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ABSTRACT 

Oxidative stress is one of the major characteristics in Alzheimer’s disease, and 

converging evidence indicates that cysteine S-nitrosylation might be related in AD 

pathology. My results demonstrated exogenous S-nitrosoglutathione was able to 

S-nitrosylate vAChT, vMAT2, vGluT1 and vGluT2. S-nitrosylation of these vesicular 

transporters inhibited the uptake of [3H]acetylcholine, [3H]dopamine and [3H]glutamate 

respectively.  

APP/PS1 transgenic mice were used to investigate neurotransmission dysfunctions 

of Alzheimer’s disease. Global protein S-nitrosylation was increased in the 9 and 12 

month APP/PS1 mice. Further investigation demonstrated an increase of vAChT and 

vGluT1 S-nitrosylation in frontal cortex of 6, 9 and 12 month APP/PS1 mice and an 

increased vAChT and vGluT1 S-nitrosylation was found in hippocampus of 3 month 

APP/PS1 mice.  

     These findings together suggest that S-nitrosylation of vesicular transporters 

inhibits the uptake of neurotransmitters, and S-nitrosylation of vAChT and might be 

associated with the neurotransmission dysfunction of acetylcholine and glutamate in 

Alzheimer’s disease.  
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CHAPTER 1: INTRODUCTION 

1.1 Introduction of Alzheimer’s Disease 

Alzheimer’s disease (AD) was first described by Dr. Alois Alzheimer for the demented 

female patient, Auguste D. in 1906. Over the past one hundred years, it has become the 

most common and the leading cause for dementia in the aged population, accounting for 

an estimated 60-80% of all cases [1]. It is reported that in the United States, 

approximately 5 million people now are suffering from AD, with a prediction of 50% 

increase by the year of 2025 [2]. AD is recognized as a neurodegenerative disorder. 

Tremendous amounts of cell injury and loss have been found in various parts of the 

brain, particularly in the hippocampus and neocortex of patients with AD [3]. One of 

most common characteristics in AD pathogenesis is that synaptic deficits could be 

observed before cellular death, which attributes to intellectual and cognitive declines in 

AD patients [4,5]. Yet the cause of AD is not fully understood. In all the cases, a 

majority of AD patients are sporadic, which is not contributed by heritance, while the 

other small proportion of the patients is familial, mainly related to three genes: 

β-amyloid precursor protein (APP), presenilin 1 (PS1) and presenilin 2 (PS2) [6]. AD 

patients might experience memory loss, cognitive impairments and behavioral changes 

like aphasia, apraxia, agnosia and executive dysfunction. Still there is no cure for this 

disease. Irrespective of genetics, advancing age is the leading cause to AD pathology, 

with the fact that people over 65 years of age are more vulnerable to get the disease.  
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1.2 Neuropathology of Alzheimer’s Disease 

Although the clear mechanisms of AD are not fully understood, Aβ plaques, 

neurofibrillary tangles (NFTs) and deficits of neurotransmitter systems have been 

identified to be the main pathological factors of AD [6,7,8]. 

 

1.2.1 Aβ Hypothesis 

β-amyloid (Aβ) plaques result from aggregation of Aβ peptides that originate from 

cleavage of APP by β-secretase and γ-secretase [6]. Three major alleles of APP gene, 

located on chromosome 21, are responsible for the production of APP695, APP751 and 

APP770 (containing 695, 751, and 770 amino acids, respectively) [9], in which APP695 

is predominantly expressed in neurons [10,11]. APP751 and APP770 are mainly 

responsible for senile plaques in the skin. The gene splicing with APP production in the 

brain suggests APP RNA dysregulation may contribute to pathogenesis of AD [12]. In 

APP family, though APP subtypes share some common conserved domains such as E1, 

Aβ domain is unique in each APP protein. APP is able to undergo rapid transport in 

neurons. In most of the cases, APP is transported from endoplasmic reticulum (ER) and 

then through trans-Golgi-network (TGN) facilitated by kinesin-I, finally onto cell 

membrane [13], where APP can be metabolized by α-, β- and γ-secretases to produce 

various products with different functions.  
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     Multiple sites in APP can be recognized and then cleaved by specific secretases 

(Fig 1). APP in neurons can be first cleaved by either endoprotease α-secretase or 

β-secretase and then by another endoprotease γ-secretase [14]. γ-secretase is a protease 

made up of nicastrin, anterior pharynx-defective 1 (APH-1), presenilin enhancer 2 

(PEN-2), and PS 1 or PS2 [15]. The cleavage site for α-secretase is at the Lys16-Leu17 

bond (within Aβ domain), with the products of soluble α amyloid precursor protein 

(sAPPα) and α carboxyl terminal fragments (αCTF) [16,17]. αCTF can be further 

cleaved by γ-secretase to produce the small peptide p3 and APP intracellular domain 

(AICD). sAPPα plays important roles in neuronal plasticity and neuronal survival and it 

has protective properties against neuronal excitotoxicity [18,19]. Recently it is reported 

AICD can facilitate APP’s intracellular trafficking and/or signal transduction by 

interacting with cytosolic factors. These interactions with different factors are normally 

controlled by the phosphorylation and de-phosphorylation of AICD [20]. AICD also has 

various roles in regulating transcription of multiple genes including Glycogen Synthase 

Kinase-3β (GSK3β), KAI1, neprilysin, BACE1 (β-site APP-Cleaving Enzyme), p53 and 

LRP1 (Lipoprotein Receptor-related Protein 1) [21-26]. P3 fragment, the other 

end-product comes from αCTF, will be degraded soon after cleavage and usually doesn’t 

have any functions. 

     Alternatively, APP can be first cleaved by the β-secretase (BACE1), with the 

products of soluble ectodomain soluble beta amyloid precursor protein (sAPPβ) and β 
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C-terminal fragment (βCTF) [16,27]. The transmembrane domain on βCTF is then 

cleaved by γ-secretase, releasing Aβ and AICD. On βCTF, there are multiple cleavage 

sites for γ-secretase, leading to various metabolites, such as Aβ1-40 and Aβ1-42 [16]. 

sAPPβ differs from sAPPα by lacking the Aβ1-16 region at its C-terminal. For the 

product functions, sAPPβ is reported to be a death receptor ligand, which could mediate 

axonal pruning and neuronal cell death [28]. The main end-products from βCTF are 

Aβ1-40 and Aβ1-42, standing for the number of amino acids within the Aβ peptides [16]. 

Recent studies have reported that Aβ participants in various signaling pathways, and 

also co-works with other risk factors in AD pathology [12,16,27,29-31]. Aβ toxicity 

mainly depends on several factors such as Aβ’s peptide length, concentration and even 

conformational states [12,31]. Though the primary pathogenic event triggering synaptic 

loss and selective neuronal cell death in AD is still in debate, it is widely accepted that 

the most toxicity comes from Aβ oligomers, rather than insoluble fibrils. Basic units for 

Aβ oligomers are Aβ1-40 and Aβ1-42. Aβ1-40 is the major product for β-secretase and 

γ-secretase cleavage, however, Aβ1–42 monomers, under pathological conditions, are 

more prone to being aggregated and can be assembled into potential toxic oligomers [12, 

29-31]. It has been reported that Aβ oligomers can cause synapse loss and neuronal 

death by disrupting various signaling pathways like fyn kinase, GSK3β and 

Cyclin-dependent kinase-5 (Cdk5) pathways [32]. Meanwhile, in a lot of studies, it is 

reported that Aβ can increase oxidative stress, hyperactivate N-methyl-D-aspartate 

(NMDA) receptors and contribute to mitochondrial dysfunction [33-36]. 
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Figure 1. Metabolism of APP by secretases. APP can be cleaved in two pathways: the 
non-amyloidogenic pathway (upper) or amyloidogenic pathway (bottom). 
Abbreviations: APP-Amyloid Precursor Protein; sAPPα-Soluble Amyloid Precursor 
Protein α; sAPPβ-Soluble Amyloid Precursor Protein β; αCTF-α-secretase-cleaved C 
Terminal Fragment; βCTF-β-secretase-cleaved C Terminal Fragment; AICD-Amyloid 
Precursor Protein Intracellular Domain.  

 

1.2.2 Tau Hypothesis  

Another hallmark of the disease is NFTs that result from hyperphosphorylation of tau 

proteins in the neurons [37]. Tau proteins are expressed in axons and normally they bind 

to tubulin to stabilize microtubules. In AD pathology, tau hyperphosphorylation is 

supposed to be closely related to Aβ toxicity. In neurons, Aβ can increase the activity of 

different kinases including Mitogen-Activated Protein Kinase (MARK), GSK3β, and 

Cdk5 [38]. The increased activity of these kinases will hyperphosphorylate tau proteins, 

leading to disassociation of tau proteins from microtubules [7,8,38]. The disassociated 

tau proteins will then aggregate into non-filamentous inclusions such as toxic NFT, and 
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neurotoxic neuritic plaques [38]. The NFTs thus destabilize microtubules, causing 

impairments in axonal transport and neuronal dysfunction [7,8,38].  

 

1.2.3 Cholinergic and Glutamatergic Dysfunctions in Alzheimer’s Disease 

In AD, the dysfunction of cholinergic and glutamatergic systems is implicated in the 

progression of AD [43]. Degeneration and loss of trophic support for the cholinergic 

neurons of the basal forebrain is one of the hallmarks of early AD patients [44]. The 

cholinergic deficits lead to decreased synthesis of acetylcholine [45]. In human brains, 

acetylcholine is an essential neurotransmitter in CNS and PNS that modulates multiple 

cognitive processes including selective attention, sensory input and associative thinking 

[46,47]. These functions are largely supported by the projections from cholinergic nuclei 

in the basal forebrain into virtually all cortical areas. However, they are severely 

damaged in early stage of AD [48,49]. It is also evidenced that cholinergic deficits might 

contribute to amyloid deposition and plaque formation [44].  

     Glutamate is the main excitatory neurotransmitter in CNS and PNS, which is 

involved in many processes such as long term memory. The glutamate receptors are 

divided into AMPA (α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and 

NMDA receptors, both of which are ligand-gated ion channels. AMPA is permeable to 

cations including Na+ and K+ as well as a small amount of Ca2+, while NMDA is the 

main channel that is permeable to Ca2+ [50,51]. For a long term potentiation (LTP), 
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constant glutamate signaling is required to activate NMDA receptors on the 

post-synaptic terminals [52,53], which is an important hypothesis of long term memory. 

In AD, chronic, mild activation of NMDA receptors ultimately leading to 

neurodegeneration is one of the main symptoms for neurotransmission imbalance termed 

excitotoxicity [50,54]. Hyperactivation of glutamate receptors (NMDA receptors) allows 

the influx of Ca2+ ions into postsynaptic neurons, leading to increased nitric oxide (NO) 

production, increased free radicals, calcium homeostasis dysfunction, activation of 

proteases, increased cytotoxic transcription factors and neuronal cell death [55,56]. 

The dysfunction of cholinergic and glutamatergic systems as well as other 

neurotransmitter systems contribute to the cognitive changes and neuropathology of AD. 

Therefore, a large category of current available drugs on the market for mild to moderate 

stage of AD are used to enhance acetylcholine level in the brain, for instance, donepezil, 

rivastigmine and galantamine [57]. Second generation drug memantine is also used as a 

non-competitive antagonist to block the hyperactivity of NMDA receptors caused by 

glutamate [56,57].  

 

1.3 APP/PS1 Animal Model in Alzheimer’s Disease Research 

In human patients, AD is characterized by memory loss, cognitive impairments and 

behavioral changes like aphasia, apraxia, agnosia and executive dysfunction. However, 

with the limitation of human study, the recent understanding of AD pathology 

7 
 



tremendously comes from AD transgenic animal models. Within these models, APP/PS1 

model is largely used, mainly focusing on mimicking amyloid plaques. It provides 

useful and practical platforms for understanding the role of Aβ in AD pathogenesis.  

APP/PS1 mice express a chimeric mouse/human APP (K670N/M671N Swedish 

mutations) and a mutant human PS1 (M146L) controlled by prion promoter elements 

[60] (Fig 2). APPK670N/M671N/PS1M146L mice were generated by crossing APPK670N/M671N 

single transgenic mice with PS1M146L single transgenic mice [60]. The amount of 

fibrillogenic Aβ1-42 species produced is 5 times higher by 6 month of age than the 

control group [60]. 

 

Figure 2. Gene mutations of APP/PS1 animal model. APP/PS1 mice overexpress a 
chimeric mouse/human APP K670N/M671N Swedish mutations and a mutant human 
PS1 carrying M146L. Abbreviation: APH-1-Anterior PHarynx-defective 1, 
PEN-2-Presenilin Enhancer 2. 

 

     Behavioral deficits have also been widely reported in the APP/PS1 transgenic 

mouse model. A review of the literature shows that APP/PS1 mice exhibit a number of 
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cognitive deficits detected by elevated plus maze (EPM), T maze, Y-maze and Morris 

Water Maze (MWM). The damage of spatial memory is one of the main cognitive 

changes detected in this model, and the damage could be detected as early as 6 month of 

age [61-68]. Short term memory loss was also reported as early as in 3 month in a T 

maze test [69]. Significant increased level of anxiety was also detected in the elevated 

plus maze and open field test in young and old transgenic mice [51]. The APP/PS1 

double transgenic mice also tended to be more active than the wild type mice, which 

might be related to the aggressive behaviors caused by AD [61,70]. Though this model 

cannot fully mimic AD symptoms in human being, it does provide researchers with 

various materials to investigate mechanisms of AD pathology, and develop therapeutic 

agents. 

 

1.4 Introduction of Oxidative Stress  

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are a series of 

molecules that contain one or two unpaired electrons. Among these reactive molecules, 

hydroxyl radical (OH), superoxide, nitric oxide (NO), peroxnitrite (ONOO-), transition 

metals (copper and iron), 4-Hydroxynonenal (4-HNE) are the most abundant species 

[71]. Under physiological conditions, ROS production is balanced by innate antioxidant 

system, which consists of chemical substances and enzymes such as superoxide 

dismutase (SOD), glutathione (GSH), glutathione peroxidase, thioredoxin (Trx) and 
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others. However, when the antioxidant system is overwhelmed by the increased 

oxidative stress, overproduced ROS causes oxidative damage to DNA, lipids and 

proteins [78,79,142]. ROS and RNS such as hydrogen peroxide, hydroxyl radicals, 

4-HNE and peroxynitrite can further oxidatively modify proteins, including 

carbonylation, nitration, oxidation and S-nitrosylation of the proteins, which might alter 

protein structures, silent enzymatic activity, or interference with regulatory protein 

interactions [72]. Therefore, oxidative protein modification may result in changes of 

protein activity, alteration of protein-protein interactions, abnormal protein aggregation 

and apoptosis.  

 

1.4.1 Oxidative Stress in Alzheimer’s Disease 

Increasing evidence suggests that oxidative protein modification significantly 

contributes to pathophysiological development of AD [73]. Since AD is an 

age-dependent disease and mainly occurs in elderly people over 65 years old (except for 

familial patients), ageing is a leading factor for the disease. The free radical theory is a 

very important hypothesis of aging, which demonstrates that accumulated oxidative 

damage by overproduction of free radicals over time due to deficits of antioxidant 

systems [74,75]. Overproduced ROSs cause various oxidative damages in AD [76,77]. 

Interestingly, more and more studies have reported that AD brains exhibit increased 

oxidative/nitrosative stress [78]. And within all kinds of oxidative damage, emerging 

10 
 



evidence suggests that oxidative protein S-nitrosylation significantly contributes to 

pathophysiological development of AD [79].  

 

1.5 Nitric Oxide and Protein S-Nitrosylation 

NO is produced from L-arginine catalyzed by nitric oxide synthases (NOS) including 

endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS) [80-82]. 

This process also requires cofactors/coenzymes such as nicotinamide adenine 

dinucleotide phosphate (NADPH), flavine mononucleotide (FMN) and flavin adenine 

dinucleotide (FAD) [83,84]. The actions of NO are multifaceted mainly classified into 

two categories including the classic cyclic guanosine monophosphate (cGMP) dependent 

actions and cGMP-independent actions [85]. Studies have shown that NO at nanomolar 

concentrations are sufficient enough to activate guanylate cyclase (GC) and then trigger 

cGMP-dependent signals. NO-activated cGMP has been recognized to play critical roles 

in NO-mediated vasodilation [86], in various cellular signaling pathways to regulate a 

spectrum of brain functions such as neuronal developments, synaptic plasticity, and 

apoptosis [87], and contributes to immune system, neurotransmission process and 

regulation of cardiac contractility [88-90].  

     NO at higher than 50-100 μM can attack thiol groups of cysteine residues in 

proteins via covalently binding and induce protein cysteine S-nitrosylation [91-94]. 

Cysteine residues in proteins are critical in regulating enzymes, transcription factors, 
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protein structures and metal binding [95-98]. Thiols of cysteine residues are very 

susceptible to the attack by NO radicals. Like other posttranslational modifications, 

S-nitrosylation is able to trigger the conformational changes of various types of proteins.  

     In AD, nitrosative post-translational modifications of proteins are significantly 

increased mainly by cysteine S-nitrosylation [85,100-105], which is attributed to the 

overproduction of NO. In central nervous system of AD patients, NMDA glutamate 

receptors play a central role in the regulation of NO production [105]. The main 

resources of NO are coming from two major pathways. First, the hyperactivity of 

NMDA receptors caused by Aβ toxicity results in an increased Ca2+ influx. Increased 

intracellular calcium then activates nNOS and increases NO production [106-108]. 

Second, Aβ oligomers can activate iNOS in glial cells, generating high levels of NO 

[87,106,109]. The high amount of NO in AD brains might target a wide variety of 

proteins. Indeed studies have presented compelling evidence implicating that 

S-nitrosylation of proteins is involved in the pathogenesis of AD [33,110,111]. 

 

1.5.1 The Role of S-Nitrosylation in Alzheimer’s Disease 

Many studies have shown that S-nitrosylation of various proteins is increased in the 

brains of AD patients. Although the exact mechanisms of increased S-nitrosylation 

remain largely unknown, the vast majority of S-nitrosylated proteins are reported to be 
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involved in Aβ production, mitochondrial dysfunction protein misfolding and synaptic 

loss. 

 

1.5.2 Protein S-Nitrosylation on Aβ Production 

BACE1, insulin-degrading enzyme (IDE) and apolipoprotein E (ApoE) are three factors 

that regulate Aβ metabolism and aggregation. In vitro studies have shown that all of 

these three proteins can be S-nitrosylated in cell models, and increased S-nitrosylation of 

BACE1, IDE and ApoE can also be found in AD post mortem brains, suggesting a 

relationship between S-nitrosylation proteins and Aβ deposition. 

     BACE1 together with γ-secretase cleaves transmembrane APP to form Aβ 

peptides. Since BACE1 is essential for Aβ production, the expression and enzymatic 

activity of BACE1 can change Aβ deposit. Young et al. found that NO donor 

S-nitrosocysteine (SNOC) at 100 nM and higher concentrations increased 

S-nitrosylation of BACE1 in primary cultured cortical neurons [85]. They also found 

that S-nitrosylation of BACE1 inhibits its activity, in which the Aβ content was found 

significantly lower at both 100 nM and higher doses of SNOC [85]. Interestingly, 

BACE1 S-nitrosylation in AD brains was higher in Mild Cognitive Impairment (MCI) 

stage than in late AD stage, which inversely correlates with BACE1 protein levels [85]. 

These findings together demonstrated a suppressive effect on Aβ load from 

S-nitrosylation of BACE1.  
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     IDE is a conserved zinc metalloprotease (M16 family) that is responsible for the 

clearance of various hormones and peptides, including insulin and Aβ [112]. It is 

evidenced that the NO donor S-nitroso-N-acetylpenicillamine (SNAP) could increase 

S-nitrosylation of purified rat IDE enzyme [113]. In another study, Cys110, Cys178, 

Cys789, Cys819 and Cys966 residues of IDE were identified to be S-nitrosylated in the 

human IDE transfected HEK 293T cells [114]. Further study demonstrated that 

S-nitrosylation of Cys110 and Cys819 leads to complete inactivation of IDE, while 

S-nitrosylation of both Cys789 and Cys966 together also causes conformational change 

and aggregation of IDE, resulting in the inhibition of IDE activity [114]. Both of these 

two studies found various NO donors could also significantly reduce IDE enzyme 

activity, which is presented with a lower efficiency in insulin and Aβ degradation 

[113,114]. This result suggests a potential role of S-nitrosylation on IDE function and 

Aβ production. Since IDE is a very important modulator for Aβ production, inhibition of 

IDE activity by NO in the brain may increase the accumulation of Aβ, leading to 

neuronal cell death.   

     ApoE represents a family of proteins including ApoE2 ApoE3 and ApoE4, which are 

expressed in the brain [115]. ApoE is essential for the normal catabolism of 

triglyceride-rich lipoprotein metabolites. ApoE isoforms also enhance the break-down of 

Aβ both within and between cells, while ApoE4 is not as effective as the others at 

promoting these reactions. Therefore gene variation of ApoE4 normally results in 
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increased vulnerability to AD, making it one of the important genetic risk factors for AD 

pathology [116]. Alexander et al reported the S-nitrosylation of ApoE2 and ApoE3, but 

not the ApoE4 is increased in the HEK-293 cell line transiently transfected with NOS1, 

suggesting that ApoE2 and ApoE3 can be S-nitrosylated. Specifically, Cys112 and 

Cys158 in ApoE2 and Cys112 in ApoE3 were identified as S-nitrosylation sites [117]. 

S-nitrosylation of ApoE2 and ApoE3 inhibits the binding of ApoE to low density 

lipoprotein (LDL) receptors [117]. Since the activities of the ApoE isoforms are essential 

for the break-down of Aβ, the inhibitory effect caused by S-nitrosylation on ApoE2 and 

ApoE3 may potentially increase Aβ deposit, contributing to AD pathology.  

     Aβ plaques, as one of the most important pathological hallmarks in AD, contribute 

to NMDA receptor hyperactivity, synapse loss and neuronal cell death. NO might 

regulate Aβ production by S-nitrosylating Aβ-production-related proteins. In these 

findings, S-nitrosylation of BACE1 potentially suppresses Aβ production, showing a 

‘beneficial’ effect, while S-nitrosylation of IDE and ApoE potentially increases Aβ 

production, showing a ‘detrimental’ effect. These results implicate a potential 

pharmaceutical way to reduce Aβ production either by S-nitrosylating beneficial 

proteins or de-nitrosylating detrimental proteins.  

 

 

15 
 



1.5.3 Protein S-Nitrosylation on Mitochondrial Dysfunction 

Mitochondrion is the main site where the energy currency ATP is produced. 

Mitochondrial function and energy metabolism are impaired early in the course of 

Alzheimer’s disease [35]. Recently it is reported that excessive S-nitrosylation of 

mitochondrial proteins might suppress the protein functions, thus compromising at least 

partially mitochondrial functioning, especially in neurodegenerative diseases such as 

AD, where ROS/RNS are overwhelmed in certain stages of the disease [78,186]. Within 

these S-nitrosylated proteins, S-nitrosylation of dynamin-related protein 1 (Drp1) is the 

most related to mitochondrial dysfunction in AD. Drp1, as a dynamin-related Guanosine 

Triphosphatase (GTPase), is responsible for mitochondrial division and involved in 

regulation of mitochondrial fission [36,118-121]. Dong et al reported that S-nitrosylation 

of Drp-1 was increased in mouse cerebrocortical cells treated with oligomeric Aβ25-35 

and in post mortem brains of patients with sporadic AD [110,122,123]. Furthermore, 

S-nitrosylation of Drp1 accelerates mitochondrial fragmentation and neuronal synaptic 

damage in HEK 293 cells [110], indicating S-nitrosylation of Drp1 may contribute to 

mitochondrial dysfunction in AD.  

 

1.5.4 Protein S-Nitrosylation on Protein Misfolding  

Protein misfolding and aggregation are increased in brain of patients with AD, for 

example, NFTs are caused by hyperphosphorylated tau aggregates, while Aβ plaques are 
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caused by Aβ aggregates [6,7,8]. Recent studies have shown that NO also promotes 

protein misfolding by S-nitrosylating protein disulfide isomerase (PDI). PDI catalyzes 

the correct formation of disulfide bond based on thiol-disulfide exchange reactions 

[124], and PDI also serves as a molecular chaperone that assists in the maturation, 

transport, and folding of secretory proteins [109]. Studies have reported that PDI 

S-nitrosylation is increased in post mortem brains of subjects with AD when compared 

to controls [125,126]. The researchers isolated PDI and S-nitrosylated PDI for the 

functional study, in which both chaperone activity and isomerase activity of 

S-nitrosylated PDI were decreased compared to normal PDI [126]. As the tremendous 

roles that PDI play in ER stress, it is suggested that S-nitrosylation of PDI might 

exacerbate ER stress, which may lead to cell death.  

 

1.5.5 Protein S-Nitrosylation on Synaptic Loss 

Neuronal dysfunction and degeneration is predominantly in the hippocampus and 

cerebrocortex of AD patients [3]. Cdk5 is a cyclin-dependent kinase has been implicated 

in multiple neuronal functions, including axon guidance, neuronal migration, neuronal 

survival and the regulation of synaptic spine density [127-129]. Cdk5 is reported to be 

an important modulator of NMDAR receptors in AD as it can be hyperactivated by a 

number of stimulus (e.g oxidative stress, Aβ exposure and calcium overload), 

contributing to neuronal cell death [130]. It is evidenced that NO donors could increase 
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S-nitrosylation of Cdk5 at Cys83 and Cys157 residues in transfected SH-SY5Y cells and 

the HEK293 cells [33]. Further investigation demonstrated that increased S-nitrosylation 

of Cdk5 increased its enzyme activity, leading to Aβ/NMDAR-mediated spine loss and 

the pathogenesis of AD [33].  

 

1.5.6 Identification of S-Nitrosylated Proteins in AD Patients  

Recently due to the development of high throughput proteomic techniques, many 

S-nitrosylated proteins are identified in AD post mortem brains or AD animal models. 

Identification of S-nitrosylated protein using the proteomic technique consists of three 

steps, including a classical biotin switch method being used to enrich S-nitrosylated 

proteins, two-dimensional electrophoresis (2DE) being used to separate S-nitrosylated 

proteins and Liquid chromatography-tandem mass spectrometry (LC-MS/MS) being 

used to identify individual S-nitrosylated proteins [34]. Studies using proteomic 

technologies revealed that many proteins can be S-nitrosylated in human AD post 

mortem brains, for example, including MAGUK, CamkII, or synaptotagmins [131]. 

WEB-based Gene SeT AnaLysis Toolkit (WEBGESTALT) and UniProt [34] show that 

the vast majority of S-nitrosylated proteins are related to synaptic loss, apoptosis, energy 

metabolism and redox regulation [34,131].  
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1.5.7 Antioxidants and Pharmacological Treatment for Protein S-Nitrosylation in 

Alzheimer’s Disease 

Oxidative stress is one of the main characteristics in Alzheimer’s disease. NO can 

induce protein S-nitrosylation. Protein S-nitrosylation is known to be involved in 

mitochondrial dysfunction, protein misfolding, synapse loss and Aβ production and 

therefore may have either a direct or an indirect effect on AD pathology. These findings 

suggest that the process of S-nitrosylation could be a target for the pharmacological 

treatment of AD.  

     S-nitrosylated thiols in cysteine residues can be reduced back to free thiols by 

GSH and Trx along with their reductase [94]. S-nitrosylated thiol groups can be 

de-nitrosylated by GSH, forming a reduced protein thiol and S-nitrosoglutathione 

(GSNO). GSNO is rapidly and irreversibly metabolized by S-nitrosoglutathione 

reductase (GSNOR) to glutathione S-hydroxysulfenamide (GSNHOH). S-nitrosylated 

thiol groups can also be de-nitrosylated by Trx through its dithiol moiety to form 

thioredoxin disulfide (TrxS2) and HNO or NO, while TrxS2 can be metabolized by 

thioredoxin reductase (TrxR) [99].  

     Antioxidants that can scavenge the excessive NO within the brain may have 

potential for AD treatment involving S-nitrosylation. Polyphenolic compounds extracted 

from green tea, magnolia, blueberries and grapes scavenge ROS/RNS including NO and 

exhibit neuroprotective effects. Studies have shown that these compounds produce 
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beneficial effect on both in vivo and in vitro in animal models for AD [178-182]. Since 

inhibition of NOS can reduce NO production, NOS inhibitors may also be beneficial for 

AD treatment. NOS inhibitors 1400W (N-(3-(aminomethyl)benzyl)acetamidine), L-NIL 

(N-iminoethyl-L-lysine) and L-NAME (N-nitro-L-arginine methylester) were found not 

only to reduce NO release but also to inhibit Aβ and glutamate-induced neuronal cell 

death [183,184]. Other compounds were also found to produce a beneficial effect on AD 

pathology by inhibiting NOS activity. Rutin is a flavonoid that can dose-dependently 

decrease Aβ42-induced cytotoxicity in human SH-SY5Y neuroblastoma cells. One of its 

main effects is to decrease NO production by reducing iNOS activity [185]. Ferulic acid 

ethyl ester was reported to protect neurons against Aβ1-42-induced toxicity in primary 

neuronal cell culture in part by down-regulation of iNOS [186]. Xanthorrhizol reduced 

ROS generation and glutamate-induced neurotoxicity in the murine hippocampal HT22 

cell line, partially by reducing the expression of iNOS, which consequently resulted in the 

reduction of NO [183].  

     NMDA receptors are now considered to be a target for AD treatment as it plays 

vital role in neuronal excitotoxicity. NMDA receptor activation can increase NO 

production and increased NO can then S-nitrosylate NMDA receptor, resulting 

in negative feedback regulation of NMDA receptor activity. Therefore, alteration of 

NMDA receptor status may also have a potential for AD treatment. Nitroglycerin, which 

donates NO, has been shown to limit excessive NMDA receptor activity in rat AD 
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models [184,187]. Nitromemantines are combinatorial drugs of memantine and NO 

donors. Theoretically memantine works as a homing molecule to allow NO donor to 

combine with S-nitrosylation sites of the NMDA receptor. Nitromemantines have been 

proven to be highly neuroprotective in cultured rat primary cortical neurons treated with 

Aβ [188]. 

 

1.6 Introduction of Vesicular Transporters 

1.6.1 General Process of Neurotransmission and Uptake  

Neurotransmission imbalance has long been recognized in AD pathology. And a number 

of studies have demonstrated that cognitive changes in AD patients are caused by 

progressive loss of cholinergic deficits in basal forebrain and the alterations of other 

neurotransmitters such as glutamate [39-41]. Neurotransmitters are synthesized by 

cytosolic enzymes, and then packed into synaptic vesicles. Different vesicular 

transporters are anchored in the membrane of synaptic vesicles and responsible for the 

packaging of different neurotransmitters into synaptic vesicles [42,134]. Then the 

neurotransmitter-containing vesicles travel to the active zones of presynaptic membrane 

for docking, which is mediated by soluble NSF attachment protein receptors (SNAREs) 

[42]. SNARE complex is composed of synaptobrevin, syntaxin and 

synaptosomal-associated protein 25 (SNAP25). During the docking process, 

synaptobrevin, syntaxin and SNAP25 together form a protein complex by protein-protein 
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interaction, which allows vesicular membrane to fuse with presynaptic membrane [42]. 

Fusion then triggers exocytosis and releases neurotransmitters into the synaptic cleft. 

Trafficking, docking and fusing of vesicles are calcium-dependent and also require ATP. 

The released neurotransmitters will react with the receptors on the dendrites of the next 

neuron. The neurotransmitters in the cleft will further be re-uptaken into the pre-synapses 

(5-HT, NE and so forth) or into the astrocytes [GABA (γ-Aminobutyric acid) and 

glutamate] or degraded by cholinesterase (acetylcholine) [42].  

     The uptake process of neurotransmitters by vesicles depends on H+ 

electrochemical gradient. Vacuolar H+-ATPase first uses the energy released by ATP 

hydrolysis to pump protons into the vesicle lumen, generating H+ electrochemical 

gradient [132]. The transport of amines including monoamines and acetylcholine 

primarily depends on the chemical component, ΔpH; while the transport of glutamate, 

predominantly depends on the membrane potential (Δψ) [134]. In addition to H+ 

electrochemical driving force, the cytosolic concentration of transmitter and intrinsic 

properties of the vesicular transporter also regulate the uptake of neurotransmitters 

[132]. 

 

1.6.2 Classification of Vesicular Transporters 

There are three families of vesicular transporters, including vesicular amine transporters 

(vATs), vesicular inhibitory amino acid transporter (vIAAT/vGAT) and vesicular 
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excitatory amino acid transporters (vEAATs/vGluTs) [71,73,132]. vAChT (vesicular 

acetylcholine transporter) is one type of vATs which is response for the uptake of 

acetylcholine. Vesicular Monoamine Transporters (vMATs) from vATs have two 

isoforms including vMAT1 and vMAT2, in which vMAT1 is restricted to endocrine 

cells and vMAT2 is mainly expressed in neurons [59]. vMATs are responsible for the 

uptake of monoamines into the synaptic vesicles, and the major difference between these 

two transporters is that vMAT1 does not transport histamine [132]. vGAT is the only 

isoform that is responsible for the uptake of GABA and glycine [73]. The glutamate 

uptake is modulated by vGluTs (vGluT1, vGluT2 and vGluT3) in the brain. vGluT1 and 

vGluT2 are predominant and expressed exclusively in the central nervous system 

[58,133], while the exact function of vGluT3 is still unknown. Specifically, vGluT1 is 

localized mainly in neocortex, entorhinal and piriform cortex, hippocampus amygdale 

and subiculum [134], and vGluT2 is mainly expressed in thalamus, midbrain, and 

brainstem [135].  

 

1.6.3 Vesicular Transporters in Alzheimer’s Disease 

As the important roles that vesicular transporters play in neurotransmission process, 

studies have been focused on the expression changes of vesicular transporters. In AD, it is 

evidenced that vGluT1 is significantly reduced in temporal cortex and frontal cortex of the 

old APP/PS1 mice and 3xTg AD mice (APPswe, PS1M146V, and tauP301L), but the 
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expression of vGABA, vGluT2 remained unchanged [136-139]. Decreased expression of 

vAChT was also reported in the hippocampus of Aβ-injected mice [139] and in 

postmortem AD brain [140]. However, no direct evidence has been reported on the 

changes of vMAT expression in AD. Vesicular transporters are very important in AD for 

the following two reasons: First, the vesicular neurotransmitter transporters could be 

very great indicators for vesicle function. Second, the regulation of vesicular transporter 

abundance, location, and activity is now appreciated to play a major role in determining 

synaptic neurotransmission [138-140].  

 

1.7 Overall Objectives of This Project 

Studies have consistently shown that oxidative stress is increased at early stage in 

patients with AD and in AD animal models. Cognitive changes are the characteristics for 

AD patients, mainly caused by dysfunction of acetycholine and glutamate. Recently 

evidence has shown the vGluT1 and vAChT expression is closely related to the 

glutamatergic deficits in AD, however, the mechanism remained not clear. Excessive 

NO in AD has been verified to induce cysteine S-nitrosylation of several proteins in AD, 

and the changes of their protein functions are implicated to AD pathology. Therefore, 

we hypothesize that S-nitrosylation of vGluT1 and vAChT contributes to the 

glutamatergic and cholinergic dysfunction in AD. Our goals are to understand the role 

that S-nitrosylation of vesicular transporter plays on neurotransmitter uptake, and the 
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possible relationship between the S-nitrosylation of vAChT and vGluT1 and 

neurotransmission dysfunction in APP/PS1 animal model. Our objectives are as follows: 

1. To determine whether vAChT, vMAT2, vGluT1 and vGluT2 can be S-nitrosylated.  

2. To determine the effect of S-nitrosylation of vAChT, vMAT2, vGluT1 and vGluT2 

on the uptake of acetylcholine, dopamine and glutamate. 

3. To determine whether vAChT and vGluT1 are S-nitrosylated in APP/PS1 mouse 

model.
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CHAPTER 2: MATERIALS AND METHODS 

2.1 APP/PS1 Double Transgenic Mice and Genotyping 

The APP /PS1 double transgenic mice used in this study were obtained from cross 

breeding single transgenic mice expressing human APPK670N/M671L with single transgenic 

mice expressing human PS1M146L [60]. The mouse colonies were kept and maintained in 

a pathogen free environment in the Central Animal Care Service (CACS) at the 

University of Manitoba. All procedures of animal study were in accordance with the 

guidelines from the Canadian Council on Animal Care.  

APP/PS1 transgenic mice were selected by the genotyping using PCR. At 3 weeks 

after birth, mice were weaned and ear marked. 0.5 cm tissue sample was taken from the 

tail tip of each mouse. Tissues were then digested in 300 µl of lysis buffer (50 mM 

Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 20 mM NaCl, 1% SDS) containing 7 µl of 20 

mg/ml protease K (Roche) at 55 °C overnight. Samples were centrifuged at 17,000 x g 

for 10 min and then supernatants were transferred to new tubes. DNA was precipitated 

by adding equal volume of cold 100% ethanol, followed by centrifugation at 17,000 x g 

for 10 min. Then the supernatant was discarded, and the pellets were washed twice in 

70% ethanol and dried. DNA pellet was resuspended in 100 µl double distilled water. 

The human APP primers and human PS1 oligo primers were used for genotyping. 

Human APP:  forward primer 5’-GCC GTT GAC AAG TAT CTC GAG ACA CCT 

GG-3’; reverse primer 5’-GTG TCT CCA CCA GCT GCT GTC TCT CGT TGG C-3’; 
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Human PS1:  forward primer 5’-GAC AAC CAC CTG AGC AAT AC-3’; reverse 

primer 5’-CAT CTT GCT CCA CCA CCT GCC-3’. As shown in Figure 3, APP and 

PS1 positive mice displayed two target bands, with 250 bp and 145 bp in size, while 

wild type mice displayed no bands. The animals were randomly to which treatment they 

receive. APP/PS1 mice and wild-type mice were grown up to 3, 6, 9 or 12 months. 

 

 

Figure 3. Genotyping of APP and PS1 genes in APP/PS1 and wild type mice. Totally 
453 mice from 4 batches were genotyped for APP and PS1 genes respectively. APP 
positive band is 250 bp and PS1 positive band is 145 in size, while non-transgenic mice 
displayed no bands. The red boxes are examples of APP/PS1 mice, and green boxes are 
examples of wild type mice.  

 

2.2 Behavior Tests 

2.2.1 Locomotion Detection  

Locomotor activity was evaluated by placing a mouse into a black Plexiglas 

(50x50x50 cm) open-field arena. Before testing, all the mice were handled in the colony 

room for 5 min daily for 5 days, and placed in the behavior room for at least 30 min 

before test. Warm red overhead lighting was put inside the room. During the test, the 

mouse was allowed to freely explore for 1 h [131,141,142]. Total distance traveled for 

1h in the arena was recorded by a computer-operated digital camera and then analyzed 

PS1 

APP 200 bp 

200 bp 

300 bp 

100 bp 
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by EthoVision XT system (Noldus Information Technology Inc., Leesburg, VA, USA) 

(Fig 4A).  

 

2.2.2 Y-Maze Spontaneous Alternation Test 

Y maze spontaneous alternation test is used to detect the rodents’ willingness to explore 

new environments based on the fact that rodents typically prefer to explore a new arm of 

the maze rather than the one they previously visited. Y maze is a test for short term 

memory. The mouse was put in the center of a Y-shaped maze with three white plastic 

arms at a 120° angle from each other and allowed to freely explore the three arms for 8 

min (Fig 4B). The spontaneous alternation of entries and total arm entries were recorded. 

Spontaneous alternation for the mice was defined as the entry into each three 

consecutive arms in overlapping triplet sets [143,144]. The percent of spontaneous 

alternation was calculated by the percentage of non-repetitive triads in total triads. 

 

2.2.3 Morris Water Maze Test 

The Morris water maze was conducted in a circular tank, which is 145 cm in diameter 

and 60 cm high [145]. EthoVision XT system was used to track the movement of the 

mice throughout the experiment. The water level was approximately 50 cm high and the 

temperature was kept at 20-23 °C. The water tank was divided into 4 quadrants with 1 

visual cue (different colors and shapes) in each quadrant of the water tank [145]. A PVC 
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square platform (10 x 10 cm) was located in one quadrant area and submerged in water 

with 0.5-1 cm below surface. The water was mixed with milk to block the vision of the 

platform. For the spatial training (learning process), the mice were trained to locate and 

escape onto the platform using distal cues for 4 trials per day with a 60s interval for 4 

consecutive days. On each trial, the platform was fixed in the center of north east (NE) 

and the mice were placed in a different starting position [west (W), south (S), south east 

(SE) or north west (NW) of the maze] with facing the tank wall [145] (Fig 4C). Mice 

were allowed to swim for maximum 60 seconds (s). When animals could not find the 

platform within this time limit, they were guided to the platform. The animals were left 

on the platform for 30s in order to memorize the platform location. On day 5, the 

platform was removed. Then the mice were placed in the position which was 180° from 

the original platform position and allowed to swim for 60 s [145]. Latency to reach 

platform site and numbers of platform-site crossing during 60s were recorded. Swim 

speed and swim distance were also recorded and calculated. 

 

Figure 4. Behavioral apparatuses. (A) Calibration image of the open field apparatus as 
viewed in EthoVision XT system. The open field apparatus consists of a bare square box 
(50x50x50 cm). Four boxes were put together. A tracking camera was fixed above the 

(A) (B) (C) 
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boxes. (B) Image of the Y maze apparatus. The length of arm is 35 cm, the height of arm 
is 10 cm and width of the arm is 5 cm. (C) Calibration image of the water maze pool as 
viewed in EthoVision XT system. A tracking camera was fixed above the tank to 
capture the movement of mice.  

 

2.3 Tissue Processing and Protein Isolation 

S-nitrosothiol groups within the proteins are light-sensitive, thus mouse brains were 

isolated in the room with dimmed light to protect the S-nitrosothiol groups from direct 

light, and all the following steps including dissection and protein isolation were also 

under this procedure. Mouse brains were dissected, and frontal cortex and hippocampus 

were isolated from each brain and stored in -80 °C freezer. Hippocampus and frontal 

cortex tissues were weighed and every 1 g of tissue was lysed with 10 ml Laemmli lysis 

buffer (20 mM Hepes pH 7.5, 250 mM NaCl, 20% glycerol, 30 mM MgCl2, 0.5 mM 

EDTA, 0.1 mM EGTA, 1% nonide P40, 1 x protease inhibitors cocktail). Samples were 

then sonicated and kept on ice for 1h, followed by centrifugation at 10,000 x g for 15 

minutes. The supernatant of each sample was transferred to a new tube. Protein 

concentrations of cell lysates were determined by using the bicinchoninic acid (BCA) 

method (Pierce, Rockford). Protein extract was aliquoted and stored in -20 °C.  

 

2.4 Vesicle Isolation 

The method for vesicle isolation was modified from Chu et al [146]. Mouse brains were 

homogenized in ice-cold buffer [0.32M sucrose, 5mM HEPES (pH 7.4), 1 x protease 
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inhibitors cocktail] (10 ml buffer per 1 g brain tissue) in glass tube homogenizer. 

Homogenate was then centrifuged at 1,000 x g for 10 minutes at 4 °C (Step 1). The 

supernatant was kept and then centrifuged at 20,000 x g for 30 minutes at 4 °C (Step 2). 

The pellets were collected and then subjected to osmotic shock by homogenization (10 

strokes with Teflon pestle) in 10 ml/1 g tissue of distilled water. Osmolarity was 

restored by addition of an equal volume of 2 x HEPES and potassium tartrate buffer. 

Then the homogenate was centrifuged at 20,000 x g for 30 minutes at 4 °C (Step 3) and 

supernatant was collected. The equal amount of 2 mM MgSO4 buffer was added to 

supernatant to get 1 mM MgSO4 solution, which is then centrifuged at 100,000 x g for 

1h at 4 °C (Step 4) [146]. The pellets were re-suspended in 0.32M sucrose (dissolved in 

assay buffer) or assay buffer, and stored in the -80 °C freezer. The enrichment of 

vesicles was verified by western blot using anti-vGluT1 antibody and anti-SNAP-25 

antibody (Fig 5).  

 

 

 

 

Figure 5. Isolation of crude vesicles. The vesicle pellets and the sample waste from 
each centrifuge step were collected and detected with vesicular protein anti-vGluT1 
antibody and pre-synaptic protein anti-SNAP-25 antibody by western blot. Step 1-pellets 
from the 1st centrifuge; Step 2- supernatant from the 2nd centrifuge; Step 3-pellets from 

Step 1 

VGluT1 

SNAP-25 

Step 2 Step 3 Step 4 Vesicle 
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the 3rd centrifuge; Step 4-supernatant from the 4th centrifuge; and Vesicle stands for 
isolated protein pellets from the 4th centrifuge.  

 

2.5 Neurotransmitter Uptake Detection 

Glutamate uptake was detected by incubating the aliquots of synaptic vesicles in the 

presence of different treatments in a final volume of 200 μl assay buffer containing 30 

μg vesicle pellets, 10 mM K-HEPES (pH 7.4), 4 mM KCl, 4 mM MgSO4, 0.25 M 

sucrose and 2 mM L-aspartic acid (Asp) [147]. 2 mM ATP and 15 μM [3H]glutamate 

were added into the 48-well plate to initiate the reaction since ATP is necessary for the 

uptake process. The final volumes were adjusted to 200 μl with assay buffer. 

Non-specific uptake was investigated by replacing ATP with equal volume of assay 

buffer [147]. The mixtures were incubated for 10 min at 37 °C, and then the reaction 

was terminated by quickly adding 1 ml ice-cold 150 mM KCl solution. Reaction 

solution from each system was suck to penetrate the filter paper, thus the vesicles would 

remain on the filter, while the solution containing unabsorbed radioisotope could pass 

the filter. The plate was then washed with 1 ml ice-cold 1 M KCl solution for 10 times. 

The filters containing [3H]glutamate were transported to specific tubes and left overnight. 

Before testing, 5 ml of organic solvent (Ecolite) was added to the tubes. Radioactivity 

was counted by LS6000TA system (Beckman).  

     [3H]Dopamine uptake was detected by incubating the aliquots of 30 μg synaptic 

vesicles in the assay buffer [pH 7.5] containing 25 mM HEPES, 100 mM potassium 
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tartrate, 50 μM EGTA, 100 μM EDTA 2 mM MgSO4 and 17 mM ascorbic acid [146]. 

First, 2 mM ATP and 15 nM [3H] dopamine was added into the 48-well plate to initiate 

the reaction. Non-specific uptake was investigated by switching ATP with equal volume 

of assay buffer [146]. The final volumes were adjusted to 200 μl with assay buffer, and 

then incubated at 37 °C for 10 min. The reaction was terminated by quickly adding 1 ml 

of ice-cold assay buffer. The plate was then washed with 1 ml assay buffer for 10 times. 

The filters containing [3H]dopamine were left overnight. Radioactivity of dopamine was 

counted by LS6000TA system (Beckman). 

[3H] Acetylcholine uptake was detected by incubating the aliquots of 30 μg 

synaptic vesicles at 37 °C for 10 min in the assay buffer in the assay buffer [pH 7.5] 

containing 25 mM HEPES, 100 mM potassium tartrate, 50 μM EGTA, 100 μM EDTA, 

2 mM MgSO4 and 17 mM ascorbic acid. A final concentration of 50 μM paraoxon was 

used as cholinesterase inhibitor to inhibit the degradation of acetylcholine by 

cholinesterase [148]. The mixture 2 mM ATP and 150 nM [3H]acetylcholine was added 

into the 48-well plate to initiate the reaction. Non-specific reaction was investigated by 

replacing ATP with assay buffer. The final volumes were adjusted to 200 μl, and then 

incubated in 37 °C water bath for 10 min. After incubation, 1 ml ice-cold assay buffer 

was quickly added to each well to terminate the reaction, followed by 10 times washing 

with assay buffer (1 ml per time) [148]. The filters containing [3H]acetylcholine were 
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left overnight. Radioactivity of acetylcholine was counted by LS6000TA system 

(Beckman).  

 

2.6 Biotin-Switch Assay for Detection of S-Nitrosylated Proteins 

For the total protein S-nitrosylation detection, 50 μl of tissue extracts (1.0 μg/μl) from 

wild type mouse brain or APP/PS1 mouse brain was added with 200 μl of blocking 

buffer [2.5% SDS, 40 mM N-ethylmaleimide [NEM] in HEN buffer (250 mM 

Hepes-NaOH pH 7.7, 1 mM EDTA, 0.1 mM neocuproine)] and incubated for 40 min at 

50 °C to block free thiol groups. After the samples were blocked, 1 ml cold 99% acetone 

was added to each sample. Then the samples were precipitated at -20 °C for 15 minutes. 

After the samples were centrifuged, the supernatant containing excess NEM was 

removed, and the pellets were resolved with 10 μl HENS buffer (250 mM Hepes-NaOH 

pH 7.7, 1 mM EDTA, 1% SDS, 0.1 mM neocuproine), followed by reduction of 

S-nitrosothiols (-SNO) with 250 μl of 1 mM ascorbate. The newly formed free thiols 

were labelled with 15 μl of 4 mM N-[6-(biotinamido)hexyl]-3’-(2’-pyridyldithio) 

propionamide (Biotin-HPDP) [149,150]. 10 μl of total reaction system (S-nitrosylated 

protein) from each sample was detected with anti-biotin antibody by immunoblotting.  

For individual protein S-nitrosylation, the biotinylated proteins obtained were 

precipitated with 1 ml cold 99% acetone. After the samples were centrifuged, the pellets 
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were resolved with 10 μl HENS buffer. Then 5 μl of streptavidin-agarose beads, which 

have specific affinity for biotin, was added to each sample and incubated for 1 h at room 

temperature to precipitate biotinylated proteins. The samples were washed with 300 μl 

of washing buffer (Hepes-NaOH pH 7.7, 20 mM, NaCl 600 mM, EDTA 1 mM, Triton 

X-100 0.5%) for five times and eluted with 100 μl of elution buffer (Hepes-NaOH, pH 

7.7 20 mM, NaCl 100 mM, EDTA 1 mM, 2-ME 100 mM) [149,150]. Immunoblotting 

was performed to detect the amount of different vesicular transporters remaining in the 

samples with specific antibodies for these transporters.   

 
 

2.7 Immunoblotting Analysis 

For measuring expression of transporters, 10 μg of each brain extract was loaded into 

each lane of the 10% sodium dodecyl sulphate polyacrylamide gel (SDS-PAGE) for 

electrophoresis, while for measuring S-nitrosylated protein after biotin switch method, 

10 μl of each sample system was loaded. Gels were run at 80 V for first 20 min and then 

120 V for approximately 1 h. The proteins on the gels were then transferred to PVDF 

membranes at 220 mA for 2 h. Membranes were first blocked with 5% (w/v) milk in 

TBST buffer (10 mM Tris-HCl, pH 7.5, 0.1% Tween-20) for 1 hour at room temperature 

and then incubated with various primary antibodies for 16 h at 4°C. The concentrations 

of different antibodies were as follow: anti-biotin antibody (1:3000, Sigma), 

anti-vGluT1 antibody (1:1500, Abcam), anti-vGluT2 antibody (1:1000, Millipore), 
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anti-vMAT2 (1:1000, Abcam), anti-vAChT antibody (1:1000, Abcam), Anti-SNAP 25 

antibody (1:100). The concentrations of secondary antibodies were as follows: goat 

anti-rabbit (1:7000, Jackson & Immuno Research) or goat anti-mouse (1:8000, Abcam). 

After primary and second antibody incubation, the membranes were washed with TBST 

buffer for 15 min three times. The membranes were developed using 

electrochemiluminescence (ECL) reagents (PerkinElmer) in the ChemiDoc MP System 

(Bio-Rad). Band signal intensity was quantified by measuring the density of the band 

using Image Lab (Bio-Rad). 

 

2.8 Statistical Analysis   

Statistical analysis was performed using the SPSS13.0 software. All the results were 

expressed as means ± SE. Statistical significance of differences among means was 

determined by analysis of variance (one-way ANOVA) with Turkey post hoc 

comparison using SPSS13.0 software. Student’s t-tests were also performed for 

statistical analysis of two groups comparison. A p value of less than 0.05 was regarded 

as statistically significant. 
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CHAPTER 3: RESULTS 

3.1 To investigate whether vesicular neurotransmitter transporters can be 

S-nitrosylated 

3.1.1 NO• radicals can induce S-nitrosylation of vAChT, vMAT2, vGluT1 and 
vGluT2  

First, we verified the methodology of biotin switch method. 50 µg homogenate of mouse 

brain was used for each reaction. Ascorbate (reducing agent) and biotin-HPDP (labeling 

agent) was missing in different reaction to check the false positive signal, and 20 µM 

GSNO (NO donor) was added to see the global access of free thiol groups within the 

proteins. As show in Figure 6, lane 1 and lane 2 demonstrate very small positive signal 

compared to control group (lane 3), which were caused by incomplete blocking and 

endogenous biotinylation. Lane 4 demonstrated a much more intensive signals than 

control group. 

Second, we analyzed if GSNO can increase total protein S-nitrosylation using the 

biotin switch method. GSNO at 20, 40 or 80 µM was incubated with 50 µg homogenate 

of mouse brain for 30 min at room temperature. As shown in Figure 7, significant 

difference of cysteine S-nitrosylation was detected in all GSNO treatment groups (F(5,18) 

= 61.944, p = 0.000) and S-nitrosylation was increased dose-dependently by GSNO. The 

result indicated that free cysteine thiols in proteins are accessible for NO, and can be 

S-nitrosylated by GSNO.  
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Figure 6. Biotin switch methodology. The protein samples were treated with or without 
GSNO, and then blocked with or without NEM, followed by reduction with or without 
ascorbate. Biotin-HPDP was used to label reduced free thiols. Immunoblotting was 
employed to check total S-nitrosylation with anti-biotin antibody. For the methodology, 
lane 1 shows S-nitrosylated proteins in the samples without ascorbate; lane 2 shows 
signal intensity of S-nitrosylated proteins in the absence of biotin-HPDP; lane 3 shows 
the amount of S-nitrosylated cysteines in the sample; and lane 4 shows an increased 
intensity of biotin signal with 20 μM GSNO treatment. 
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Figure 7. GSNO increased total cysteine S-nitrosylation. Mouse brain lysate was 
prepared in dark room to protect the nitrosothiol groups, and lysate was adjusted to 1.0 
μg/μl. Biotin-Switch method was performed to check the S-nitrosylated thiol groups in 
the samples. Equal volumes of lysates with a total of 50 μg protein from mouse brain 
were processed as indicated for different treatments, and then western blot was 
performed to check the biotin signal. Concentration response was investigated by 
applying different concentrations of GSNO to treat the samples. Data are displayed as 
mean ± SEM (n = 4). * indicates p < 0.05 by one-way ANOVA, Turkey's post hoc test. 

 

     Third, to investigate whether vesicular transporters can be S-nitrosylated, the 

effect of GSNO on thiol S-nitrosylation of vGluT1, vGluT2, vMAT2 and vAChT was 

measured. GSNO at 40, 80 and 160 µM was incubated with 50 µg homogenate of mouse 

brain for 30 min at room temperature. In this experiment, biotinylated proteins 

(S-nitrosylated) were precipitated by streptavidin-agarose beads and the precipitated 

proteins were analysed by a specific antibody for vGluT1, vGluT2, vMAT2 and vAChT 

respectively. As shown in Figure 8A, one-way ANOVA test reveals a significant 

difference of vAChT S-nitrosylation among treatment groups (F(3,12) = 9.715, p = 0.001). 

Although GSNO at 40 µM has no effect on vAChT nitrosylation, GSNO at 80 and 160 

µM significantly increased vAChT S-nitrosylation by 102 ± 3% (p < 0.05) and 254 ± 63% 

(p < 0.05) respectively.   

Figure 8B shows the result of GSNO on vMAT2 S-nitrosylation. One-way 

ANOVA test demonstrated a significant difference of vMAT S-nitrosylation among 

GSNO treatment groups (F(3,12) = 6.690, p = 0.002). GSNO at 40 µM, at 80 µM and 160 

µM increased vMAT S-nitrosylation by 80 ± 20%, 260 ± 43% and 340 ± 103% 
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respectively. Within these treatments, 80 µM and 160 µM GSNO showed a significant 

increase of vMAT2 S-nitrosylation (p < 0.05). This result suggests that free cysteine 

thiols in vMAT2 can be attacked by NO radicals. vGluT1 and vGluT2 are two main 

isoforms of vesicular glutamate transporters in different areas of the brain, in which 

vGluT1 predominates in hippocampus and cerebral cortices, whereas vGluT2 expression 

is prominent in brainstem, diencephalon and spinal cord [151,152,153]. In Figure 8C, a 

significant difference of vGluT1 S-nitrosylation could be detected by one-way ANOVA 

(F(3,12) = 16.800, p = 0.000). In detail, GSNO increased S-nitrosylation of vGluT1 by 22 

± 6% at 40 µM, 70 ± 8% at 80 µM and 120 ± 13.7% at 160 µM. GSNO at 40 µM has no 

effect on the S-nitrosylation of vGluT1, but GSNO at 80 µM and 160 µM significantly 

increased the S-nitrosylation of vGluT1 (p < 0.05). In Figure 8D, significant difference 

was detected on the S-nitrosylation of vGluT2 by different GSNO treatments (F(3,12) = 

21.845, p = 0.000). S-nitrosylation of vGluT2 was increased by 64 ± 9% at 40 µM, 162 

± 17% at 80 µM and 184 ± 21% at 160 µM. Statistical significance was detected at 40 

µM, 80 µM and 160 µM GSNO treatments (p < 0.05), indicating that vGluTs could also 

be the targets for NO and NO donors within the cells.  
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Figure 8. NO• donor S-nitrosoglutathione (GSNO) increased S-nitrosylation of 
vesicular acetylcholine transporter (vAChT), vesicular monoamine transporter 2 
(vMAT2), vesicular glutamate transporter type 1 (vGluT1) and type 2 (vGluT2).  
Protein isolated from mouse brain was treated with GSNO at 40, 80 and 160 μM for 30 
min. A control group was set in the first lane of each reaction in which no GSNO was 
added to show the basal S-nitrosylation of vAChT (A), vMAT2 (B), vGluT1 (C) or 
vGluT2 (D) and the trace amount of each vesicular transporter remaining after washing. 
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Protein input was detected in a separate gel, which can be used as equal loading. Free 
thiols were blocked with NEM, and then protein S-nitrosylation were reduced by 
ascorbate and labeled with biotin-HPDP. Biotinylated proteins were precipitated by 
avidin agarose. S-nitrosylated vAChT (A), vMAT2 (B), vGluT1 (C), and vGluT2 (D), 
(vAChT-SNO, vMAT2-SNO, vGluT1-SNO and vGluT2-SNO), were analyzed by 
immunoblotting with anti-vAChT, anti-vMAT2, anti-vGluT1 and anti-vGluT2 
antibodies respectively. Data are displayed as mean ± SEM (n = 4). * indicates p < 0.05 
by one-way ANOVA followed by Turkey’s post hoc test. 

 

3.1.2 NO• donor S-nitrosoglutathione (GSNO) inhibits uptake of glutamate, 

acetylcholine and dopamine by synaptic vesicles 

Vesicular neurotransmitter transporters mediate the uptake of various neurotransmitters 

into synaptic vesicles. S-nitrosylation of vesicular transporters may have a high impact 

on the uptake of neurotransmitters [134,154]. Therefore we analyzed the effect of NO• 

donor GSNO on vesicular uptake of [3H]glutamate, [3H]acetylcholine and 

[3H]dopamine.   

     First, we investigated whether uptake of [3H]glutamate, [3H]acetylcholine and 

[3H]dopamine by isolated vesicles is mediated by different vesicular neurotransmitter 

transporters. We analyzed the effect of rose bengal (vGluTs inhibitor), vesamicol 

(vAChT inhibitor) and reserpine (vMATs inhibitor) on vesicular uptake of 

[3H]glutamate, [3H]acetylcholine and [3H]dopamine. All of these inhibitors were added 

to the vesicles before the reaction was initiated (before ATP and radioisotope were 

added to the samples). As shown in Figure 9A-C, after non-specific values were 

subtracted from each group, 20 µM rose bengal significantly inhibited the uptake of 
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[3H]glutamate (100 ± 18% vs 2 ± 9%, t10 = 5.132, p < 0.05); 40 µM vesamicol inhibited 

the uptake of [3H]acetylcholine, which is not significant (100 ± 38% vs 51 ± 24%, t10 = 

1.371, p = 0.213); and 20 µM reserpine significantly inhibited the uptake of 

[3H]dopamine (100 ± 8% vs 5 ± 12%, t10 = 8.465, p < 0.05). 

     Second, the effect of GSNO on vesicular uptake of neurotransmitters was 

analyzed. The vesicles were treated with 40, 80 and 160 µM GSNO for 30 min at room 

temperature, which was exactly same as the in vitro S-nitrosylation study, followed by 

neurotransmitter uptake detection. As shown in Figure 10A, GSNO at 40-160 µM 

concentration-dependently decreased vesicular uptake of [3H]glutamate (F(3,20) = 32.822, 

p = 0.000). GSNO at 80 µM significantly decreased vesicular uptake of [3H]glutamate to 

42 ± 8% (p < 0.05); GSNO at 160 µM also significantly decreased vesicular uptake of 

[3H]glutamate to -2 ± 3% (p < 0.05) when compared to control group. Although GSNO 

at 40 µM decreased [3H]glutamate, this decrease does not show any statistical 

significance. GSNO at 40-160 µM also concentration-dependently decreased vesicular 

uptake of [3H]acetylcholine (F(3,20) = 9.160, p = 0.001)(Fig 10B). GSNO at 40, 80 and 

160 µM significantly decreased vesicular uptake of [3H]acetylcholine to 36 ± 8% (p < 

0.05); 15 ± 5% (p < 0.05) and 6 ± 5% (p < 0.05) respectively. GSNO at 40-160 µM also 

concentration-dependently decreased vesicular uptake of [3H]dopamine (F(3,20) = 9.160, 

p = 0.001)(Fig 10C). GSNO at 160 µM significantly decreased vesicular uptake of 
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[3H]dopamine to 54 ± 4% (p < 0.05). Although GSNO at 40 µM and 80 µM also 

decreased [3H]dopamine, this decrease does not show any statistical significance. 

 

 

 

 

Figure 9. Specificity of vesicular glutamate, acetylcholine and dopamine uptake. 
(A)(B) and (C) Vesicles were treated with vehicle (CTL), vGluT inhibitor rose bengal at 
20 µM or vAChT inhibitor vesamicol at 40 µm or vMAT2 inhibitor reserpine at 20 µM, 
then [3H]glutamate uptake or [3H]acetylcholine or [3H]dopamine uptake was detected 
under ATP. [3H]Glutamate or [3H]acetylcholine or [3H]dopamine uptake without ATP 
was used as non-specific (NS) uptake. Data are presented as the mean ± SEM (n = 6). * 
indicates p < 0.05 when compared to controls determined by Student’s t test. 

 

 

 

 

 

 

 

Figure 10. NO• donor S-nitrosoglutathione (GSNO) inhibits vesicular glutamate, 
acetylcholine and dopamine uptake. (A) (B) and (C) Vesicles were treated with 
GSNO at 40 - 160µM GSNO, then [3H]glutamate uptake, 3[H]acetylcholine uptake or 
[3H]dopamine uptake was detected under ATP. Results of CTL and GSNO treatment 
groups from different studies are presented by subtracting NS uptake values. Data are 
presented as the mean ± SEM (n = 6). * indicates p < 0.05 when compared to controls 
determined by one-way ANOVA by post hoc Turkey test. 
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3.2 To investigate short-term memory and spatial memory in APP/PS1 mouse 

model  

3.2.1 Short-term memory is damaged in early stage of APP/PS1 Mice 

Four age-groups (3, 6, 9 and 12 months) of APP/PS1 mice and same-age wild-type mice 

were used for our studies. Because any deficits of locomotion in animal may affect 

memory tests, we first measured locomotor activity using open field test in wild-type 

and APP/PS1 mice. As shown in Figure 11A, no significant difference was detected in 

terms of locomotor activity between APP/PS1 mice and wild type mice in each age 

group by Student’ t-test. This result suggests that the APP/PS1 double transgenic mice 

used in the study does not display any locomotor deficit when compared to wild type 

mice.  

     Next the short-term memory was analyzed using Y Maze spontaneous alternation 

test. As shown in Figure 11B, the percentage of correct triads in 3 month old APP/PS1 

mice is significantly lower than in the same age wild type control mice (61.7 ± 3.3% vs 

73.9 ± 2.2%, p < 0.05). However the percentage of correct triads is not significant 

different between 6 month old APP/PS1 mice and their controls (63.0 ± 3.4% vs 69.3 ± 

3.7%, p = 0.284); between 9 month old APP/PS1 mice and their controls (65.3 ± 4.4% 

vs 67.4 ± 1.9%, p = 0.668); or between 12 month-old APP/PS1 mice and their controls 

(64.5 ± 2.5% vs 66.3 ± 4.0%, p = 0.744). The result indicates that short-term memory 
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loss could only be detected at early age of APPK670N/M671L/PS1M146L transgenic animal 

model.  

 

 

 

 

 

 

 

Figure 11. Short term memory is damaged in 3 month APP/PS1 transgenic (Tg) 
mice. (A) The average distance moved for 1 h in the open field of 3, 6, 9 and 12 month 
APP/PS1 (Tg) and wild type mice (WT). The distance moved for each mouse was 
recorded and analyzed with EthoVision XT system. No statistically significant 
difference was detected between APP/PS1 and wild type mice within each group. (B) 
The average percentage of right triads plotted in Y maze test of 3, 6, 9 and 12 month 
APP/PS1 (Tg) and wild type mice (WT) with EthoVision XT system. The Tg and WT 
mice were put in the Y maze to freely explore the three arms for 8 min. The entry 
sequence was recorded and analyzed for short-term memory. Data are displayed as mean 
± SEM. 3 month: Tg = 10, WT = 9; 6 month: Tg = 6, WT = 10; 9 month: Tg = 9, WT = 
9; 12 month: Tg = 5, WT = 9. * indicates p < 0.05 by Student’s t test.  

 

3.2.2 Acquisition of spatial reference memory is impaired in 9 and 12 month 

APP/PS1 double transgenic mice. 

Having established that no hyperactivity was found between the APP/PS1 and wild type 

mice based on previous open field test, MWM was performed to examine the recall and 

spatial memory. First, the swimming speed and swimming distance were investigated to 
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show the physiological conditions of the mice during the test. As illustrated in Figure 

12A and B, no significant difference was detected between APP/PS1 mice and their wild 

type littermates in terms of swimming speed and swimming distance in each age group 

by Student’ t-test. These results indicate no hyperactive or hypoactive physiological 

conditions during the test between groups.  

     Second, latency and crossing numbers in MWM were detected to show the spatial 

memory loss in APP/PS1 mice. In Figure 12C, the escape latency was not significantly 

different between the 3 month APP/PS1 mice and their wild type littermates (15.3 ± 3.5 

s vs 13.9 ± 5.2 s, t17 = -0.210, p = 0.836); or between the 6 month APP/PS1 mice and 

their wide type littermates (19.8 ± 5.8 s vs 11.8 ± 2.2 s, t14 = -1.529, p = 0.148). The 

escape latency was significantly longer in the 9 month APP/PS1 double transgenic mice 

than that in their wild type littermates (26.6 ± 7.3 vs 10.1 ± 2.8, t16 = -3.079, p < 0.05); 

and significantly longer in the 12 month APP/PS1 mice than in their wild type 

littermates (44.8 ± 9.1 vs 15.1 ± 2.7, t12 = -4.816, p < 0.05). These results suggest that 

the APP/PS1 double transgenic mice show a clear impairment in acquisition of the 

MWM in 9 month and 12 month APP/PS1 mice. 

In addition to escape latency, the number of crossings was also recorded. In 

Figure 12D, the number of crossings was not significantly different between the 3 month 

APP/PS1 mice and their wild type littermates (2.3 ± 0.5 vs 3.3 ± 0.5, t17 = 0.873, p = 

0.080); or between the 6 month APP/PS1 mice and the wild type mice (3.0 ± 0.5 vs 2.9 
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± 0.3, t14 = -0.167, p = 0.870). However, the crossing numbers are significantly 

decreased in the 9 month APP/PS1 mice when compared to their wild type mice (2.4 ± 

0.7 vs 3.6 ± 0.5, t16 = 1.964, p < 0.05); and in the 12 month APP/PS1 when compared to 

their wild type littermates (0.5 ± 0.2 vs 2.5 ± 0.3, t12 = 3.453, p < 0.05). The result 

indicates a damage of spatial memory accuracy in 9 and 12 month APP/PS1 double 

transgenic mice. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Acquisition of spatial memory is impaired in 9 and 12 month APP/PS1 
Transgenic (Tg) mice. The average swimming speed (A) and the average swimming 
distance (B) of all the mice were detected during the probe trial. There is no significant 
difference between the APP/PS1 Transgenic (Tg) mice and the Wild Type (WT) mice 
within each age group. (C) The escape latency of the mice during the probe trial on day 
5 of the APP/PS1 mice and the wild type mice of all ages during MWM. (D) The 
number of crossings through platform area during the probe trial on day 5 for the 
transgenic mice and the wild type mice for all age groups. Data are displayed as mean ± 
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SEM, 3 month: Tg = 10, WT = 9; 6 month: Tg = 6, WT = 10; 9 month: Tg = 9, WT = 9; 
12 month: Tg = 5, WT = 9. * indicates p < 0.05 by Student’s t test.  

 

3.3 To investigate total protein S-nitrosylation of frontal cortex and hippocampus 

from wild type mice and APP/PS1 double transgenic mice  

In this section, we investigated the changes of total protein S-nitrosylation in the frontal 

cortex and hippocampus extracts from all age groups respectively. According to statistic 

result in Figure 13A, no significant difference in terms of total protein S-nitrosylation 

was detected between 3 month APP/PS1 mice and their wild type mice (0.99 ± 0.13 vs 

1.10 ± 0.07, t17 = 0.687, p = 0.489); or between the 6 month APP/PS1 mice and the wild 

type mice (1.27 ± 0.18 vs 1.30 ± 0.10, t14 = 0.170, p = 0.867). Interestingly, significant 

increase of total protein S-nitrosyaltion was detected in the 9 month APP/PS1 mice 

compared to their wide type littermates (1.27 ± 0.10 vs 0.87 ± 0.12, t16 = -2.163, p < 

0.05); and in the 12 month APP/PS1 compared to their wild type littermates (1.45 ± 0.17 

vs 0.59 ± 0.04, t12 = -6.402, p < 0.05).  

     In Figure 13B, total protein S-nitrosyaltion in the hippocampus extracts was not 

significantly different between the 3 month APP/PS1 mice and their wild type 

littermates (0.98 ± 0.05 vs 1.12 ± 0.07, t17 = 1.632, p = 0.121); or between the 6 month 

APP/PS1 mice and their wild type littermates (1.18 ± 0.08 vs 1.16 ± 0.10, t14 = -0.115, p 

= 0.910). However, total protein S-nitrosyaltion in the hippocampus extracts was 

significant higher in 9 month APP/PS1 mice than that in their wild type littermates (1.21 
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± 0.10 vs 0.92 ± 0.07, t16 = -2.374, p < 0.05); and significantly higher in the 12 month 

APP/PS1 mice than that in their wild type littermates (1.16 ± 0.07 vs 0.90 ± 0.05, t12 = 

-3.227, p < 0.05).  

 

 

 

 

 

 

 

 

 

Figure 13. Total protein S-nitrosylation of frontal cortex and hippocampus from 
Wild Type (WT) mice and APP/PS1 Transgenic (Tg) Mice. Frontal cortex (A) and 
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hippocampus (B) were isolated and lysed respectively, followed by biotin switch method. 
Immunoblotting was performed to check the biotin signal with anti-biotin antibody. (A) 
Black circles stand for APP/PS1 (Tg) mice and white circles stand for wild type (WT) 
mice. Membranes after immunoblotting from A and B were washed and stained with 
coomassie blue to check equal loading of each lane. Data are displayed as mean ± SEM, 
3 month: Tg = 10, WT = 9; 6 month: Tg = 6, WT = 10; 9 month: Tg = 9, WT = 9; 12 
month: Tg = 5, WT = 9. * indicates p < 0.05 by Student’s t test.  

 

3.4 To investigate S-nitrosylation of vGluT1 and vAChT in frontal cortex and 

hippocampus 

3.4.1 vGluT1 and vAChT S-nitrosylation are increased in frontal cortex and 

hippocampus from APP/PS1 transgenic Mice. 

Previously we have found that vesicular neurotransmitter transporters can be 

S-nitrosylated, therefore we investigated S-nitrosylation of these transporters in frontal 

cortex and hippocampus extracts of APP/PS1 and wild type mice in 4 age groups. 

vGluT1 S-nitrosylation and vAChT S-nitrosylation were increased in frontal cortex 

extracts from different age groups of the mice (Fig 14A). In all frontal cortex samples, 

no significant difference was detected in terms of vGluT1 S-nitrosylation between the 3 

month APP/PS1 mice and their wild type littermates (1.09 ± 0.03 vs 0.93 ± 0.07, t17 = 

-1.735, p = 0.113). Interestingly, significant increase of vGluT1 S-nitrosylation was 

detected in the 6 month APP/PS1 mice compared to their wild type mice (1.38 ± 0.12 vs 

0.99 ± 0.04, t14 = -3.768, p < 0.05); in the 9 month APP/PS1 mice compared to their 

wild type littermates (1.15 ± 0.08 vs 0.88 ± 0.06, t16 = -2.780, p < 0.05); and in the 12 
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month APP/PS1 mice compared to their wild type littermates (2.35 ± 0.51 vs 0.89 ± 0.01, 

t12 = -2.779, p < 0.05). The vAChT S-nitrosylation in frontal cortex extracts from all age 

groups shared the same pattern as vGluT1 S-nitrosylation. According to the result in 

Figure 14B, no significant difference was detected in terms of vAChT S-nitrosylation 

between the 3 month APP/PS1 mice and their wild type littermates (1.40 ± 0.22 vs 1.03 

± 0.20, t17 = -1.253, p = 0.227). However, significant increase of vAChT S-nitrosylation 

was detected in the 6 month APP/PS1 mice compared to their wild type mice (2.51 ± 

0.47 vs 0.76 ± 0.10, t14= -3.660, p < 0.05); in the 9 month APP/PS1 mice compared to 

their wild type mice (1.87 ± 0.23 vs 0.70 ± 0.12, t16 = -5.268, p < 0.05); and in the 12 

month APP/PS1 mice compared to their wild type mice (8.31 ± 2.52 vs 0.83 ± 0.15, t12 = 

-2.958, p < 0.05). Significant increase of vGluT1 S-nitrosylation and vAChT 

S-nitrosylation in hippocampus extracts from 6, 9 and 12 month APP/PS1 mice indicates 

that vAChT could be S-nitrosylated caused by Aβ toxicity. 

We continued to investigate vGluT1 S-nitrosylation and vAChT S-nitrosylation in 

hippocampus extracts from all age groups. In Figure 15A, significant increase of vGluT1 

S-nitrosylation was detected in the 3 month APP/PS1 mice compared to their wild type 

littermates (1.62 ± 0.23 vs 0.77 ± 0.08, t17 = -4.149, p < 0.05). However, no significant 

difference of vGluT1 S-nitrosylation was detected between the 6 month APP/PS1 mice 

and their wild type littermates (1.03 ± 0.05 vs 1.03 ± 0.08, t14= -0.017, p = 0.986); 

between the 9 month APP/PS1 mice and their wild type littermates (0.92 ± 0.04 vs 1.07 
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± 0.12, t16 = 1.253, p = 0.239); or between the 12 month APP/PS1 mice and their wild 

type littermates (1.04 ± 0.15 vs 1.07 ± 0.14, t12 = 0.121, p = 0.906). In Figure 15B, 

significant increase of vAChT S-nitrosylation was detected in the 3 month APP/PS1 

mice compared to their wild type littermates (1.64 ± 0.19 vs 0.73 ± 0.13, t17 = -3.886, p 

< 0.05), indicating that S-nitrosylation of vAChT is an early onset event in hippocampus. 

However, no significant difference of vAChT S-nitrosylation was detected between the 

6 month APP/PS1 mice and their wild type littermates (1.07 ± 0.11 vs 0.97 ± 0.13, t14 = 

-0.525, p = 0.607); between the 9 month APP/PS1 mice and their wild type littermates 

(1.18 ± 0.20 vs 0.93 ± 0.22, t15= -0.859, p = 0.404); or between the 12 month APP/PS1 

mice and their wild type littermates (0.61 ± 0.13 vs 0.73 ± 0.15, t12= 0.543, p = 0.598). 

This result indicates an early onset event of vGluT1 S-nitrosylation and vAChT 

S-nitrosylation in the hippocampus from the APP/PS1 mice. 
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Figure 14. vGluT1 and vAChT S-nitrosylationin frontal cortex from Wild Type 
(WT) mice and APP/PS1 Transgenic (Tg) Mice. vGluT1 S-nitrosylation 
(vGluT1-SNO) (A) and vAChT S-nitrosylation (vAChT-SNO) (B) were investigated in 
the frontal cortex extracts from all age groups of APP/PS1 and wild type mice. Biotin 
switch method was employed to switch S-nitrosylated cysteines with biotin. Biotinylated 
proteins were then precipitated by avidin agarose. Immunoblotting was performed to 
check the vGluT1 (A) and vAChT (B) with anti-vGluT1 and anti-vAChT antibody. 
vGluT1 input (A) and vAChT input (B) were used to check the protein equal loading 
respectively, in which a small amount of samples were separated before precipitation, 
and then loaded in a separate gel. Data are displayed as mean ± SEM, 3 month: Tg = 10, 
WT = 9; 6 month: Tg = 6, WT = 10; 9 month: Tg = 9, WT = 9; 12 month: Tg = 5, WT = 
9. * indicates p < 0.05 by Student’s t test. 
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Figure 15. vGluT1 and vAChT S-nitrosylation in hippocampus from Wild Type 
(WT) mice and APP/PS1 Transgenic (Tg) Mice. vGluT1 S-nitrosylation 
(vGluT1-SNO) (A) and vAChT S-nitrosylation (vAChT-SNO) (B) were investigated in 
the hippocampus extracts from all age groups of APP/PS1 and wild type mice. Biotin 
switch method was employed to switch S-nitrosylated cysteines with biotin. Biotinylated 
proteins were then precipitated by avidin agarose. Immunoblotting was performed to 
check the vGluT1 (A) and vAChT (B) with anti-vGluT1 and anti-vAChT antibody. 
vGluT1 input (A) and vAChT input (B) were used to check the protein equal loading 
respectively, in which a small amount of samples were separated before precipitation, 
and then loaded in a separate gel. Data are displayed as mean ± SEM, 3 month: Tg = 10, 
WT = 9; 6 month: Tg = 6, WT = 10; 9 month: Tg = 9, WT = 9; 12 month: Tg = 5, WT = 
9. * indicates p < 0.05 by Student’s t test. 
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3.4.2 The changes of vGluT1 and vAChT Expression in the frontal cortex and 

hippocampus from the wild type mice and APP/PS1 transgenic mice.  

In Figure 16A, no significant difference of vGluT1 expression was detected between the 

3 month APP/PS1 mice and their wild type littermates (0.97 ± 0.06 vs 1.05 ± 0.02, t 17 = 

1.200, p = 0.247); between 9 month APP/PS1 mice and their wild type littermates (1.12 

± 0.07 vs 0.96 ± 0.05, t16 = -2.010, p = 0.061); or between 12 month APP/PS1 mice and 

their wild type littermates (1.28 ± 0.09 vs 1.07 ± 0.07, t12 = -1.594, p = 0.137). A 

significant decrease of vGluT1 expression was only detected in 6 month APP/PS1 mice 

compared to their wild type littermates (0.82 ± 0.06 vs 1.07 ± 0.04, t14 = 2.223, p < 0.05). 

In Figure 16B, no significant difference of vAChT expression was detected between the 

3 month APP/PS1 mice and their wild type littermates (0.99 ± 0.02 vs 1.04 ± 0.02, t17 = 

1.481, p = 0.157); between the 6 month APP/PS1 mice and their wild type littermates 

(0.96 ± 0.03 vs 1.06 ± 0.04, t14 = 1.432, p = 0.172); between the 9 month APP/PS1 mice 

and their wild type littermates (1.04 ± 0.04 vs 1.01 ± 0.04, t16 = -0.622, p = 0.543); or 

between the 12 month APP/PS1 mice and their wild type littermates (0.99 ± 0.04 vs 1.03 

± 0.04, t12 = 0.664, p = 0.519).  

     Expression changes of vGluT1 and vAChT in the hippocampus extracts of all age 

groups were investigated respectively. In Figure 17A, no significant difference of 

vGluT1 expression was detected between 3 month APP/PS1 mice and their wild type 

littermates (1.01 ± 0.08 vs 1.00 ± 0.07, t17 = 0.001, p = 0.999); between 6 month 

56 
 



APP/PS1 mice and their wild type littermates (0.90 ± 0.08 vs 1.00 ± 0.07, t14 = 0.423, p 

= 0.678); or between 9 month APP/PS1 mice and their wild type littermates (0.97 ± 0.08 

vs 1.18 ± 0.09, t16 = 1.729, p = 0.104). However, a significant increase of vGluT1 

expression was detected in 12 month APP/PS1 mice group compared to their wild type 

littermates (0.99 ± 0.02 vs 0.81 ± 0.02, t12 = -2.866, p < 0.05). In Figure 17B, no 

significant difference of vAChT expression was detected between 3 month APP/PS1 

mice and their wild type littermates (0.90 ± 0.05 vs 1.06 ± 0.06, t17 =1.983, p = 0.064); 

between 6 month APP/PS1 mice and their wild type littermates (0.94 ± 0.08 vs 1.13 ± 

0.07, t14 = 1.645, p = 0.121); between 9 month APP/PS1 mice and their wild type 

littermates (1.04 ± 0.09 vs 1.07 ± 0.06, t16 = 0.228, p = 0.823); or between 12 month 

APP/PS1 mice and their wild type littermates (0.85 ± 0.10 vs 0.98 ± 0.07, t12 = 0.634, p 

= 0.539).  
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Figure 16. The changes of vGluT1 and vAChT expression in the frontal cortex 
from the Wild Type (WT) mice and APP/PS1 Transgenic (Tg) mice. vGluT1 
expression (A) and vAChT (B) in frontal cortex extracts from all ages were detected by 
western blot. β-actin was determined to show the equal loading of immunoblotting. Data 
are displayed as mean ± SEM, 3 month: Tg = 10, WT = 9; 6 month: Tg = 6, WT = 10; 9 
month: Tg = 9, WT = 9; 12 month: Tg = 5, WT = 9. * indicates p < 0.05 by Student’s t 
test. 
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Figure 17. The changes of vGluT1 and vAChT expression in the hippocampus from 
the Wild Type (WT) mice and APP/PS1 Transgenic (Tg) mice. vGluT1 expression 
(A) and vAChT (B) in hippocampus extracts from all ages were detected by western blot. 
β-actin was determined to show the equal loading of immunoblotting. Data are displayed 
as mean ± SEM, 3 month: Tg = 10, WT = 9; 6 month: Tg = 6, WT = 10; 9 month: Tg = 
9, WT = 9; 12 month: Tg = 5, WT = 9). * indicates p < 0.05 by Student’s t test.
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CHAPTER 4: DISCUSSION 

4.1 Vesicular transporters could be S-nitrosylated  

In the present studies, we found that NO donor GSNO at high concentrations (> 10 µM) 

not only increased S-nitrosylation of vAChT, vMAT2, vGluT1 and vGluT2, but also 

inhibited vesicular uptake of [3H]acetylcholine, [3H]dopamine and [3H]glutamate. These 

results suggest that vAChT, vMAT2, vGluT1 and vGluT2 can be S-nitrosylated and that 

S-nitrosylation of these transporters may further suppress transporter uptake activities. 

     S-nitrosylation is a posttranscriptional modification. S-nitrosylation of vAChT, 

vMAT2, vGluT1 and vGluT2 suggests that these transporters can be 

post-transcriptionally modified. Indeed, protein structure analysis has implicated multiple 

post-transcriptional modification sites for vAChT, vMAT2, vGluT1 and vGluT2, 

including sites of oxidation, phosphorylation and glycosylation [156]. Within these 

modifications, Ser480 of vAChT and the distal C-terminal of vMAT2 can be 

phosphorylated in monkey kidney transfected COS cells. Phosphorylation of vAChT and 

vMAT2 were found to regulate their trafficking events, by which blockade of the 

phosphorylation disrupts the localization of vAChT and vMAT2 to vesicles in PC12 cells 

[155]. These findings, together with our findings, suggest that vAChT, vMAT2, vGluT1 

and vGluT2 may undergo multiple forms of posttranscriptional modifications.   
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     Protein S-nitrosylation plays important roles in cellular signaling mechanism, as it 

is a reversible and selective process. Many studies have shown that S-nitrosylation can 

regulate functions of various proteins in neuronal system, and most of these studies were 

reported on enzymes [33,83,112,115,122]. In general, S-nitroyslation may increase or 

decrease protein (enzyme) activity, leading to higher or lower efficiency of their function. 

For instance, S-nitrosylation of Cys83 and Cys157 in Cdk5 can increase the Cdk5 

activity, leading to hyperactivity of NMDA receptors and ultimately spine loss [130]; 

S-nitrosylation of PDI decreases its chaperone activity and isomerase activity, which 

leads to accumulated protein aggregation and ER stress [125,126]. S-nitrosylation of 

vAChT, vMAT2, vGluT1 and vGluT2 may also regulate their transport activities and 

efficiency. vAChT, vGluT1, vMAT2 and vGluT2 contain many cysteine residues with 8 

cysteines in vAChT, 10 cysteines in vMAT2, 12 cysteines in vGluT1 and 9 cysteines in 

vGluT2 [156]. These cysteine residues have potential to be modulated by S-nitrosylation 

when exposed to an environment with high concentration of NO. For example, structure 

analysis of vGluTs indicated the loops between transmembrane domains (TMs) 6-7 and 

8-9, and regions C-terminal to TM2 and N-terminal to TM3 are exposed to the cytosol 

[157], which are accessible for posttranscriptional modifications. Within vGluTs, 9/12 in 

vGluT1 and 5/9 in vGluT2 are within transmembrane domains. This indicates a high 

chance of cysteine residues to be S-nitrosylated. Until now no direct evidence has been 

reported that cysteine is responsible for the transport ability of vesicular transporters, 

however, cysteine was found to regulate binding of certain compound in the transporters, 
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for instance, in human vMAT2, it is reported that Cys439 in TM 11 was the primary 

tetrabenazine (TBZ)-protectable target that mediates dihydrotetrabenazine (TBZOH) 

binding [158]. Another important function of cysteine is that it might influence the 

functions of vesicular transporters by changing their structures, as it is previously 

reported that Cys126 in loop 1/2 and Cys333 in loop 7/8 of human vMAT2 forms a 

disulfide bond [159]. Considering the important roles that disulfide bond plays in protein 

stabilization and protein function, occupation of cysteines caused by S-nitrosylation may 

inhibit these bond formations. Therefore, we suggest that S-nitrosylation of cysteine 

residues in vAChT, vMAT2, vGluT1 and vGluT2 changes the structure of these proteins, 

thus lowering the transport efficiency.  

     To determine the functional changes caused by S-nitrosylation of these vesicular 

transporters, uptake of neurotransmitters were further investigated. Our result 

demonstrated that GSNO at high concentrations inhibited the vesicular uptake of 

[3H]acetylcholine, [3H]dopamine and [3H]glutamate, indicating that S-nitrosylation of 

vAChT, vMAT2, vGluT1 and vGluT2 may further down-regulate transporter uptake 

activities. This is supported by recent evidence that S-nitrosylated vMAT2 inhibits 

dopamine uptake. In this study, METH significantly decreased DA content of vesicles 

from the striatum of rats after drug administration compared to control, while nNOS 

inhibitor S-methyl-L-thiocitrulline (SMTC) partially attenuated the METH-induced 

decrease in vesicular DA content [165]. Biotin switch method further revealed a 
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significant higher S-nitrosylated vMAT2 in the METH-administrated striatal vesicle 

fractions. This study indicates an inhibitory effect of vMAT2 S-nitrosylation on 

dopamine uptake. Combine the previous result that vAChT, vMAT2, vGluT1 and 

vGluT2 can be S-nitrosylated, therefore, we suggest that S-nitrosylation of vesicular 

transporters inhibits the uptake of neurotransmitters.  

S-nitrosylation of various presynaptic proteins may inhibit neurotransmission. 

Vesicles are the carriers for neurotransmitters, thus the normal functions of vesicular 

proteins are crucial for health neurotransmission. Recently it is reported that NO has a 

long-lasting inhibition on presynaptic metabolism and neurotransmitter release by protein 

S-nitrosylation [159]. Biotin switch method result demonstrated a significant increase of 

total S-nitrosylated vesicular proteins by high concentrations of NO donors (more than 

100 μM) including spermine–nitric oxide complex (NONOate), 

Z-1-N-methyl-N-[6-(N-methylammoniohexyl)amino]diazen-1-ium-1,2-diolate (MAHMA 

NONOate), S-nitroso-L-cysteine, and 3-Morpholinylsydnoneimine (SIN-1) in rat 

forebrain synaptosomes. Further study demonstrated that these NO donors inhibited 

vesicular component of glutamate release and this inhibitory effect persisted for more 

than 1 h. This result was in an order of potency that closely matched levels of glutamate 

release [159]. Other studies also support this viewpoint, for example, NO donors at 100 

μM increased the S-nitrosylation of norepinephrine transporters (NET) at Cys351, which 

further inhibits the reuptake of NE into the pre-synapse in Chinese hamster ovary (CHO) 
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cells [160]. This study indicates a crucial role of presynaptic proteins including vesicular 

transporters in neurotransmission, and S-nitroylation of presynaptic proteins may 

contribute to the deficits of neurotransmission. 

 

4.2 S-nitrosylation of vGluT1 and vAChT in brain of APP/PS1 mice 

The APP/PS1 mouse model has long been used for the investigation of behavioral and 

pathological changes for AD [61-70]. In the current study, using Morris water maze test 

we found that the latency is significantly increased and the swimming crossings passing 

platform area were significantly decreased in 9 and 12 month old APP/PS1 double 

transgenic mice. Using Y maze test we also found that the repetitive entries in each three 

consecutive crossings are significantly increased in 3 month APP/PS1 transgenic mice. 

These results are consistent with previous studies [61,63-69], indicating that short term 

memory is impaired in 3 month APP/PS1 transgenic mice, while spatial memory is 

impaired in 9 and 12 month APP/PS1 mice. 

     Our study also demonstrated a significant increased total protein S-nitrosylation in 

the frontal cortex and hippocampus of the 9 and 12 month APP/PS1 mice. Although 

increased protein S-nitrosylation has been found in some other AD models such as 

Tg2526 and Aβ cell models [33,34,110,125,131], this finding was the first time to show 

that protein S-nitrosylation is significantly increased in brain of APP/PS1 transgenic mice. 
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Since Aβ has been reported to be consistently increased in 9 and 12 month old APP/PS1 

transgenic mice when compared to wild-type controls, our findings suggest that protein 

S-nitrosylation may be caused by increased Aβ in APP/PS1 transgenic mice. These 

studies suggest that S-nitrosylation process may contribute to pathology of AD.  

     S-nitrosylation is induced by NO radicals. Many studies have shown that Aβ can 

increase NO production. It was reported that exposure to oligomeric Aβ1–42 leads to a 

significant increase in NO production while nNOS inhibitor L-NAME completely 

eliminated Aβ-triggered NO production in cultured rat cerebrocortical neurons [162]. 

Swedish double mutation APP (APPsw) transfected cells exhibit substantial high Aβ levels. 

In PC12 cells and HEK cells transfected with this mutation, NO levels and nNOS activity 

were increased, while both increased NO level and nNOS activitity were inhibited by 

inhibiting γ-secretase activity [162]. In addition, Aβ oligomers can activate iNOS in glial 

cells, generating high levels of NO [87,106,109]. In animal models, when Aβ1-42 was 

injected into temporal cortex of rats, an increased nNOS expression in the same brain was 

detected [164]. Injection of Aβ25-35 into rat temporal cortex not only caused a significant 

increase of iNOS expression but also reduced spatial memory in these rats. Furthermore, 

the Aβ-triggered NO production is closely related to hyperactivity of extrasynaptic NMDA 

receptors rather than synaptic NMDA receptors [33,110,160,163,]. This is explained in the 

studies that by using NMAD receptor inhibitors, nNOS activity can be significantly 

lowered [87,106,109]. In AD, Aβ toxicity triggers hyperactivity of NMDA receptors, 

65 
 



leading to an increased Ca2+ influx. Increased intracellular calcium then activates nNOS, 

leading to elevated NO production [106-108]. On the other hand, Aβ oligomers can 

activate iNOS in glial cells, generating high levels of NO [87,106,109]. In our animal 

model, we suggest that increased protein S-nitrosylation is caused by soluble Aβ toxicity, 

might through activation of NOSs. We also found that APP/PS1transgenic mice at these 

ages showed reduced spatial memory and increased protein S-nitrosylation in brain. 

These studies together suggest that Aβ may activate NOSs, subsequently resulting in 

increased production of NO radicals and that NO-induced protein S-nitrosylation may play 

a role in memory loss in AD.  

     Significantly increased total protein S-nitrosylation may trigger various 

neurodegeneration pathways, contributing to the cognitive changes in APP/PS1 mice. As 

reported in a high through proteomic studies, more than 100 proteins have been identified 

to be S-nitrosylated in transgenic mouse model overexpressing mutated human APP and 

in post mortem brain tissue of AD patients [34]. The vast majority of S-nitrosylated 

proteins are related to synaptic loss, apoptosis, energy metabolism and redox regulation 

[34,131]. Synapses as the main sites for signal connection, are essential for healthy 

neurotransmission. Recently 138 synaptic proteins were reported to be S-nitrosylated in 

transgenic mice overexpressing mutated human APP (hAPP), such as 

membrane-associated guanylate kinases (MAGUK), CamkII and synaptotagmins [131], 

indicating that synaptic proteins are easily accessible to NO modification in AD. Though 
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the S-nitrosylation role of most of these proteins have not been explained, some proteins 

already gave us clues on the detrimental effect on neurotransmission. For instance, Cdk5 

is a cyclin-dependent kinase has been implicated in multiple processes including axon 

guidance, neuronal migration, neuronal survival and the regulation of synaptic spine 

density [62,63,64]. Hyperactivity of Cdk5 triggered by a number of stimulus (including 

oxidative stress, Aβ exposure, calcium overload) contributes to neuronal death in AD. 

Recently it is reported that S-nitrosylation of Cdk5 is significantly increased in cells 

treated with Aβ1-42 oligomers and in AD post mortem brains. In vitro study demonstrated 

a significant increase of spine loss in the same cell model when exposed to NO donors or 

Aβ1-42 oligomers, while both the spine loss and Cdk5 S-nitrosylation can be obligated by 

NNA treatment (NOS inhibitor) [33]. Other proteins such as Drp1, IDE and PDI could 

also increase synapse loss by S-nitrosylaion, but through different signaling pathways 

[110,113,114,122,125,126].  

     Our study also showed that although protein levels of vGluT1 and vAChT were not 

different in brain between APP/PS1 transgenic mice and age-matched wild-type controls, 

S-nitrosylation of vAChT and vGluT1 was increased in frontal cortex of 6, 9 and 12 

month old APP/PS1 mice. S-nitrosylation of vAChT and vGluT1 was also increased in 

hippocampus of 3 month APP/PS1 mice. Our study suggests that S-nitrosylation of 

vAChT and vGluT1 may contribute a part to impairment of cholinergic and glutamatergic 

systems identified in AD. Because we also found that NO radicals can inhibit vesicular 
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acetylcholine and glutamate uptake, our study suggests that S-nitrosylation of vAChT and 

vGluT1 may further inhibit vAChT and vGluT1 activities in brain of this AD animal 

model.    

     Protein S-nitrosylation of vAChT might interfere neurotransmission process of 

cholinergic system. Many studies have indicated that in AD, cholinergic system is 

impaired, and that cholinergic deficits mainly result from decreased acetylcholine and 

death of cholinergic neurons. It has been found that low concentrations of exogenous 

Aβ1-40 or Aβ25-35 acutely inhibited endogenous acetylcholine release from 

the rat hippocampus from neuromuscular junctions [166,167]. Microdialysis study showed 

that high K+-evoked acetylcholine release was decreased while the spontaneous release of 

acetylcholine was not significantly decreased by treatment of Aβ oligomers [168]. No 

direct evidence has been reported that S-nitrosylation of vesicular proteins inhibits the 

uptake of acetylcholine. However, cholinergic deficits caused by Aβ toxicity have been 

reported as one of the hallmarks of AD. Protein S-nitrosylation is also an important 

neuropathological process to induce synaptic loss and neuronal cell death as explained 

previously. Moreover, in our previous result, S-nitrosylation could inhibit the uptake of 

acetylcholine. Therefore, we suggest that cholinergic deficits might be, at least partially 

attributed to the increased S-nitrosylation of various synaptic proteins. In the current study, 

we found both increased S-nitrosylation of vAChT and decreased learning and memory 
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in 9 and 12 month old APP/PS1 mice, suggesting a potential inhibitory role of 

S-nitrosylation of vAChT on cognitive changes.  

     Increased S-nitrosylation of vGluT1 in APP/PS1 mice may also impair 

glutamatergic neurotransmission. Because we also found that NO radical inhibited 

vesicular glutamate uptake, our results indicate that S-nitrosylation of vGluT1 may 

inhibit vGluT1 activity and cause accumulation of glutamate in cytosol. Studies have 

shown that accumulated glutamate can be reversely transported out of pre-synapse 

mediated by EAAT3 [176,177]. EAAT3 is located in axon terminals. Under physiological 

conditions, extracellular glutamate can be uptaken by presynapse through EAAT3 and 

then re-uptaken by synaptic vesicles. However, under pathological conditions such as 

ischemic condition, EAAT3 can reversely transport glutamate and cause exitotoxicity 

[177]. These studies together suggest that increased Aβ in APP/PS1 mice may induce 

S-nitrosylation of vGluT1, resulting in inhibition of vGluT1. Inhibited vGluT1 can 

decrease vesicular uptake of glutamate and increase cytosolic glutamate levels. 

Accumulated cytosolic glutamate may be further transported reversely out of pre-synapse, 

resulting in the elevated extracellular glutamate levels. Indeed, many studies have shown 

that Aβ can induce extracellular glutamate levels. For example, intracerebral injection with 

low concentrations of soluble Aβ in rats can increase the glutamate release from prefrontal 

cortex of rat cortex or hippocampal slices [169,170]. In animal models, elevated glutamate 
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induced by Aβ toxicity is associated with increased cognitive impairments [171-175]. 

Elevated extracellular glutamate has also been found in 7 month APP/PS1 transgenic mice.  

      In AD, Aβ toxicity is able to trigger multiple pathological conditions, such as 

oxidative/nitrosative stress, neuronal excitotoxicity and so forth, which might trigger 

reversed EAAT3 transport. The S-nitrosylation of vGluT1 in our study has been shown to 

inhibit the uptake of glutamate, contributing to an increased intracellular glutamate that 

might be released into the synaptic clefts. Here we suggest S-nitrosylation of vGluT1 

might contribute to glutamate release through reversed transport through EAAT3, however, 

further study is needed to verify this suggestion.  

 

4.3 Limitations of the study 

In the study, there are several limitations. First, S-nitrosylation is a reversible and specific 

posttranslational modification, which is also a redox-sensitive and labile protein 

modification. Therefore, endogenous S-nitrosylation detection is technically more 

challenging than some other modifications such as phosphorylation and carbonylation. 

Protein input used in the study as equal loading might not best show the real loading of 

the samples. The S-nitrosylated thiol group is liable and light sensitive, which makes it 

difficult to detect. False positive signal may come from endogenous biotinylation, and 

incomplete blocking. So we tried to modify the method by prolonging the blocking time 
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and increased the concentration of reducing agent. We tried to repeat the experiment for 

at least 4 times for the in vitro study and repeat 2 times for the animal study. 

     The second limitation in this study is the uptake variance of [3H] acetylcholine, 

which might be caused by the degradation effect from cholinesterase on the postsynaptic 

membranes. In the study, crude vesicles were isolated and used for the experiment, in 

which a certain amount of membranes could be detected in Figure 5 (vesicle isolation), 

indicating a potential effect of cholinesterase on acetylcholine degradation. In the 

experiment, paroxon, a cholinesterase inhibitor, was used to inhibit the cholinesterase 

activity.  

     Finally, the animal number is limited in 6 month and 12 month groups. The 

animals died in these two groups due to fight, in which only 6 APP/PS1 mice remained in 

6 month group and 5 remained in 12 month group before behavioral study. And the 

variation of the mouse performance led to a problem when analyzing the data in these 

two groups. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Overall conclusions  

In the present studies, we found that: 

1. NO radicals can induce S-nitrosylation of vAChT, vMAT2 and vGluTs, and also 

inhibit vesicular uptake of acetylcholine, dopamine and glutamate. 

2. Learning and memory are decreased and total brain protein S-nitrosylation is 

increased in 9 month and 12 month old APP/PS1 transgenic mice. 

3. S-nitrosylation of vAChT and vGluT1 is increased in the hippocampus of 3 

month old APP/PS1 transgenic mice, and S-nitrosylation of vAChT and vGluT1 

is increased in the frontal cortex of 6, 9 and 12 month old APP/PS1 transgenic 

mice. 

These findings suggest that S-nitrosylation of vAChT and vGluT1 inhibits the 

uptake of acetylcholine and glutamate, and might be implicated for the cholinergic and 

glutamatergic dysfuntion in AD.  

 

5.2 Significance of this research 

Cysteine residues in proteins are sensitive to ROS/RNS attack and undergo reversible 
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and irreversible oxidative modifications. Oxidative cysteine S-nitrosylation modulates 

protein function, enzyme activity and neurodegeneration. Our current findings help 

understanding the role that reversible cysteine oxidative modification plays in AD 

pathology. These findings also indicate that S-nitrosylation process may be a potential 

target for the treatment of AD and other dementias.  

 

5.3 Future directions 

To determine whether Aβ is a factor for the increased protein S-nitrosylation in 

APP/PS1 transgenic mice, we will use Aβ oligomers to treat mouse hippocampal HT22 

cells. The effect of Aβ oligomers on S-nitrosylation of vAChT and vGluT1 will be 

investigated. Meanwhile the effect of Aβ oligomers on vesicular acetylcholine and 

glutamate will also be detected. We will also investigate whether Trx, one of the main 

antioxidants in the human body, can reverse the protein S-nitrosylation induced by 

GSNO or Aβ oligomers in HT22 cells.  

     We will also investigate the levels of Trx/TrxR in the brain of APP/PS1 mice and 

their wild type littermates, to find the role that Trx/TrxR play in nitrosative process. It 

will also be an interesting to deliver Trx/TrxR in the transgenic mouse brains to see the 

behavioral changes. This will give us a new understanding on the pharmacological 

treatment for Alzheimer’s disease. 
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     To date, the biotin switch method is a very popular method used to detect 

S-nitrosylated proteins. However, some technical limitations could not be solved as 

described above. Recently, some new methods have been developed which are more 

precise and more stable, such as Mass Spectrometry and high throughput proteomic 

measurement. We will apply the new methods to address the limitations of conventional 

biotin switch method to detect S-nitrosylated proteins in synapse extracts from APP/PS1 

mice.  
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