGFP and treated with 10 uM of an HSP90 inhibitor, geldanamycin. The drug or 

vehicle was added to the cultures for 6 hours. Subsequently, cells were fixed and 

processed for confocal imaging. 

2.8.3. Effect of estrogen and HSP90 on nNOSa-EGFP trafficking in 

primary neuronal cultures 

To study the effect of HSP90 and estrogen on nNOS trafficking, 13 DIV 

primary cortical neurons grown on 22 mm cover-slips were transfected with nNOSa-

EGFP. Twenty four hours after transfection, cultures were treated with 10 uM of the 

HSP90 inhibitor geldanamycin or vehicle for 3 hours. Other cultures were treated with 5, 

500 or 1000 nM of 17-|3-estradiol (E2) or vehicle for 10 minutes. To determine the 

duration of action of E2, another set of cultures was treated for 1 or 2 hours with 1000 

nM of E2 or vehicle. Trafficking was then studied as described in section 2.6.3. 

2.9. Statistics 

Statistical analysis was carried out using XLSTAT. All data are presented as 

mean±SEM. Significant differences were determined by one-way ANOVA followed 

by the posthoc Dunnet test and were considered significant when P<0.05. 
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CHAPTER 3 

RESULTS 
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3.1. Characterization of nNOS chimeras 

To test whether the nNOS chimeras produced in this study have similar 

characteristics as their endogenous counterparts, all nNOS chimeras were tested for 

protein size and phosphorylation. In addition, the ability of nNOSa and nNOS(3 to 

interact with the scaffold protein, PSD95, was assessed. 

3.1.1. nNOSa-GFP, nNOSp-GFP, nNOSa-HA and nNOSp-HA sizes and 

phosphorylation 

To verify the correct protein sizes of the constructs developed, each chimera 

was transfected into HEK293 cells. A western blot was performed using proteins 

collected 24 hours post transfection. Membranes were first probed with antibody 

against nNOS. The sizes of nNOSa-EGFP (-180 kDa) and nNOS|3-EGFP (-160 kDa) 

corresponded to the sizes of nNOSa and nNOS(3 proteins (-155 kDa; -136 kDa) plus 

the EGFP tag (-27 kDa). Similarly, the sizes of nNOSa-HA and nNOS|3-HA 

corresponded to the size of nNOSa and nNOS(3 proteins, respectively. The size of the 

HA tag is negligible (-0.9 kDa). 

In addition, membranes were stripped and probed with antibodies against the 

known phosphorylated sites of nNOS (serine 847 and serine 1412) as an indication of 

correct folding and interaction with proper kinases (Akt and CamKII). All the 

constructs were phosphorylated at both serine 847 and serine 1412 residues (Figure 

4). 

3.1.2. nNOSa-HA and nNOSp-HA interaction with PSD95 

To further test for the functionality of the generated nNOS chimeras, I 

46 



nNOS 

PnNOSSer 1412 

PnNOSSer847 

Actin 

O <? 

<? 
# 

* 
# 
c-

£ 

& 

£ c-

f 
^ 

# c 

* * • 

<# 

£ <? 

— ' «v 
* - • - - - WS$$P 

't 

- --V 

Pi 

Figure 4. nNOS chimeras are phosphorylated. In order to evaluate the 
functionality of the nNOS chimaeras developed, the phosphorylation of nNOS at 
serine 847 and serine 1412 was evaluated. HEK293 cells were transfected with each 
nNOS chimera. Proteins were collected 24 hours after transfection, separated by 
SDS-PAGE and subjected to immunoblot analysis. Membranes were probed with 
anti-nNOS, stripped and probed for phosphorylated serine 847 or phosphorylated 
serine 1412. All chimaeras were phosphorylated at both phosphorylation sites. 
Negative controls were run on a different gel. 
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evaluated whether they could co-localize with PSD95 in the neuronal intracellular 

environment. nNOSa-HA or nNOS(3-HA were co-transfected with PSD95-GFP into 

13 DIV primary cortical neurons. nNOSa-HA and PSD95-EGFP colocalized in 

puncta along dendritic shafts (Figure 5A). This co-localization result argues for 

appropriate folding of the over-expressed nNOS chimeras. Furthermore, nNOS|3-HA 

also co-localized with PSD95 in puncta (Figure 5B). 

3.2. nNOS expression and distribution in primary cortical neurons 

3.2.1. nNOSa and nNOSp transcripts 

While nNOS(3 transcripts have been found in the mouse brain (Elliasson et al., 

1997), their presence in primary brain neuronal cultures was not established. To 

detect nNOSp transcripts in 14 DIV rat cortical cultures, total mRNA was purified 

and the correspondent cDNA generated. A RT-PCR reaction was performed to 

amplify a fragment of -300 bp of nNOSa and nNOSp1 DNA. As shown in Figure 6A, 

both splice variants are expressed in mature cortical cultures. The ribosomal subunit 

L-l 9 was used as a positive control. 

3.2.2. Distribution of nNOS 

3.2.2.1. Localization of endogenous nNOS 

Primary cortical cultures at 8 and 14 DIV were fixed and processed for indirect 

immunofluorescence against total nNOS. Figure 6B shows that nNOS is present 

predominantly in the cytoplasm. Faint nuclear staining can also be detected. Overall, 

nNOS distribution in the cytoplasm is mainly punctate. Even though mature neurons 
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nNOSp-HA nNOSp-HA PSD95-GFP Merge 
PSD95-GFP 

Figure 5. nNOSa-HA and nNOSp-HA interact with PSD95-GFP. To evaluate 
nNOSa-HA functionality, its interaction with PSD95-GFP was studied. Primary 
cortical neurons were transfected with nNOSa-HA or nNOSp-HA at 13 DIV. After 
24 hours of transfection, rat anti-nNOS was used to detect nNOSa-HA and nNOSP-
HA chimeras by immunocytochemistry. A) nNOSa-HA co-localizes with PSD-95 in 
puncta (arrows); B) nNOSP-HA also co-localizes with PSD-95 in puncta (arrows). 
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Day 8 Day 14 

Figure 6. Expression and distribution of endogenous nNOS in primary cortical 
cultures. A) An RT-PCR was performed to study the expression of nNOSa and 
nNOSP in primary cortical cultures. RNA was collected from 14 DIV cortical cells 
and used as a template for cDNA generation. Short fragments of the ribosomal 
subunit L-19 (control), nNOSa and nNOSP were amplified by PCR. All transcripts 
are present in primary cortical neurons. B) Endogenous nNOS subcellular distribution 
was studied by immunofluorescence. nNOS distribution is punctate throughout the 
neuronal cytoplasm and similar at 8 and 14 DIV. 
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showed more dendritic area and spines than young neurons, a similar nNOS 

distribution was observed in both neuronal populations. 

3.2.2.2. Localization of nNOS chimeras 

Since cultured neurons express both, nNOSa and nNOSp proteins, HA and 

EGFP tagged chimeras of each splice variant were engineered to study their 

distributions. nNOSa-EGFP, nNOSp-EGFP, nNOSa-HA, or nNOS(3-HA were co-

transfected each together with mCherry into 7 and 13 DIV primary cortical neurons. 

Twenty four hours post transfection, neurons were fixed and, in the case of HA 

chimeras, processed for indirect immunofluorescence against nNOS (1:6000). 

mCherry is a small red fluorescent protein that diffuses throughout the cytoplasm 

(Shu et al., 2006) and was used to visualize all neuronal compartments. The 

distribution of nNOSa-EGFP is diffuse throughout the neuron (Figure 7A) and 

present with mCherry in dendrites and spines (Figure 7B). To confirm that this 

distribution is not due to the EGFP tag, another chimera with the small HA tag was 

also transfected in primary neurons. nNOSa-HA displayed a similar distribution as 

that of nNOSa-EGFP (Figure 8A and 8B) suggesting that the localization of the over-

expressed chimeras is not influenced by the tag. 

nNOSP-EGFP distribution was similar to that of nNOSa chimeras shown in 

Figures 7A and 8A. nNOSP-EGFP was diffuse throughout the neuron (Figures 7C) 

and present in neurites and dendritic spines (Figure 7D). This distribution was also 

similar to that of nNOSp-HA (Figures 8D and 8E). A confocal slice of 3 |am through 

the middle of the neuronal nuclear compartment shows that nNOSa (Figure 8C) and 

nNOSp (Figure 8F) are indeed present in the neuronal nucleus. 
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A mCherry nNOSa-EGFP Merge 

B 

mCherry nNOSP-EGFP Merge 

Figure 7. Distribution of nNOSa-EGFP and nNOSp-EGFP chimeras in primary 
cortical neurons. Neurons were grown for 13 DIV and transfected with either nNOS 
chimera plus a red fluorescent protein (mCherry). nNOSa-EGFP is distributed in the 
cell soma (A) and neuritic compartments (B) including spines (arrows). nNOSp-
EGFP has a similar distribution to nNOSa-EGFP. nNOSp-EGFP is distributed in the 
cell soma (C) and neuritic compartments (D) including spines (arrows). 
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Figure 8. Distribution of nNOSa-HA and nNOSp-HA chimeras in primary 
cortical neurons. To corroborate the distribution of nNOS-EGFP chimaeras using 
another tag, neurons grown for 13 DIV were transfected with either nNOS-HA 
chimera plus mCherry. nNOS-HA chimaeras were distributed similarly to nNOS-
EGFP chimaeras. nNOSa-HA is distributed in the cell soma (A) and neuritic 
compartments (B) including spines (arrows). nNOSa-HA signal is also detectable in 
the nuclear compartment (C). nNOSp-HA is distributed in the cell soma (D), neurites 
(E) spines (arrows) and nucleus (F). C and F represent single confocal slices. 
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3.2.2.3. Localization of nNOS to the nuclear compartment 

Occasionally, 14 DIV primary cortical cells processed for 

immunofluorescence against nNOS showed extensive nNOS nuclear accumulation 

accompanied by complete loss of nNOS signal in the cytoplasm (Figure 9B). The 

conditions under which this accumulation occurred or the phenotype of the cells 

involved were not determined. This type of nuclear localization was also seen 

occasionally in HEK293 cells transfected with nNOSa-EGFP (Figure 9A) and 

primary cortical neurons transfected with nNOS(3-EGFP (Figure 9C), which 

demonstrates that both nNOSa and nNOS(3 can be trafficked to the nuclear 

compartment. In addition, photobleaching of half of the nuclear compartment of 

HEK293 cells expressing nNOSa-EGFP rapidly decreased nNOSa-EGFP signal in 

the entire nuclear compartment confirming that a pool of nNOS was indeed confined 

to this compartment and that the majority of nNOS within the nucleus was freely 

mobile (Figure 9A). 

3.3. nNOS trafficking in primary cortical cultures 

To investigate the mechanism of nNOS trafficking in neurons, nNOSa-EGFP or 

EGFP were transfected into 13 DIV primary cortical neurons. Twenty four hours 

post-transfection, cells were transferred to a live-cell chamber for confocal imaging. 

A Z-stack of the selected neuron was taken and one of its dendrites was bleached in 

an area of 20 X 20 uM2 (Figure 10). nNOS-EGFP fluorescence recovery after 

bleaching was very rapid with a complete recovery after 260 seconds post-bleaching 

(Figure 10 and 11A). This recovery was similar to EGFP alone (Figure 11 A). 
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Figure 9. Nuclear localization of nNOS. A) HEK293 cells were transfected with 
nNOSa-EGFP. After 24 hours cells were fixed and transferred to a live-cell chamber 
for confocal imaging. Approximately half of the nuclear compartment was 
photobleached (red square) and an image was obtained 10 sec after bleaching. Note 
the selective nuclear bleaching indicating that nNOS is confined to the nuclear 
compartment. B) Primary cortical neurons were fixed at 14 DIV and processed for 
immunofluorescence against nNOS. Accumulation of nNOS was seen in the nuclei of 
some cells (arrows). C) Primary cortical neurons were transfected with nNOS|3-EGFP 
and mCherry at 13 DIV. Twenty four hours post transfection, cells were fixed and 
imaged. nNOSp-EGFP signal was detected within a 3 uM confocal slice through the 
middle of the neuronal nucleus. The characteristic mCherry nuclear localization is 
also evident. 
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Figure 10. Fluorescence recovery after photobleaching (FRAP) of nNOSa-EGFP 
in primary cortical neurons. In order to study nNOS trafficking in neurons, primary 
cortical cultures at 13 DIV were transfected with nNOSa-EGFP. After 24 hours, 
cultures were transferred to a chamber for live-cell microscopy. A region of the 
neuronal dendrite was scanned with the 2X zoom-up function (red square) and an 
area of 20 X 20 uM2 was bleached (yellow square). A time series at 10 second 
intervals was taken over 290 sec. Fluorescence recovery for nNOSa-EGFP occurred 
very quickly, within the 290 sec of imaging. 
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Figure 11. Effect of HSP90 on nNOSa-EGFP trafficking in primary cortical 
neurons. nNOSa-EGFP or EGFP were transfected into 13 DP/ primary cortical 
neurons. The FRAP experiment was carried out as described in Figure 10. Statistical 
testing was performed comparing the fluorescence only at 40 sec (half of the 
recovery) and at 290 sec (final recovery) using normalized data. A) Plots of nNOSa-
EGFP and EGFP fluorescence recovery vs. time are presented and show that both 
proteins have similar mobilities at 40 sec and 290 sec; B) To study the effect of 
HSP90 on nNOS trafficking, cultures were treated with the HSP90 inhibitor, 
geldanamycin, or vehicle for 3 hours before photobleaching. A plot of nNOSa-EGFP 
fluorescence recovery vs. time is presented. Geldanamycin causes nNOSa-EGFP to 
recover faster compared to the control at 40 sec. *,p<0.05. Bars represent the standard 
error, n = 6. 
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3.3.1. Effects of HSP90 on nNOS trafficking 

In order to study the effect of HSP90 on nNOSa-EGFP mobility, an HSP90 

inhibitor, the antibiotic geldanamycin, or vehicle was added for 3 hours to primary 

cortical cultures transfected with nNOSa-EGFP. The mobility of nNOSa-EGFP after 

treatment was more rapid than that of the control (Figure 1 IB). After 40 seconds of 

imaging, nNOSa-EGFP signal recovered -80% of the pre-bleached intensity while 

the control recovered only -30% (Figure 1 IB). 

3.3.2. Effects of estrogen on nNOS trafficking 

To better understand the role of estrogen on nNOS mobility in neurons, 

different concentrations of 17-|3-estradiol (E2) or vehicle were added for 10 minutes 

to primary cortical cultures transfected with nNOSa-EGFP. Doses of 500 nM and 

1000 nM of E2 significantly decreased nNOS mobility while 5 nM did not have an 

effect (Figure 12A). In addition, after 290 seconds of imaging, nNOSa-EGFP signal 

did not reach full recovery when cells were treated with 500 nM and 1000 nM E2 for 

10 minutes (Figure 12A). To study the duration of action of E2 effect, cultures were 

treated with E2 (1000 nM) for 1 or 2 hours before the photobleaching experiments. 

This treatment did not significantly affect nNOSa-EGFP mobility at 40 sec and 390 

sec (Figure 12B). 

3.4. nNOS localization to aggregates 

3.4.1. Characterization of nNOS aggregates 

Primary cortical cultures grown for 8 or 14 days were fixed and processed for 

immunofluorescence against endogenous nNOS. Some immunopositive cells 

58 



1.2 

&&§?*? 
- Control 

-5nM 

-500nM ' 

-1000nM: 

B 

50 100 150 200 250 300 

Time (seconds) 

- Cbntrol 

- 1 hour 

- 2 hours 

50 100 150 

time(s) 

200 250 300 

Figure 12. Effect of estrogen on nNOSa-EGFP trafficking in primary cortical 
neurons. nNOSa-EGFP or EGFP were transfected into 13 DFV primary cortical 
neurons. The FRAP experiment was carried on as described in Figure 10. Statistical 
testing was performed comparing the fluorescence only at 40 sec (half of the 
recovery) and at 290 sec (final recovery) using normalized data. A) Cultures were 
treated with 5 nM, 500 nM or 1000 nM of estrogen (E2) for 10 minutes. A plot of 
nNOSa-EGFP fluorescence recovery vs. time is presented. Treatment with 500 nM 
andlOOO nM of E2 significantly decreases nNOS recovery when compared to control; 
the control treatment was significantly different from 1000 uM (*) and 500 uM (#) 
estrogen treatments at both, 40 and 290 seconds. *,#, p<0.05. B) To understand the 
duration of action of estrogen effect, cultures were treated with E2 (1000 nM) for 1 or 
2 hours. Estrogen did not affect nNOS mobility after 1 or 2 hours of treatment when 
compared to control. Bars represent the standard error, n = 6 
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presented clear nNOS aggregations that were mostly rounded and varied in size and 

number from cell to cell. An example of neurons presenting aggregations is shown in 

Figure 13A. To evaluate the formation of these aggregations over time, nNOS 

distribution in neurons at 6, 10 and 14 DIV was evaluated. Results show that nNOS 

aggregations were not present in 6 DIV cells but present in 10 and 14 DIV cells 

(Figure 13B). In addition, I observed that the number of cells presenting nNOS 

aggregates increased with time in culture (Figure 13B). 

3.4.1.1. Correlation between nNOS aggregates and aggresomes 

To investigate whether nNOS accumulations are aggresomes, 14 DIV primary 

cortical cultures were fixed and processed for immunofluorescence against different 

proteins that have been previously shown to be accumulated in aggresomes such as 

HSP90, intermediate filaments and ubiquitin (Johnston et al., 1998). Results show 

that neither HSP90 (Figure 14A and 14B) nor neurofilament-M (Figure 14E and 14F) 

aggregate in neurons containing nNOS aggregations. I also observed that ubiquitin 

was aggregated in puncta in cells containing nNOS aggregates. Some of these puncta 

colocalized with nNOS aggregations (Figure 14C and 14D). 

3.4.2. nNOS aggregations and neuronal survival 

To study whether neurons containing nNOS aggregates show signs of 

degeneration, primary cortical cultures were processed for immunofluorescence for 

activated cleavaged caspase-3, MAP-2, or the Golgi marker pi 15. Neurons 

containing nNOS aggregates were not reactive for activated Capsase-3 (Figure 15A) 

and displayed strong staining for MAP-2 in soma and dendrites (Figure 15B). In 

addition, MAP-2 signal was not detected in the regions where nNOS accumulated 
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Figure 13. Endogenous nNOS aggregates in primary cortical cultures. A) 
Neurons grown for 8 or 14 DIV were processed by indirect immunofluorescence 
using anti-nNOS antibody. Arrows indicate nNOS cytoplasmic aggregations. B) 
Histogram depicting percentage of neurons containing nNOS aggregations relative to 
the total number of cells. The number of neurons containing nNOS aggregates 
increases with time in culture. Each repetition was carried out using a different 
culture, n — 4; The number of cells with aggregates is significantly larger at 14 DIV 
compared to 10 DIV *, p<0.05. 
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Figure 14. Characterization of nNOS aggregates. To determine whether nNOS 
aggregates have characteristics of aggresome formations, neurons grown for 14 DIV 
were processed for immunofluorescence against the aggresome markers, HSP90, 
ubiquitin or neurofilament-M. Arrows indicate nNOS aggregates. A) HSP90 is not 
aggregated in nNOS aggregates (arrows); C) Ubiquitin is aggregated in neurons 
containing nNOS aggregates; E) Neurofilament-M is not aggregated in nNOS 
aggregates. B, D and F are confocal images from A, C and F respectively. In D, arrow 
heads show aggregations of co-localized ubiquitin and nNOS. 
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Figure 15. Survival of neurons containing nNOS aggregates. To determine whether 
neurons containing nNOS aggregates are degenerating, young (8 DIV) and mature (14 
DIV) neurons were co-labeled with antibodies against nNOS and activated caspase-3 or 
microtubule associated protein 2 (MAP-2). A) Activated caspase-3 is not detected in 
young or mature cells presenting nNOS aggregates. Arrows indicate nNOS aggregates. 
A higher magnification of the neurons containing aggregates (orange square) is 
presented. B) MAP-2 is detected in the cytoplasm and dendrites of young and mature 
neurons containing aggregates. C) A 3 uM slice of the neuron in B shows nNOS 
aggregations devoid of MAP-2. 
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(Figure 15C). The Golgi aparatus was not fragmented in 8 DIV neurons and 

was found close to nNOS aggregates (Figure 16A). In 14 DIV cells, the Golgi was 

fragmented in some cells containing nNOS aggregations (Figure 16B). Nevertheless, 

other nNOS immunoreactive 14 DIV cells that lacked nNOS aggregations also 

showed Golgi fragmentation suggesting that this fragmentation is independent of 

nNOS aggresome formation (Figure 16C). 

3.4.3. Correlation between nNOS aggregates and nNOS localization to 

neuronal compartments 

Primary cortical neurons grown for 14 DIV were fixed and processed for 

immunofluorescence against nNOS and MAP-2. The distribution of nNOS was 

punctate throughout the cytoplasm in neurons lacking nNOS aggregates (Figure 

17A). In some neurons containing nNOS aggregates, the distribution of nNOS was 

restricted to nNOS aggregations and no longer present in neurites and soma (Figure 

17B). 

3.4.4. a-synuclein and nNOS aggregations 

a-synuclein can form aggresome-like inclusions in cortical neurons (Olanow et al., 

2004). To establish whether a-synuclein was also trafficked to somal aggregations, I 

performed immunostaining against a-synuclein and nNOS in 14 DIV primary cortical 

neurons. Results show that a-synuclein was not found in the same aggregations that 

contained nNOS (Figure 18A and 18B). 

3.4.5. HSP90 effects on nNOS aggregation 

To study the effects of HSP90 on nNOS trafficking to aggregates, nNOSa-

EGFP, nNOSp-EGFP or EGFP were transfected into primary neuronal cultures. 

64 



B 

Figure 16. Golgi apparatus and nNOS aggregations. To determine whether 
neurons containing nNOS aggregates are undergoing a degenerative process, young 
(8 DIV) and mature (14 DIV) neurons were co-labeled with antibodies against nNOS 
and the Golgi marker pi 15. A) Golgi show no fragmentation in young neurons 
containing nNOS aggregates; B) Golgi is fragmented (arrow) in mature neurons 
containing nNOS aggregates; C) Golgi can be fragmented (arrow) in mature neurons 
that lack nNOS aggregates 
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Figure 17. Correlation between nNOS aggregates and nNOS Realization to 
neuronal compartments. To determine the distribution of nNOS in neurons with and 
without nNOS aggregates, mature (14 DIV) neurons were co-labeled with antibodies 
against nNOS and MAP-2. A) nNOS is distributed throughout the neuronal cytoplasm 
in neurons lacking nNOS aggregates. Arrows show nNOS signal in neurites. B) 
nNOS distribution is limited to the aggregates. Arrows show absence of nNOS signal 
in neurites. 
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Figure 18. Specificity of nNOS aggregations. To establish if a-synuclein is 
trafficked to somal aggregates, mature (14 DIV) neurons were co-labeled with 
antibodies against nNOS and a-synuclein. A) Alpha-synuclein is not present in the 
same aggregates as nNOS. Arrows indicate nNOS aggregates. B) Confocal slice 
through neuronal soma of the neuron depicted in A. Arrows indicate nNOS 
aggregates. 
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Twenty four hours after transfection, cultures were treated for 6 hours with the 

HSP90 inhibitor, geldanamycin. Results show that nNOSa-EGFP and nNOSp-EGFP 

but not EGFP aggregated in neurons (Figure 19A). When the same experiment was 

performed in HEK293 cells, both splice variant chimeras formed clear perinuclear 

inclusions whereas EGFP did not aggregate (Figure 19B). 
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Figure 19. HSP90 inhibition induces nNOS aggregation. To study the effect of 
HSP90 on the formation of nNOS aggregates, cells were treated with an HSP90 
inhibitor, geldanamycin. A) Primary cortical neurons were grown for 13 DIV and 
transfected with nNOSa-EGFP, nNOSp-EGFP or EGFP. Twenty four hours after 
transfection, neurons were treated with geldanamycin for 6 hours. Geldanamycin 
induced aggregation of both nNOS chimaeras in the neuronal cell bodies (arrows) but 
had no effect on EGFP; B) HEK293 cells were transfected and treated as in A. 
Geldanamycin induced formation of one nNOS perinuclear aggregation in each cell 
(arrows). EGFP distribution remained unchanged. 
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CHAPTER 4 

DISCUSSION 
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4.1. Overview 

Nitric oxide (NO) is a highly reactive gas required for a multitude of 

physiological processes (Oess et al., 2006). Three temporally and spatially regulated 

nitric oxide synthases mediate its production (Alderton et al., 2001). Neuronal nitric 

oxide synthase (nNOS) is present in the brain and is involved in the production of NO 

in neurons (Eliasson et al., 1997). In these cells, NO is involved in synaptic plasticity 

and neurotransmitter release (Prast et al., 1998; Sergeeva O et al., 2007). NO is also 

important for the regulation of neuronal survival. While NO can be neuroprotective 

(Guix et al., 2005) its over-production leads to cell death (Pacher et al., 2007). 

To regulate the production of such a reactive gas, neurons modulate nNOS 

activation in different ways including phosphorylation (Adak et al., 2001; Song et al., 

2007), degradation (Hajimoharnmadreza et al., 1997; Averna et al., 2007) and sub

cellular localization (Brenman et al., 1996; Jaffrey et al., 2002). In neurons, nNOS 

sub-cellular localization depends on its interaction with different proteins, such as the 

post-synaptic scaffold protein, PSD95, that tethers nNOS to the synaptic membrane 

(Brenman et al., 1996). The specific cellular signaling that mediates nNOS 

interactions and trafficking to different cellular compartments is poorly understood. 

Here, I showed that nNOSa and nNOSp splice variants are present in the same 

sub-cellular compartments in primary cortical neurons. In addition, I demonstrated 

that nNOSa trafficking is regulated by the hormone estrogen and the chaperone 

HSP90.1 also showed that nNOSa and nNOSp aggregate in perinuclear and/or somal 

regions of the cell. In the following section, I will discuss nNOSa trafficking and 
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address the sub-cellular localization of nNOSa and nNOS(3, putting emphasis on their 

localization to aggregates. 

4.2. Subcellular localization and trafficking of nNOS 

4.2.1. Sub-cellular localization of neuronal nitric oxide synthase alpha 

(nNOSa) 

Even though nNOSa is the most abundant and studied nNOS splice variant in 

the brain, its regulation and sub-cellular localization in neurons are still not 

completely understood. Here, 1 showed that endogenous nNOS is present in the soma, 

neurites and nuclei of young and mature primary cortical neurons. To support these 

findings, I also showed that constructed nNOSa chimeras were distributed in the 

same neuronal compartments. The over-expressed nNOSa chimeras followed a 

diffuse pattern as opposed to the punctuate pattern of endogenous nNOS. This 

difference in pattern may suggest that nNOSa lacks an intrinsic signal to be 

preferentially trafficked to specific organelles and/or that nNOSa chimeras are in 

excess relative to their endogenous protein partners. 

The localization of nNOSa to the neuronal cytoplasm has been previously 

reported (Batista et al., 2001). Nevertheless, the localization of nNOS to the nuclear 

compartment has just been mentioned in cultured astrocytes and neutrophils with no 

distinction of the specific splice variant implicated (Yuan et al., 2004; Saini et al, 

2006). In this study, I showed that, while a small pool of endogenous nNOS is present 

in the neuronal nucleus, in some cells nNOS is found only in this compartment and is 
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not present in the cytoplasm. In agreement with this result, I also showed that 

nNOSa-GFP was accumulated in the nucleus of some HEK293 cells. 

Trafficking of nNOSa to the nuclear compartment could represent another 

mechanism of nNOS regulation and/or a mechanism by which nNOS regulates 

expression of nuclear proteins. nNOS trafficking to the nucleus could be useful to 

decrease NO production by sequestering nNOS away from calcium sources. This 

sequestering could become significant under stressful conditions such as oxidative 

stress, when NO can easily react with free radicals to form peroxynitrite and other 

harmful reactive species (Malinski et al., 2007). In addition, the function of nNOS in 

the nucleus could be to regulate nuclear protein localization. Interestingly, nNOS 

regulates the transcriptional co-repressor, CtBP, changing its localization from the 

nuclear to the cystosolic compartment (Riefler et al., 2001). Furthermore, nNOS 

could contribute to the production of NO in the nucleus to affect the function of 

nuclear proteins. This idea is supported by the fact that different transcription factors 

are regulated by the NO-mediated post-transcriptional modification, S-nitrosylation 

(De la Torre et al, 1998; Zhuravliova et al., 2007). 

In summary, in accordance with previous results in the literature, I show that 

the nNOSa splice variant is present in the neuronal cytoplasm. I also report that 

nNOSa can be found in the nuclear compartment. The trafficking of nNOSa to this 

compartment may represent a new mechanism of enzyme regulation or function that 

has not been previously described. 
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4.2.2. Trafficking of neuronal nitric oxide synthase alpha (nNOSa) 

The cellular cytoskeleton is designed to provide rapid trafficking of proteins 

over long distances where diffusion is not an option (Pfister et al., 1999). Because 

neurons have long dendrites and axons many proteins employ the cytoskeleton to 

reach their final destination (Guzik et al., 2004). Since nNOS is present in the axonal 

and dendritic compartments and has been shown to localize to actin and microtubules 

(Loesch et al., 1994), it is possible that its trafficking is also mediated by the neuronal 

cytoskeleton. To begin understanding the trafficking of nNOSa in neurons, I studied 

the mobility of nNOSa-EGFP in primary cortical neuronal cultures and its regulation 

by the chaperone HSP90 and the hormone estrogen. 

EGFP is a small fluorescent protein that diffuses freely in the intracellular 

environment without using the cytoskeleton (Swaminathan et al., 1997). Here I show 

that nNOSa-EGFP movement in primary cortical neurons was very rapid and 

comparable to EGFP alone. Interestingly, proteosomes, which are large protein 

complexes, diffuse freely and comparably to the small GFP in HEK293 cells (Reits et 

al., 1997). Therefore, it is not surprising that a large protein like nNOSa-EGFP 

diffuses in a similar fashion as a smaller protein like EGFP. Similarities between 

nNOS and EGFP mobilities suggest that nNOS trafficking is mediated by simple 

diffusion as well. In support of this idea, the NOS isoform, eNOS, which shares 50% 

structural similarity with nNOS, diffuses freely in the cytosol of endothelial cells 

when it is not post-trancriptionaly modified by palmitoyl groups that target it to the 

plasma membrane (Sowa et al., 1999). 

74 



HSP90 is a non-conventional chaperone that binds to nNOS (Bender et al., 

1999) and affects the trafficking of different proteins such as Rab GTPases and the 

glucocorticoid receptor (Galigniana et al., 2004; Chen et al., 2006). In this study, 

inhibition of HSP90 increased nNOS mobility suggesting that HSP90 binding to 

nNOS may modulate the enzyme trafficking and interaction with other proteins. Since 

HSP90 facilitates nNOS maturation and stabilization (Osawa et al., 2003), I raise the 

possibility that HSP90 regulates nNOS trafficking by stabilizing the nNOS enzyme 

and facilitating its interaction with other proteins. 

nNOS activity is regulated by the steroid hormone, estrogen (Alexaki et al., 

2004). In this study, estrogen was shown to significantly delay nNOS mobility in 

primary cortical neurons. One potential explanation for this effect is that estrogen 

treatment increases nNOS protein-protein interactions, which, in turn, affect nNOS 

mobility. In agreement with this idea, estrogen was reported to influence nNOS 

association with PSD95 in rat brains (d'Anglemont de Tassigny et al., 2007). Effects 

of estrogen on nNOS mobility occurred within 10 minutes and did not last more than 

one hour. This rapid effect suggests that estrogen did not act through the classical 

genomic pathway in which estrogen receptors are translocated to the nuclear 

compartment to initiate gene transcription (Marino et al., 2006). 

In summary, I show that nNOSa diffuses very rapidly in neurons and that this 

diffusion may be regulated by the chaperone, HSP90, and the hormone, estrogen. 

These findings provide new insights on the possible mechanisms by which nNOS is 

regulated in neurons. 

75 



4.2.3. Sub-cellular localization of neuronal nitric oxide synthase beta 

(nNOSp) 

The nNOSp splice variant is present in discrete areas of the brain and only in 

neurons that contain the nNOSa variant (Eliasson et al., 1997). Because a specific 

antibody for nNOSP is lacking, no previous studies have been done on its distribution 

in neurons at the immunocytochemical level. 

My data show that the distribution of nNOSP chimeras is very similar to that 

of the nNOSa variant. nNOSP diffuses throughout the neuronal cytoplasm including 

the neurites and nucleus. As I proposed for nNOSa, nNOSP may lack an intrinsic 

signal for preferential trafficking to specific organelles and its over-expression may 

saturate its binding partners. Here I showed that, while a small pool of nNOS(3-EGFP 

is present in the neuronal nucleus, in some cells nNOSP-EGFP is present in this 

compartment to a similar extent to that of the cytoplasm. This localization of nNOSP-

EGFP is interesting since it indicates that nNOSp may have a variety of functions in 

the cell such as the regulation of nuclear proteins as I previously hypothesized for 

nNOSa variant. 

Because nNOS lacks a classical nuclear localization signal (NLS), the nuclear 

localization of nNOSa and nNOSP might be mediated by an unconventional NLS yet 

to be found or by another protein that binds to nNOS. Nuclear transport of proteins 

that lack an NLS has been shown for proteins such as the Id family of helix-loop-helix 

(HLH) transcriptional regulators (Deed et al., 1996). nNOS nuclear localization might 

not depend on the nNOS PDZ domain since the nNOSp variant lacks this domain 

(Brenman et al., 1996). 
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In summary, I show that nNOSfS localization in the neuron is similar to that of 

nNOSa. Over-expressed nNOSfS was not specifically targeted to any neuronal 

compartment, which suggests that nNOSfS localization may also depend on protein-

protein interactions for its trafficking to specific regions of the neuron under certain 

physiological circumstances. These interactions cannot be mediated by the PDZ 

domain, which mediates most of the known protein interactions found for nNOSa. 

Interestingly, nNOSP is also found in the nucleus, which opens a new perspective on 

the role of this splice variant in the brain. 

4.2.4. Interactions of neuronal nitric oxide synthase alpha (nNOSa) and 

beta (nNOSP) with PSD95 

Postsynaptic density protein 95 (PSD95) is a scaffold protein with multiple 

protein-protein interaction domains that organizes receptors and signal transduction 

molecules at the synapse (Dosemeci et al., 2007). PSD95 accumulates in distinct 

synaptic foci (puncta) when it is over-expressed in mature neurons (Gerrow et al., 

2006). 

Interestingly, nNOSa-HA and nNOSp-HA displayed a punctate pattern when 

they were co-expressed with PSD95 in primary cortical neurons. nNOSa-HA co-

localized with PSD95 puncta suggesting that the two proteins interact. This is not 

unexpected since nNOSa interaction with PSD95 is well established (Brenman et al., 

1996). 

Surprisingly, nNOSP-HA was also colocalized with PSD95 in puncta. This 

colocalization was unforeseen as nNOSP lacks the PDZ domain which is known to 

mediate the nNOSa-PSD95 interaction. This co-localization also raises the possibility 
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that nN0S(3 binds PDS95 through another protein. In this case, a very attractive 

hypothesis is that nNOS(3 and nNOSa form a heterodimer. Dimer formation is 

indispensable for nNOS activity (Panda et al., 2003) and it has been shown that 

nNOSa is capable of inter-isoformal dimerization with iNOS when overexpressed in 

COS-7 cells (Watanabe et al., 1998). In further support of this idea, it was 

demonstrated that, unlike eNOS and iNOS, the N-terminal leader sequences lacking 

in nNOS(3 are not required to form a nNOS dimer (Panda et al., 2003). Furtheremore, 

nNOS homodimer formation was disrupted by chimeras made only of mutant heme 

and reductase domains (Phung et al., 1999). I raise the possibility that 

heterodimerization may be a way by which splice variants are regulated. This 

heterodimerization may affect nNOS protein-protein interactions and the overall 

trafficking and activity of the enzyme. 

In summary, in this study I show that nNOSa co-localizes with the important 

scaffold protein, PSD95. nNOS binding to PSD95 has been reported by others 

(Brenman et al., 1996). In addition, I report the unexpected finding that nNOS(3 also 

co-localizes with this scaffold protein. This finding is important because it suggests 

that nNOSP also participates in the synapse, adding more complexity to the functions 

of nNOS in regulating synaptic strength. 

4.3. nNOS is trafficked to aggregates in primary cortical neurons 

4.3.1. nNOS aggregations are aggresome-like structures 

In this study, nNOS was seen aggregated in perinuclear and/or somal 

inclusions that were found near the Golgi apparatus in primary cortical neurons. The 
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numbers of cells containing nNOS aggregations were higher in mature neurons in 

comparison to young neurons suggesting that these aggregations are related to 

neuronal maturation or a consequence of expected stress related to longer culture 

times (King et al., 2006). Nevertheless, as I will explain below, I did not detect signs 

of degeneration in neurons bearing nNOS aggregates. 

Interestingly, in some neurons containing nNOS aggregations, nNOS was not 

present throughout the soma and neurites suggesting that nNOS aggregations may 

deplete nNOS from the sub-cellular regions were it is normally found, and thus 

decrease NO production. 

Aggresomes are a cellular response to misfolded or aggregated proteins 

(Johnston et al, 1998). Their formation involves trafficking of aggregated proteins 

along microtubules to perinuclear sites, reorganization of intermediate filaments, and 

recruitment of components of the proteaosome machinery such as ubiquitin and heat 

shock proteins (Johnston et al., 1998). In this study, neurons containing nNOS 

aggregates also contained aggregated ubiquitin which indicate that nNOS aggregates 

could be aggresomes. However, neither HSP90 nor neurofilament-M were aggregated 

with nNOS. Interestingly, HSP90 is not always present in aggresomes (Kovacs et al., 

2006), so other studies focusing on the presence of other chaperones are necesary to 

further characterize nNOS aggregations. 

In summary, the perinuclear localization and ubiquitin distribution support the 

idea that nNOS aggregates are aggresome inclusions, whereas HSP90 and 

neurofilament distribution exclude them from this category. Therefore, I will refer to 

these inclusions as aggresome-like. 
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4.3.2. Neurons containing nNOS aggregations may not be degenerating 

In this study, neurons containing nNOS aggregates did not show signs of 

activation of caspase-3, abnormal MAP-2 staining, or specific Golgi fragmentation. 

Because caspase-3 is a pro-apoptotic protein, I conclude that neurons containing 

nNOS aggregates are not undergoing caspase-dependent cell death. In addition, since 

MAP-2 is very sensitive to proteolysis and its staining is lost or its distribution is 

modified after neuronal exposure to different cellular stressors (Minana et al., 1998; 

Pirondi et al., 2005), I conclude that a major degenerative process is likely not 

occurring in neurons presenting aggregates. Finally, Golgi fragmentation, which has 

been proposed to be involved in non-apoptotic neurodegenerative processes (Gonatas 

et al., 2006), is not specifically occurring in cells containing nNOS aggregations, 

suggesting again that cell death is not occurring in these neurons. 

In support of these conclusions, a-synuclein, a protein that form aggresome-

like inclusions (called Lewi bodies) in cortical neurons of Parkinson's disease 

patients (Olanow et al., 2004), did not form similar inclusions as those seen for nNOS 

in primary cortical neurons. Over-expressed a-synuclein, on the other hand, has been 

shown to aggregate in primary neurons (McLean et al., 2001). 

Taken together, these results suggest that nNOS aggregations are not the 

consequence of cell death mechanisms occurring in the neurons but rather a nNOS-

specific phenomenon. 

4.3.3. Mechanism of formation of aggresome-like inclusions 

HSP90 is a known unconventional chaperone that controls NO production by 

regulating nNOS activity (Song et al., 2001) and degradation (Osawa et al., 2003). In 
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this study HSP90 inhibition induced the formation of nNOSa-EGFP and nNOS(3-

EGFP aggregates in primary cortical neurons and HEK293 cells. Interestingly, 

inhibition of HSP90 in nNOS-transfected HEK293 cells has been previously shown 

to decrease the amount of nNOS protein in the soluble fraction and greatly increase it 

in the insoluble fraction (Peng et al., 2004). nNOS presence in the insoluble fraction 

may be due to its trafficking to detergent-insoluble aggresomes (Garcia-Mata et al., 

1999). Therefore, this work follows that of others who have demonstrated that HSP90 

is a strong regulator of nNOS stability. 

Here, I show that, after treatment with the HSP90 inhibitor geldanamycin, 

nNOSa-EGFP and nNOS(3-EGFP form one typical perinuclear aggresome in each 

HEK293 cell, and numerous somal aggregates in neurons. This difference in 

aggregate number suggests that the mechanisms of protein aggregation in neurons 

may differ from those present in other cells. In support of this idea, it has been shown 

that in the presence of proteosome inhibitors, overexpressed a-synuclein forms a 

perinuclear aggregate in COS cells (Tanaka et al., 2004) but small aggregates 

distributed in the cytoplasm in primary neurons (McLean et al., 2001). 

The physiological signaling that can trigger nNOS aggregation is likely very 

complex. Based on previous studies and the results of the present study, I propose that 

the monomeric form of nNOS is preferentially trafficked to the perinuclear or somal 

inclusions seen in this work. I base this hypothesis on my results regarding the effect 

of HSP90 inhibition on the induction of nNOS aggregates, and on previous reports 

which show that HSP90 has a role in nNOS stabilization regulating the nNOS dimer 
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formation through the facilitation of heme insertion in the nNOS monomer (Billecke 

et al., 2004). 

In addition, I propose that the ubiquitylation of the nNOS monomer may be 

involved in nNOS aggregation. I base this hypothesis on the fact that HSP90 

inhibition was shown to induce ubiquitylation of the nNOS monomer, which induces 

nNOS degradation by the proteaosome complex (Bender et al., 2000), and on my 

results regarding the presence of ubiquitin aggregations in cells containing nNOS 

aggregates. 

Since ubiquitylation is a label for nNOS degradation by the proteaosome 

(Bender et al., 2000), it is possible that nNOS aggregates are a consequence of excess 

ubiquitylated nNOS that was not degraded by the proteosome. Interestingly, 

ubiquitylation is not just a marker for degradation as monoubiquitylation has also 

been found to regulate protein trafficking (Hicke et al., 1999). Therefore, it is an 

attractive possibility that nNOS ubiquitylation can specifically mediate nNOS 

trafficking to aggregates. 

The monomeric form of nNOS was induced here artificially by the HSP90 

inhibitor geldanamycin. nNOS monomerization can also occur in response to nNOS 

inhibition (Noguchi et al., 2000). In addition, nNOS monomerization can ocurr 

physiologically in response to different stimuli including heme availability (Albakri et 

al., 1996), tetrahydrobiopterin depletion (Reif et al., 1999), dimerization inhibition 

(McMillan et al., 2000), S-nitrosylation (Ravi et al., 2004), and PIN binding (Fan et 

al., 1998). In addition, HSP90 can also be inhibited physiologically by S-nitrosylation 

(Martinez-Ruiz et al., 2005). Therefore, nNOS may autoregulate itself by mediating 
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HSP90 inhibition, and it is likely that nNOS degradation and aggregation are 

similarly regulated. 

The mechanism by which nNOS is trafficked to these somal aggregations may 

depend on dynein and microtubules as both have been shown to be important for 

aggresome formation (Johnston et al., 2002). Interestingly, the nNOS interactor PIN, 

which inhibits nNOS activity, is a dynein light chain (Liang et al., 1999), so it is an 

attractive possibility that it could mediate nNOS movement to perinuclear inclusions. 

In summary, I show here that inhibition of HSP90 induces the formation of 

nNOS aggregates. HSP90 has been shown to be important for the stabilization of the 

nNOS dimer (Billecke et al., 2002). Therefore, I hypothesize that nNOS 

monomerization is involved in nNOS trafficking to aggregates (Figure 20). In this 

case, a hypothesis for this phenomenon is that the trafficking of nNOS monomers to 

aggregates may prevent dimer reconstitution and subsequent NO production. This 

idea is supported by the fact that nNOS monomer can easily reconstitute the dimer. 

For example, nNOS expressed in heme depleted insect cells is activated from the non

functional monomer to the dimer upon addition of exogenous heme to the culture 

medium (Billecke et al., 2004). 

4.3.4. Implications of nNOS aggregations 

Importantly, eNOS and iNOS isoforms, which share 50% homology with 

nNOS, have been reported to be trafficked to somal aggregations (Jiang et al., 2003; 

Kolodziejska et al., 2005). iNOS formed aggresomes after its expression was induced 
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Figure 20. nNOS monomerization induces aggregation. The active nNOS dimer 
can undergo monomerization under different physiological conditions or artificial 
conditions as with the HSP90 inhibitor geldanamycin or nNOS inhibitors. nNOS 
monomers can bind the ubiquitin ligase CHIP which may ubiquitylate them. 
Ubiquitylation targets nNOS to the proteasome-complex or to perinuclear 
aggresomes. In addition, the dynein light chain, PIN, may mediate trafficking of the 
monomers to the perinuclear aggregates. 
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with various cytokines in different cell lines. In addition, overexpressed iNOS-EGFP 

in HEK293 cells formed aggresomes after cells were treated with the HSP90 inhibitor 

geldanamycin. These iNOS aggregations may constitute a form of enzyme regulation 

called "physiological aggresome" by the authors of the study (Kolodziejska et al., 

2005). iNOS does not need calcium for its activation and this mechanism of 

regulation may represent a rapid way of preventing NO production when iNOS is 

expressed in the cell (Kolodziejska et al , 2005). Nevertheless, iNOS was also found 

in complexes with HSP90 (Antonova et al., 2007) and inhibition of HSP90 decreased 

NO production and toxicity in macrophages (Yoshida et al., 2003). Therefore, HSP90 

may also be involved in iNOS stabilization and it is possible that the iNOS aggresome 

shown by Kolodziejska in 2005 after geldanamycin treatment was directly related to 

iNOS protein instability. 

Similarly, eNOS was shown to be trafficked to insoluble inclusions when the 

C-terminus of Hsp70 interacting protein (CHIP) was overexpressed in endothelial 

cells (Jiang et al., 2003). The authors concluded that eNOS trafficking to an inactive 

detergent-insoluble pool prevents normal trafficking of eNOS to different sub-cellular 

compartments. 

In the present study, I report for the first time the localization of an 

endogenous protein to intracellular aggresome-like inclusions in primary neuronal 

cultures. I conclude that nNOS, as its counterparts, eNOS and iNOS, can be regulated 

by aggregation. However, I do not rule out the possibility that the presence of nNOS 

aggregates could have repercussions on the neuronal survival as has been proposed 

for protein aggregations in general (Ross et al., 2005). Interestingly, nNOS has been 
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reported to be present in neurofilament accumulations during amyotrophic lateral 

sclerosis (Chou et al., 1996). It is also noteworthy that a clear idea of the 

circumstances in which protein aggregates are toxic or protective in neurons is 

lacking. An example of a non-toxic aggregation in neurons is the transient 

localization of the glutamate receptor subunit 1 (GluRl) to aggresome-like structures 

in the gray matter of normal developing rat spinal cord (Serrando et al., 2002). 

Since protein aggregation can be detrimental or beneficial for neurons, it is 

premature to speculate about the overall cellular effects of nNOS aggregations. 

Nevertheless, based on my results regarding the absence of signs of neuronal 

degeneration in nNOS aggregate-bearing cells, and on others' findings regarding 

iNOS and eNOS regulation by aggregation, I raise the possibility that nitric oxide 

synthases share a common aggregation-prone characteristic that may contribute to a 

rapid mechanism for NO downregulation. This mechanism could have important 

consequences in neurons as nNOS is involved in different neuronal functions (Prast et 

al., 1998; Sergeeva et al., 2007) and is a key player in neuronal survival (Guix et al., 

2005; Pacheretal., 2007). 

4.4. Concluding remarks 

Overall, my results demonstrate new mechanisms by which nNOS may be 

regulated. Here, I show that the nNOS(3 splice variant may have a more widespread 

function than previously thought since it can localize to neuronal synaptic sites 

through PSD95 and to different neuronal compartments including the nucleus. I also 

show that both nNOSa and nNOSp are regulated by HSP90 and localize to somal 
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aggregations. Nevertheless, more studies are required to understand the mechanisms 

and physiological importance of these findings. 

Interestingly, the use of HSP90 inhibitors has been proposed for the treatment 

of neurodegenerative diseases such as polyQ-mediated motor neuron degeneration, 

(Waza et al., 2006) and multiple sclerosis (Dello Russo et al., 2006). In addition, 

HSP90 inhibitors have been proposed to be used to inhibit c-Jun N-terminal kinases 

(.INK) signaling involved in diseases such as Parkinson and Alzheimer disease (Gallo 

et al., 2006). Furthermore, aggregation of a-synuclein, which is involved in 

Parkinson's disease (Olanow et al., 2004), is prevented by HSP90 inhibition (McLean 

et al., 2004). Therefore, it would be important to further study the effects of HSP90 

inhibition on other HSP90 client proteins such as nNOS that play a key role in 

neuronal survival. 

The aggregation of nNOS in neurons is a very important finding because it 

may represent another level of nNOS regulation. A better understanding of nNOS 

mechanisms of action and regulation will contribute to the design of strategies to 

manipulate its activity during disease. 

4.5. Future directions 

Several different directions are worth pursuing based on the findings 

presented in this thesis. I propose future experiments to be focused on answering the 

following questions: 1) What is the physiological significance of nNOS trafficking to 

the nuclear compartment? 2) How is nNOSp trafficked to PSD95 pucta? and 3) What 

are the characteristics of nNOSa and nNOSp aggregates in neurons?. 
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4.5.1. What is the physiological significance of nNOS trafficking to the 

nuclear compartment? 

nNOS trafficking to the nuclear compartment has not been studied before. 

Nevertheless, there are a few reports mentioning this trafficking in astrocytes and 

neutrophils (Yuan et al., 2004; Saini et al., 2006). To start assessing the relevance or 

mechanism of this trafficking, nNOS protein chimeras with a nuclear localization 

signal can be designed and transfected into a cell line. After crosslinking treatments, 

pull down experiments can be performed to recover the proteins that are bound to 

nNOS in the nuclear compartment. Mass spectrometry analysis could reveal new 

interactors of nNOS in this compartment, thus helping to clarify the significance of 

nNOS in the nucleus. 

4.5.2. How is nNOSp trafficked to PSD95 pucta? 

My result regarding nNOS(3 interaction with PSD95 indicates that the 

participation of nNOS at the synapse may be more regulated than was thought before. 

To follow up on this result it would be important to first confirm that nNOS(3 is 

actually present in PSD95 clusters. To accomplish this, I would over-express nNOS(3 

and PSD95 in primary neuronal cultures and lyse the cells to obtain the synaptic 

fraction (Yoshimura et al., 2004). I would perform a western blot with this fraction to 

determine if nNOS(3 is present in postsynaptic density clusters. In addition, it would 

be interesting to confirm the hypothesis that nNOSa and nNOSp heterodimerize. To 

test for NOSa and nNOSp heterodimerization, a cell line can be transfected with 

different combinations of nNOSa, nNOSp and PSD95 constructs. Pull-down assays 

can be performed to show whether nNOSp requires nNOSa to bind to PSD95. 
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4.5.3. What are the characteristics of nNOSa and nNOSp aggregates in 

neurons? 

nNOS trafficking to aggregates may represent an alternate mechanism by 

which nNOS protein is regulated. To further elucidate the nature of nNOS aggregates, 

it is important to determine which characteristics of aggresomes are shared by nNOS 

aggregates. Because aggresomes are rich in heat shock proteins and localize to the 

centrosome (Johnston et al., 1998), it would be important to evaluate if y-tubulin and 

heat shock protein 70 (HSP70) are also present in nNOS aggregates. In addition, 

since aggresomes depend on microtubules for their formation (Johnston et al, 2002), 

I would study whether nNOS aggregates also depend on microtubules for their 

rafficking by treating nNOS expressing cells with a microtubule disruption agent 

together with geldanamycin. 

Experiments can also focus on identifying the events that trigger nNOS 

trafficking to those aggregations. It would be important to elucidate whether the 

monomeric form of nNOS is preferentially trafficked to aggregates, using other dimer 

destabilizing agents instead of geldanamycin, such as nNOS inhibitors like the 

irreversible inhibitor guanabenz (Noguchi et al., 2000) or PIN (Fan et al., 1998). 

Conversely, the artificial stabilization of the nNOS homodimer with compounds such 

as 7-nitroindazole (Noguchi et al., 2000) in conjunction with geldanamycin treatment 

would clearly establish if enzyme instability is important for nNOS formation of 

aggresome-like inclusions. 
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