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ABSTRACT

The 82-kDa isoform of choline acetyltransferase (82-ChAT) is unique to primates 

and is found in cholinergic cell nuclei. The functional significance of this protein is 

not well understood. Previous studies showed that nuclear 82-ChAT levels 

decrease with advancing age, and this is accelerated in Alzheimer’s disease 

(AD). The present studies examined the effect of 82-ChAT on amyloid precursor 

protein (APP) metabolism and amyloid-P (Ap) production. Levels of enzymes 

involved in processing of APP were examined in human SH-SY5Y 

neuroblastoma cells and in primary neuronal cultures prepared from cerebral 

cortex of embryonic APP/PS1 double transgenic mice that serve as a model of 

AD. A significant amount of APi^ 2 was released into cell culture media from 

neurons cultured from transgenic mice for 8 DIV, and this was associated with an 

elevation of total APP levels rather than changes in levels of APP processing 

enzymes. Upon expression of 82-ChAT, a 20% reduction in AP-m 2 release was 

found when compared to GFP-expressing control neurons. This was associated 

with a significant reduction in the protein but not mRNA of the p-secretase 

BACE1, indicating that 82-ChAT may alter proteins involved in post-translational 

modification and regulation of BACE1. These studies have important implications 

for AD pathology and broaden our understanding of the function of 82-ChAT 

proteins.

Keywords: choline acetyltransferase, cholinergic, Alzheimer’s disease, amyloid-p, 
secretases, amyloid precursor protein, presenilin 1
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CHAPTER ONE: GENERAL REVIEW OF LITERATURE

Alzheimer’s disease (AD) is a neurodegenerative disorder that is a leading 

cause of cognitive disability and morbidity in the elderly in North America today. 

According to a report released by the Alzheimer Society of Canada in 2010, half 

of a million Canadians have AD or related dementia. Currently one person 

develops AD every 5 minutes and this will reach one person every 2 minutes by 

the year 2038. These overwhelming statistics highlight the importance of 

understanding AD etiology in order to develop effective treatments and 

preventions in the near future.

The cholinergic system, which includes neurons or synapses that produce 

and release the neurotransmitter acetylcholine (ACh), is the major neuronal 

system affected in brains of individuals with AD. Choline acetyltransferase 

(ChAT), the enzyme responsible for the synthesis of ACh, serves as a 

phenotypic marker of cholinergic neurons because of its selective expression in 

these cells. A decline in ChAT activity is found in selected regions of necropsy 

brain of individuals with AD and is associated with degeneration of these 

neurons. The deficits in ChAT activity are also positively correlated with the 

cognitive impairments observed in AD. The studies undertaken in this thesis 

were aimed at expanding our current knowledge of the function of ChAT proteins, 

particularly in relation to aspects of AD pathology such as amyloid protein

metabolism.
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1.1 Alzheimer’s disease

1.1.1 General features

The majority of AD cases are sporadic, with age being the largest risk 

factor for developing the disease. A small percentage of AD cases are inherited 

in an autosomal dominant manner related to mutations in the amyloid precursor 

protein (APP), presenilin 1 (PS1) and presenilin 2 (PS2) (Goate et al 1991; 

Rogaev et al 1995). This early-onset form of AD (EOFAD) accounts for less than 

10 percent of total individuals affected and is clinically indistinguishable from AD. 

Additionally, kindreds with EOFAD with no identifiable mutations in these genes 

have been documented and in these cases the disease may be caused by other 

mutations that have not yet been characterized. Inheritance of the e4 allele of 

apoplipoprotein E (APOE e4) doubles the risk of AD whereas the absence of 

APOE £4 decreases the risk by 40% (Seshadri et al 1995). The mechanisms by 

which the different APOE alleles alter AD age of onset and risk are unknown and 

are the subject of current research.

The majority of AD cases are late-onset, with individuals generally 

diagnosed with dementia after the age of 65 years. However, the earliest 

changes can occur 20 years before the appearance of clinical symptoms. On 

average, individuals often live 8-10 years after receiving a diagnosis of AD, but 

some individuals may live with the disease for up to 20 years. Although the 

course of the disease can vary significantly between individuals, there are trends 

in the progression of symptoms. Mild AD (also known as mild cognitive 

impairment, MCI) generally lasts from 2 to 4 years. In this stage, individuals
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experience mild memory loss, and are slow to learn new things. One of earliest 

features of this stage is a decline in episodic memory, the long-term memories of 

autobiographical events (Bondi et al 1995, 1999). Moderate AD is the longest 

stage and generally lasts from 2 to 10 years. In this stage, individuals become 

disabled as they become more disoriented and forget recent events and have 

trouble recognizing familiar individuals. They also have difficulty communicating 

and develop speech problems. Severe AD, which often lasts from 1 to 5 years, 

involves complete loss of control of bodily functions and requires constant care. 

Individuals generally have almost non-existent memory and cannot recognize 

people or speak. They become highly susceptible to other illnesses such as 

respiratory or other infections due to their weakened state.

1.1.2 Pathological characteristics

The formation of amyloid-(B (A(3) plaques and neurofibrillary tangles (NFTs) 

are considered to be the pathological hallmarks of AD (Braak and Braak 1991). 

NFTs are intracellular lesions formed from hyperphosphorylation of tau, a protein 

that is involved in microtubule stability. The microtubule-binding domain of tau 

interacts with the p-tubulin proteins found at inner surfaces of microtubules and 

the positively charged proline-rich region of tau interacts with the negatively 

charged microtubule surface (Kar et al 2003; Amos 2004). This promotes the 

polymerized state of microtubules which enables the proper transport of cargo 

within cells and maintains the strength of the cytoskeleton. The binding affinity of 

tau to microtubules is regulated post-translationally primarily by serine/threonine-
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directed phosphorylation (Mazanetz and Fischer 2007). In AD, the balance 

between phosphorylation and dephosphorylation of tau is disrupted, and a 

greater proportion of tau is found in the cytoplasm where it becomes susceptible 

to aggregation (Ballatore et al 2007).

A(3 is produced as a peptide comprised of between 39 and 43 amino acids 

from proteolysis of APP. As shown in Figure 1.1, cleavage of APP by the p- 

secretase releases sAPP(3 and gives rise to a c99 fragment which is then 

processed by the y-secretase complex to produce Ap-M0 or AP-m 2 and the amino

terminal APP intracellular domain (AICD). p-site APP cleaving enzyme 1 

(BACE1) is the major p-secretase in the brain (Vassaret al 1999). Physiological 

roles for this amyloidogenic processing pathway are beginning to be elucidated. 

For example, p-secretase cleavage of APP has been implicated to play a role in 

normal apoptosis during development. The amino-terminal fragment of APP is a 

ligand for death receptor 6, activating a self-destruction pathway important for 

normal sculpting of axons (Nikolaev et al 2009). Ap production is precluded in the 

non-amyloidogenic pathway where APP is cleaved by an a-secretase which 

releases sAPPa and a c83 fragment that is processed by the y-secretase 

complex to generate p3 and AICD. a-secretase activity is mediated by one or 

more zinc metalloproteinases such as ADAM10 or ADAM9 (Thinkaran and Koo 

2008).

The exact location for Ap production is still a topic of debate. APP is 

initially synthesized in the endoplasmic reticulum (ER) and transported through 

the trans-Golgi-network (TGN) where the majority of APP resides at a steady
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state (Xu et al 1997; Greenfield et al 1999). APP is transported to the cell surface 

in TGN-derived secretory vesicles, where the majority of a-secretase cleavage 

occurs (Sisodia 1992). Only about 10 percent of total APP molecules are found 

at the cell surface. Re-internalization of APP to the endosomal/lysosomal 

degradation pathway occurs rapidly due to a strong YENPTY endocytosis motif 

located near the carboxyl terminus. BACE1 activity is thought to be a rate-limiting 

factor for Ap generation, and requires an acidic environment for optimal function. 

The major cellular compartments where BACE1 activity has been observed 

include the early Golgi, late Golgi/early endosomes, endosomes, and the cell 

surface (Vassar et al 1999; Walter et al 2001; Huse et al 2000, 2002). 

Mechanisms regulating BACE1 trafficking and activity are not fully understood 

and remain a focus of current research.

Ap peptides accumulate as oligomeric and then fibrillar aggregates which 

then form into extracellular plaques of AD. A(3i^0 is the most common Ap species 

found, whereas A p ^ 2 has a greater tendency towards aggregation due to the 

additional two hydrophobic residues at the carboxyl terminus. It is considered 

that Ap is not toxic as monomers but aggregated forms of the peptide, especially 

oligomers, are toxic to neurons and can alter synaptic transmission (Noguchi et 

al 2009).
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Figure 1.1: P roteolytic processing pathways of APP. Cleavage of APP along 

the amyloidgenic pathway involves processing by a p secretase (BACE1) and y 

secretase complex. This results in production of either a 40 or 42 residue Ap 

peptides that can aggregate into the extracellular plaque deposits observed in 

AD. Alternatively, Ap production is precluded by cleavage within the Ap domain 

by an a secretase (ADAM I0) along the non-amyloidogenic pathway.



The other major pathological feature of AD is neurodegeneration, with the 

hippocampus and cortex, including the frontal, temporal and parietal lobes being 

the major brain areas affected. The hippocampus is a component of the limbic 

system that is affected early in AD. This system is involved with memory and 

emotion, and is primarily associated with processing of verbal and visual 

memory. It also joins the two hemispheres of the brain connecting emotion and 

memory with behaviour. The entorhinal cortex, found in the medial temporal lobe, 

is the region where atrophy is first visible in the AD brain (Feldman et al 2008). 

The temporal lobes are important for control of new learning and short-term 

memory. The frontal lobe is involved in motor control and some cognitive 

processes while the parietal lobes allow us to put activities in sequence and 

understand spatial information. These neocortical areas deteriorate as the 

disease progresses (Braak and Braak 1991).

Cholinergic neurons are the major sites of neurodegeneration in AD, with 

cholinergic neurons that have their cell bodies in basal forebrain nuclei being the 

primary source affected. This includes neurons that project from the nucleus 

basalis of Meynert (NBM) to areas of the cortex (frontal, parietal and occipital 

cortices), as well as those that project from the diagonal band of Brocca through 

the medial septum to the hippocampus (Davies and Maloney 1976; Fibiger 1982; 

Mesulam 1996). Other neuron types are also affected in AD, including the 

serotonergic cells of the dorsal raphe (Michelsen et al 2008), dopaminergic 

neurons of the substantia nigra (Zarow et al 2009) and noradrenergic neurons of 

the locus coeruleus (Zarow et al 2003; Heneka et al 2010).

7
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1.1.3 Diagnosis

The only definitive diagnosis for AD can be made at post-mortem. In the 

clinical setting, AD is confirmed by elimination of other diseases through 

evaluation of patient medical history, neuropsychological testing and interviews 

with family members (Feldman et al 2008). The most widely used test to 

distinguish dementia from normal cognitive decline due to aging is the Mini

Mental State Examination (MMSE) (Folstein et al 1975). The severity of disease 

is determined with the Clinical Dementia Rating (CDR) scale, where 0 denotes 

no cognitive impairment, 0.5 is very mild dementia, 1 is mild dementia, 2 is 

moderate dementia and 3 is severe dementia. Patients are assessed in six areas 

of cognitive and functional performance: memory, orientation, judgment and 

problem solving, community affairs, home and hobbies, and personal care 

(Morris 1993, 1997). When available, magnetic resonance imaging (MRI) scans 

are also used as diagnostic tools. Structural imaging is used to look for 

degeneration of vulnerable areas such as the hippocampus and entorhinal cortex 

and can be used to predict the progression from MCI to AD. Also, these images 

allow physicians to rule out other pathologies such as tumours or non-AD 

degeneration (Feldman et al 2008).

Positron Emission Tomography (PET) using radiological markers has 

brought new possibilities for early diagnostic tools for AD. One example is the 

carbon-11 (11C) labelled Pittsburgh compound B (11C-PIB), which is a 11C 

derivative of the thioflavin-T dye that is used to stain neuritic A(3 plaques (Rowe 

et al 2007). Studies have shown an approximately 2-fold increase in binding of
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11C-PIB to plaques in AD cases compared to control subjects, and may be used 

to indicate disease progression (Rowe et al 2007; Klunk et al 2004).

Currently, no definite biomarkers have been established that distinguish 

individuals with AD from normally aging subjects. Cerebrospinal fluid (CSF) 

levels of A(3i^ 2 (Iwatsubo 1998), total tau (Sunderland et al 2003) and phospho- 

tau (Vanmechelen et al 2000) are the most reproducible indicators of EOFAD. A 

decrease in CSF APi^ 2 and increase in phospho-tau levels have been shown to 

correlate with EOFAD (Sunderland et al 2003) and may also predict the 

conversion of MCI to AD (Riemenschneider et al 2002).

1.1.4 Treatment

There are four drugs currently approved by Health Canada that act to 

reduce symptoms of AD. Three of these, donepezil, galantamine, and 

rivastigmine, are acetylcholinesterase (AChE) inhibitors, and the other is 

memantine, an NMDA receptor antagonist. AChE inhibitors act by decreasing the 

breakdown of ACh thus counteracting the effect of degenerating cholinergic 

neurons and the decrease in ACh release. These pharmacological tools are most 

commonly used for mild to moderate cases of AD (Ritchie et al 2004; Rockwood 

2004). Memantine acts by targeting NMDA receptors that are concentrated in the 

hippocampus and cortex. Excess glutamate, termed excitotoxicity, binds to 

NMDA receptors to cause over-activation and resulting in apoptosis of neurons in 

the brain (Sucheret al 1997). In AD, A(3 plaques make neurons more susceptible 

to the effects of excitotoxicity (Koh et al 1990). Memantine acts as a fast-binding
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antagonist, binding to spots on activated NMDA receptors thus preventing 

glutamate-induced over-activation (Chen and Lipton 1997). Memantine can be 

beneficial in moderate to advanced AD cases by improving global cognition 

parameters (Winblad and Poritis 1999); improvements in behavioural parameters 

in AD patients has only been shown when memantine is combined with 

donepezil (Tariot et al 2004).

Recently, anti-A(3 immunization therapies have been under development. 

Both active and passive immunization strategies have produced positive results 

in animal models, but limited success has been seen in human clinical trials.

Initial A(3 immunotherapy studies in animal models reduced A(3 load and restored 

cognitive defects (Schenk et al 1999). The first phase I clinical trial for active 

immunization in humans in 2000, did not reveal adverse side effects and patients 

formed antibodies against A(3i^ 2. However, larger phase lla clinical trials were 

terminated early because some patients developed subacute encephalopathy 

due to meningoencephalitis (Orgogozo et al 2003). Although these initial trials did 

yield some success in developing antibodies against A 3 ^ 2 and reducing plaque 

load, there is controversy regarding the ability of immunotherapy to slow disease 

progression and improve cognitive parameters (Gilman et al 2005).

1.1.5 Etiology

The exact mechanisms that lead to the formation of A(3 plaques and NFTs, 

and to neuron cell loss are unknown and remain the focus of a large research 

effort. Several hypotheses have been advanced about the etiology of AD. The
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cholinergic hypothesis was formulated based on the fact that cholinergic deficits 

are consistently observed in AD (Whitehouse 1981; Rylett et al 1983; Nilsson et 

al 1986; Aubert et al 1992; Davis et al 1999), as well as the finding that blockade 

of brain cholinergic neurotransmission negatively impacts cognitive function in 

neurologically-normal individuals (Drachman and Sahakian 1980). In this 

hypothesis, the cognitive decline found in AD is due to a decrease in cholinergic 

neurotransmission. The major pharmacological tool available for treatment of AD 

is the AChE inhibitors, which potentiate cholinergic transmission. However, these 

drugs are only effective in reducing symptoms in a small proportion of AD 

subjects (Rogers et al 1998; Gauthier 2002).

The amyloid hypothesis is centered on Ap deposition as the underlying 

cause of the cognitive decline of AD (Hardy and Selkoe 2002). This is supported 

by the fact that mutations in APP, PS1 and PS2 that are associated with EOFAD 

lead to increased Ap production that favours the toxic APi ^2 form of the protein 

(Citron et al 1992; Jankowsky et al 2004). Also, individuals with Down’s 

Syndrome, or trisomy 21, have an extra copy of the APP gene and are prone to 

developing AD as early as the fourth decade of life (Rumble et al. 1989). Ap 

accumulation may occur 10-15 years prior to signs of dementia emerging and 

peak during mild AD with little increase afterwards. Individuals with MCI have 

abundant senile plaques throughout the neocortex and NFTs in the hippocampus 

and entorhinal cortex (Price and Morris 1999). Continued exposure to high 

concentrations of Ap at a pre-clinical stage of AD may be important in driving cell 

loss and cognitive decline.
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It has also been postulated in recent years that A(3 plaques and NFTs are 

the result of an attempt by vulnerable neurons to re-enter the cell cycle. 

Traditionally, neurons are considered to be terminally differentiated cells and 

hence should remain in G0 phase of the cell cycle. In AD, dysregulation of the 

cell cycle and re-expression of cell cycle markers occurs early in disease 

pathogenesis, before the formation of A(3 plaques and NFTs (Yang et al 2006). 

These neurons are pushed through DNA replication (Yang et al 2001) and into 

the G2 phase of the cell cycle where they are arrested for long periods of time. 

The result is a state that is permissive, but not sufficient, to induce cell death.

The activation of kinases, such as cyclin dependent kinase 5 (CDK5) and 

glycogen synthase kinase 3(3 (GSK3(3), and the downregulation of phosphatases, 

such as protein phosphatase 2A and 2B, is a predominant feature of the G2 

phase of the cell cycle. This shift in balance towards phosphorylation leads to 

hyperphosphorylation of tau by protein kinases, CDK5 and GSK3(3, resulting in 

NFT formation. Over-activation of CDK5 is also associated with increased A(3 

production through phosphorylation of APP (lijima et al 2000; Liu et al 2003) and 

increased activity of the (3-secretase BACE1 (Cruz et al 2006; Wen et al 2008). 

These proteins further stimulate other neurons to re-enter the cell cycle and 

continue this cycle, eventually pushing neurons to the point of cell death (Yang et 

al 2001; Varvelet al 2008).

Other mechanisms implicated in AD include oxidative stress, excitotoxicity, 

and neuroinflammation. AD is a complex disorder that is probably the result of a 

combination of these mechanisms and insults. To develop effective treatments
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and preventions for AD, it is important to understand the sequence of these 

events, and how they fit together to contribute to disease pathology and 

progression.

1.2 Genetically-modified mouse models of AD

Several mouse models have been developed in an attempt to replicate the 

pathological features and progression of AD. The development of transgenic 

technologies has allowed significant advances in models that recapitulate various 

AD-related pathologies. The mouse lines that have been best characterized are 

those that replicate amyloid pathology by introducing APP and PS1 that have 

mutations that are found in cases of EOFAD. Three isoforms of APP result from 

alternative splicing of a single gene product. APP695 is the most abundant of 

these and is expressed in neurons. The APP751 and APP770 isoforms are found in 

non-neuronal cells and contain a Kunitz-protease inhibitor domain that is not 

present in APP695 (Suzuki and Nakaya 2008). Mutant residues in APP are found 

within the A(3 domain, as well as flanking the amino and carboxyl termini. Figure

1.2 shows the sites of APP cleavage and the resulting Ap peptide sequence. 

Various residues that are mutated in EOFAD cases and used for murine models 

of AD are highlighted. Transgenic animals that express a mutant PS1 alone do 

not develop significant Ap deposits or AD-like pathology. However, when these 

mice are combined with APP mutant lines, the Ap pathology is observed in 

younger animals and the ratio of A p ^ o iA p ^  shifts to favour A p ^  when 

compared to animals expressing mutant APP alone (Jankowsky et al 2004).
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Figure 1.2: Schematic diagram of human APP. The three major isoforms of 

human APP in the brain are shown. APP770 and APP751 contain a Kunitz 

protease inhibitor (KPI) domain that is not present in APP695.The black box 

indicates the region of APP that forms the Ap peptide. The plasma membrane is 

represented by vertical black lines. The Ap domain is enlarged and amino acid 

sequence is given. Sites of APP cleavage are indicated for each secretase (a, p, 

Y). Major residues associated with mutations in the early-onset form of AD are 

shown in bold. These include the Swedish (K670N/M671L), Flemish (A692G), 

Arctic (E693G), Italian (E693K), Dutch (E693Q), Iowa (D694N), Indiana (V717F), 

and London (V717I) mutations.
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The first model to display significant AD-like pathology was the PDAPP 

mouse, expressing human APP with the Indiana mutation (V717F). In this 

model, significant dense core plaques and dystrophic neurites are found in the 

hippocampus and cortex beginning at 6-9 months of age (Games et al 1995). 

Since the development of this model in the late 1990s, several other murine 

models of AD pathology have been created with single or multiple EOFAD 

mutations. These models and the observations of AD-like pathology are 

summarized in Table 1.1.

The APP/PS1AE9 model has been well characterized for its extensive 

A|3 pathology. Plaques are found as early as 4 months of age and continue to 

increase until animals are 12 months old (Garcia-alloza et al 2006, Machova et al 

2008). There are also significant changes in cholinergic neurons in this model. 

Dystrophic cholinergic (ChAT-positive) neurites are observed in the cortex and 

hippocampus by 2-3 months and in the striatum by 5-6 months that increase in 

parallel to A(3 deposition. Although the number of ChAT-positive neurons are not 

altered with age, a decrease in ChAT enzyme activity is observed in the cortex 

and hippocampus (Perez et al 2007). Age-related deficits observed in another 

cholinergic marker, AChE, correlate weakly with diminished performance on the 

repeated reversals task, a measurement of episodic-like memory. The majority of 

the cognitive decline observed in these animals is due to the extensive A(3 load 

(Savonenko et al 2005). The relatively early onset of A|3 production and the 

extensive plaque burden and resulting cholinergic deficits in these mice provides 

a powerful model for the study of the role of A|3 in AD pathology.



Table 1.1: Common murine models of Alzheimer's disease
Mouse
Model

M utations Prom oter Age o f Ap  
Deposition

General Pathology References

PDAPP hAPP(all
isoforms)
with
Indiana
mutation
(V717F)

PDGF-ß 6-9 months At 6-9 months, human Ap found in hippocampus, 
corpus callosumand cerebral cortex, increasing 
with age

- Plaques range from diffuse irregular types to  
compacted plaques (thioflavin S positive)

- Synaptic damage and neuroinflammation 
(astrocytosis, microgliosis) observed

- Decreased staining for presynaptic 
(synaptophysin) and dendritic (MAP-2) markers

- Reduction in ChAT positive nerve terminals in 
cortex and hippocampus prior to Af3 plaque 
formation

- No differences in cholinergic cells in the basal 
forebrain with age

Games et 
al. 1995; 
German et
al. 2003

Tg2576 hAPP695
with
Swedish
mutation
(K670N/
M671L)

Prion Plaques by 
9 months

Dense plaques (thoiflavin S positive) found in 
cortex, subiculum.and presubiculum

- GFAP-positive astrocytes associated with amyloid 
plaques

- Evidence of dystrophic neurites but minimal cell 
death

Hsiao et al. 
1996

APP/
PS1-
A246E

hAPP69S
with
Swedish
mutation
(K67ÛN/
M671L)
human
PS1
(A246E)

Prion Small 
deposits at 
6 months; 
plaques at 9 
months

Ap staining found in hippocampus and cortex as 
well as blood vessels in the leptomeningesand 
ascending vessels that travel into deep cortical 
layers

- ^P'-4o'^Pi-i-2 is 1.75.1
- Plaques consist of h.Ap core surrounded by mAp 

while diffuse deposits are intermingled human and 
mouse Ap

- Females have higher amyloid burden

Van Groen 
éta l. 2006: 
Jankowsky 
et al 2004



APP/
PS1AE9

hAPP695
with
Swedish
mutation
(K670N/
M671L)
hPS1
(AE9)

Prion Plaques by 
4-6 months

- A(3 staining found in hippocampus and cortex
- CAA observed in blood vessels in the 

leptomeninges beginning at 6 months of age
- Large amount of deposits found in thalamus and 

cerebellum
- A[5-i-4o- A|3'_42 is 0.75.1
- Both insoluble and soluble Ap levels increase with 

age, and insoluble Ap1̂ 0;Ap1̂ 2 shifts to favour 
AP1-42 as measured by ELISA

- Plaques consist of hAp core surrounded by mAp 
while diffuse deposits are intermingled human and 
mouse Ap

- Age related decline in activity of ChAT, AChE, 
BuChE

- No significantchange in ChAT-positive neurons in 
cortex, striatum, nucleus basalis except motor 
cortex

Van Groen 
et a I. 2006; 
Jankowsky 
et al. 2004; 
Garcia- 
A llozaet al. 
2006;
M achovaet 
al. 2008; 
Perez et al. 
2007;
Savonenko 
et al. 2005

3 XTg- 
AD

h A PP 6gs 
with
Swedish 
mutation 
(K670N/ 
M671L)
hTaû poiM

(P301L) 
PS1 knock 
in (M146V)

Thy1 Intracellular 
deposits at 
3-6 months; 
plaques 
from 6-12 
months

Intracellular Ap initially found in neocortex (3-4 
months) and then in hippocampus (6 months)

- Plaques in frontal cortex (6 months) and then other 
cortical areas and hippocampus (12 months)

- Reactive astrocytes colocalize with thioflavin S
positive Ap deposits

- Tau pathology begins in the pyramidal neurons of 
the hippocampus and progresses to cortex

- Between 12 and 15 months, phospho-tau 
immunoreactivity is observed

- Synaptic transmission is impaired by 6 months in 
the CA1 region of the hippocampus

- E15-18 cortical cultures have increased Ap levels 
(ELISA) and phospho-tau levels (immunoblotting) 
with increased time in culture

Oddo et al. 
2003; Vale 
et al 2009
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1.3 Components and anatomy of the cholinergic neuron systems

Cholinergic neurons synthesize the neurotransmitter acetylcholine (ACh) 

and are found throughout the central nervous system (CNS), autonomic 

pathways and peripheral nervous system (PNS). In the periphery, ACh is 

released at the neuromuscular junction and mediates voluntary muscle 

contraction (Oda 1999). In the CNS, ACh is released in areas involving learning, 

memory, sleep and arousal. The basal forebrain is the primary source of 

cholinergic neuronal perikarya that project to areas of the cortex and 

hippocampus (Fibiger 1982; Mesulam 1996).

There are 8 cholinergic neuron groups in the brain that are designated 

Ch1-Ch8 and defined based on the location of their perikarya. These regions 

project to other CNS structures and were identified initially in immunohisto- 

chemistry studies using polyclonal and monoclonal antibodies against ChAT 

(Eng et al 1974; Cozzari and Hartman 1980). These results were supported by 

studies that detected ChAT mRNA by in situ hybridization (Kasashima et al 

1998). Ch1 neurons are located in the medial septal nucleus and Ch2 neurons 

are located in the vertical nucleus of the diagonal band of Brocca. Together, the 

Ch1 and Ch2 neurons project to the hippocampus. Ch3 neurons are found in the 

horizontal limb of the diagonal band nucleus and project to the olfactory bulb. 

The Ch4 neurons are associated with the NBM and innervate the cerebral cortex 

and amygdala. The basal forebrain contains these four regions which contain 

cholinergic cells. The proportion of cells in this area that are cholinergic varies 

from 1% in the Ch3 group to 90% in the Ch4 group (Mesulam 1995).
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Ch5 and Ch6 neurons are associated with the pedunculopotine nucleus 

and laterodorsal tegmental nucleus in the rostral brainstem, respectively, and 

together they project to the thalamus. These regions likely also provide extrinsic 

projections to basal ganglia. One exception is the striatum which is largely 

comprised of intrinsic innervations from cholinergic interneurons (Fibiger 1982).

In rodents, up to 30% of cholinergic innervation in the cortex may be accounted 

for by intrinsic interneurons; the existence of cholinergic interneurons in the 

primate cerebral cortex is still a topic of debate. Ch7 neurons are found in the 

medial habenula and project to the interpeduncular nucleus. Ch8 neurons lead 

from the parabigeminal nucleus to the superior colliculus (Mesulam 1988).

As shown in Figure 1.3, ACh is synthesized in cholinergic nerve terminals 

from acetyl coenzyme A (acetyl CoA) and choline by ChAT (Nachmansohn and 

Machado 1943). It is then transported into synaptic vesicles by the vesicular ACh 

transporter (VAChT) which relies on a proton electrochemical gradient generated 

by the H+ pumping ATPase (Nguyen et al 1998). Upon neuronal depolarization, 

synaptic vesicle stores of ACh are recruited in a calcium-dependent manner 

(Richardson 1986) to active zones of the presynaptic nerve terminal (Collier and 

Katz 1974). Vesicles fuse to the plasma membrane and release ACh into the 

synaptic cleft where it binds to pre- and post-synaptic nicotinic or muscarinic 

receptors. Excess ACh in the synaptic cleft is degraded by AChE into choline and 

acetate. Choline is taken up into cholinergic presynaptic terminals primarily by 

the high-affinity sodium-dependent choline transporter (CHT) which is unique to 

cholinergic neurons (Kuhar and Murrin 1978; Okuda et al 2000) and is the rate-



limiting step for ACh synthesis. Choline is also taken up into all cells by a 

ubiquitous low-affinity sodium-independent transporter that is important for 

providing choline to cells for phosphatidylcholine synthesis (Kuhar and Murrin 

1987; Lee et al 1993). CHT replenishes choline as substrate for synthesis of ACh 

reserves to maintain cholinergic neurotransmission.

As discussed previously, degeneration and dysfunction of cholinergic 

neurons is a major pathological feature of AD. This is associated with a decline in 

various markers of cholinergic neuron function, including ChAT activity (Perry et 

al 1977), high-affinity choline uptake (Rylett et al 1983), ACh release (Nilsson et 

al 1986) and ACh receptor (AChR) binding (Aubert et al 1992). Among these 

markers, a decrease in ChAT activity is found most consistently and correlates 

with a reduction in neurons of the NBM (Bird et al 1983; Henke and Lang 1983). 

ChAT activity in cortical areas is negatively correlated to the density of senile 

plaques and to cognitive impairment as determined by neuropsychological 

testing (Perry et al 1981; Mountjoy et al 1984). A better understanding of the 

cellular regulation and activity of ChAT is essential in discerning the vulnerability 

of the cholinergic system and how it is targeted in AD.

2 0
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Figure 1.3: Cholinergic nerve term inal. In the presynaptic cell, acetylcholine 

(ACh) is synthesized by choline acetyltransferase (ChAT) from substrates acetyl 

CoA and choline. ACh is transported into synaptic vesicles by the vesicular 

acetylcholine transporter (VAChT) where it is stored. Upon depolarization, ACh is 

released into the synaptic cleft where it can bind to either nicotinic or muscarinic 

receptors on the pre- and post-synaptic cell. Excess ACh is degraded in the 

synaptic cleft by acetylcholinesterase (AChE) and choline can be taken up into 

the presynaptic cell primarily through the action of the high-affinity Na2+- 

dependent choline transporter (CHT). This is the rate-limiting step for ACh 

synthesis.



2 2

1.4 Human 82-kDa choline acetyltransferase protein (82-ChAT)

Human ChAT contains two domains that consist of a-helices surrounding 

a six-stranded (3-sheet. Binding of substrates choline and acetyl CoA occurs at 

residues 1 to 89 and 392 to 615, with the catalytic domain where ACh synthesis 

occurs involving residues 90 to 391 (Kim et al 2006). The active site histidine 

residue (H324) (Carbini and Hersh 1993) is found where the two domains meet 

in the middle of a water-filled tunnel that runs through the enzyme.

ChAT is synthesized in the cell body of cholinergic neurons with 

approximately 5-18% of rat ChAT molecules transported to nerve terminals by 

fast axoplasmic flow (30-200 mm/day) (Dziegielewska et al 1976) and the 

remainder transported by a slow flow rate (5-15 mm/day) (Wooten and Cheng 

1980). The exact molecular mechanisms of ChAT transport from the neuron cell 

body to distal axonal terminals are still unknown. At the nerve terminal, the 

majority of ChAT (80-90% of total enzyme activity) is found in the cytoplasm and 

the remainder (10-20%) is bound non-ionically to the plasma membrane and/or 

synaptic vesicles (Schmidt and Rylett 1993; Pahud 1998).

ChAT is encoded by a single gene within the “cholinergic gene locus” 

located on chromosome 10 (Hahm etal 1997; Figure 1.4). This locus also 

contains the gene encoding VAChT as a single exon between R and N non

coding exons in the ChAT promoter. Multiple transcripts of ChAT are produced 

by alternative splicing and differential utilization of at least five non-coding exons 

(Misawa et al 1997). Seven mRNA isoforms of human ChAT have been 

identified: R1-, R2-, N1-, N2-, H-, S- and M-transcripts. All human ChAT mRNAs
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Figure 1.4: The cho linerg ic gene locus. The human ChAT gene is located on 

chromosome 10 and consists of multiple non-coding (blue) and coding (green) 

exons. Alternative splicing of five non-coding exons produces seven known 

mRNA species. The entire coding sequence for VAChT is located between the 

R- and N-exon, as highlighted in yellow. The various translational site starts are 

indicated by arrows (red). 82-ChAT is unique to primates and produced from 

alternative splicing of the M-transcript.
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produce a 69-kDa enzyme, with the M- and S-transcripts also encoding 82- and 

74-kDa proteins, respectively, due to the presence of two putative translation 

initiation sites (Misawa et al 1997; Oda et al 1992; Ohno et al 2001). The 82-kDa 

ChAT protein (82-ChAT) differs from the 69-kDa ChAT protein (69-ChAT) as it 

has a 118 residue amino terminal extension. Although the M-transcript is found in 

both primates and rodents, the rodent form lacks the first translation initiation site 

thus preventing production of 82-ChAT. Gill et al (2003) have shown that 69- and 

82-ChAT share a nuclear localization signal (NLS) motif that allows shuttling of 

ChAT between the nucleus and cytoplasm. 82-ChAT has an additional NLS in 

the first nine residues which gives it a predominantly nuclear localization 

(Resendes et al 1999).

The regulatory elements important for production of different ChAT 

proteins have not yet been identified. However, a neuron-restrictive silencer 

element (NRSE) and cholinergic-specific enhancer region have been found in the 

rat ChAT promoter that may be important in directing the cholinergic expression 

of ChAT in the CNS (Lonnerberg et al 1996). Post-translational regulatory 

mechanisms such as phosphorylation are important in modifying ChAT catalytic 

activity, subcellular localization and interaction with other proteins (Schmidt and 

Rylett, 1993; Cooke and Rylett 1997; Dobransky et al 2001,2003, 2004).

The 82-ChAT protein is unique to primates and its expression and 

distribution in human brain and spinal cord tissue has been confirmed (Gill et al 

2007). Expression of both 69- and 82-ChAT is decreased with increasing age 

and this loss is accelerated in AD. Additionally, the nuclear localization of both
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proteins is lost and 82-ChAT found largely in the cytoplasm by the 8th decade of 

life in neurologically-normal subjects (Gill et al 2007). The functional significance 

of having different subcellular distributions of ChAT proteins in primates is 

unknown, and it is not known if changes in the localization or expression of ChAT 

are a source of increased vulnerability of primate cholinergic neurons to 

degeneration in AD. Gene microarray studies have suggested a role for 82-ChAT 

in promoting the non-amyloidogenic processing of APP (Gill et al, unpublished 

observation). Thus, a loss of nuclear ChAT may have important implications in 

the pathology of AD and further investigations would allow better characterization 

of this role.

1.5 S tudy : Effect of 82-ChAT on Ap pathology 

Hypothesis:

1. Ap production is elevated in E14-17 cortical cultures of the APP/PS1 

transgenic mouse model of AD compared to non-transgenic littermates.

2. Human 82-ChAT promotes non-amyloidogenic processing of APP.

Specific aim s o f m y  thesis research are to:

1. Characterize Ap production and the levels of APP processing enzymes in 

primary cortical neuronal cultures from embryonic day 14-17 (E14-17) 

APP/PS1AE9 (APP/PS1) double transgenic mice compared to non

transgenic littermates.
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2. Determine if expression of 82-ChAT in SH-SY5Y neuroblastoma or 

primary neuronal cultures alters APP metabolism and Ap production.

R ationale:

1. The APP/PS1 mouse model is a commonly used model to study 

pathogenesis of AD. The progression of Ap pathology in these mice has 

been well characterized, with Ap deposits seen as early as 4 months of 

age and Ap load increasing up to 12 months of age. The relatively early 

onset of Ap production and the extensive plaque burden seen in these 

mice provides a powerful model for the study of the role of Ap in AD 

pathology. However, the Ap production and pathology associated with 

primary embryonic cultures prepared from APP/PS1 mice has not yet 

been characterized. This experimental model could be a valuable tool for 

in vitro studies aimed at understanding cellular pathways involved in AD 

and initial testing of potential treatment strategies. The goal of this study is 

to determine if primary cortical cultures from APP/PS1 mice are a 

sufficient model to study modulation of APP processing to be used for 

studies of the effects of 82-ChAT on Ap production.

2. 82-ChAT is a protein unique to primates that is found primarily in nuclei of 

cholinergic cells. The functional significance of this subcellular distribution 

is unknown. 82-ChAT protein levels decrease with increasing age and its 

subcellular distribution shifts with less of the protein being located in the 

nucleus. This effect is more pronounced in mild cognitive impairment and
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AD. Following these observations, gene microarray studies were carried 

out to determine if expression of 82-ChAT in IMR32 cells alters mRNA 

levels of genes that are associated with AD. It was found that 82-ChAT 

altered mRNA levels of proteins associated with APP metabolism in a 

manner that promotes non-amyloidogenic processing of APP. The goal of 

the present study was to identify if expression of 82-ChAT alters Ap 

production from cortical neurons cultured from E14-17 embryonic 

APP/PS1 mice and if this is associated with changes in expression of 

proteins involved in APP metabolic pathways in SH-SY5Y human 

neuroblastoma cells.

O utcom e:

1. ELISA measurements demonstrated that significant AP-m 2 was released 

into cell culture media of E14-17 cortical cultures from TG APP/PS1 mice 

compared to NTG littermate controls at 8 DIV and this continued to rise at 

11 DIV. At 8 DIV, human APP/Ap was detected throughout neuronal 

perikarya and processes by labelling with an antibody recognizing the first 

16 residues of human Ap. Co-labelling with an AP-m 2 antibody detected 

similar areas of the cell but involved more punctuate staining. mRNA and 

protein levels of APP were significantly elevated in TG mice at 8 DIV 

compared to NTG controls. CDK5 and P35 levels were reduced but this 

did not reach the level of statistical significance. ADAM10 and BACE1 

were largely unchanged in TG mice. Overall, the elevated levels of Api^2



2 8

in E14-17 cortical cultures of TG mice indicate that this is an adequate 

model for studying Ap pathology. The elevation in A(3-m 2 found is not 

associated with changes in APP processing, but rather an increase in total 

APP levels.

2. In SH-SY5Y cells and 8 DIV cortical cultures of APP/PS1 mice, 82-ChAT 

was successfully expressed in nuclei and displayed significant ChAT 

enzymatic activity. An approximate transduction efficiency of 50% was 

obtained in primary cortical cultures. Overall, 82-ChAT expression resulted 

in a 20% reduction in total soluble APi ^2 released into media of TG mice 

cells compared to GFP control. This may have been due to direct effects 

on enzymes involved in APP processing, as a trend towards elevated 

ADAM10 mRNA levels were found. However, changes in BACE1 protein 

but not mRNA levels were significantly different with 82-ChAT expression, 

indicating that 82-ChAT may modulate mRNA of other regulatory proteins 

which are involved in post-translational modification or trafficking of 

BACE1. This was consistent with results in SH-SY5Y cells where a 

significant reduction in BACE1 mRNA was found in one 82-ChAT clone, 

while both clones had increased levels of ADAM 10. CDK5 and P35 levels 

were mostly reduced with 82-ChAT expression. In contrast, a significant 

increase in CDK5 and P35 protein levels was found in TG mice. This was 

unexpected, but indicates that the reduction in AP-m 2 with 82-ChAT 

expression was not associated with changes in CDK5 and P35 levels.
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CHAPTER TWO: MATERIALS AND METHODS

2.1 Materials

Most chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) 

at the highest purity available. SH-SY5Y and HEK 293 cells were obtained from 

American Type Culture Collection (Manassus, VA, USA). Invitrogen (Burlington, 

ON, Canada) supplied fetal bovine serum (FBS), and culture media and 

reagents. The chicken egg white trypsin inhibitor was purchased from Roche 

(Mississauga, ON, Canada). Enhanced ChemiLuminescence (ECL) immunoblot 

reagents were obtained from GE Healthcare Life Sciences (Baie d’Urfe, QC, 

Canada). The REDExtract-N-Amp Tissue PCR Kit for genotyping from mouse tail 

snips and GeneElute Kit for isolation of RNA were purchased from Sigma- 

Aldrich. The ¡Script cDNA Synthesis Kit and iQ SYBR Green Kit for real-time 

quantitative PCR were supplied by Bio-Rad (Mississauga, ON, Canada). Primary 

antibodies for immunoblots include anti-CDK5 (C-8), anti-P35 (C-19), and anti- 

ADAM10 (A-3) antibodies purchased from SantaCruz Biotechnology Inc. (Santa 

Cruz, CA, USA), anti-BACE1 (C-term) from Abeam (Cambridge, MA, USA), anti- 

APP (22C11) from Millipore (Billerica, MA, USA) and anti-human Ap/APP (6E10) 

from Covance (Princeton, NJ, USA). For immunocytochemistry, anti-NeuN (A60) 

antibody was purchased from Millipore and secondary AlexaFluor conjugated 

antibodies were purchased from Invitrogen. Polyclonal antibodies to ChAT were 

raised in rabbits against a peptides specific for human ChAT (Genemed 

Synthesis, San Antonio, Texas, USA). The CTab antibody was generated against
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a peptide (CEKATRPSQGHQP) at the C-terminus of human ChAT and 

recognizes both 69- and 82-kDa forms of the human enzyme. The peptide was 

conjugated to maleimide-activated keyhole limpet haemocyanin at the N-terminal 

cysteine residue to enhance immunogenicity. ChAT-specific immunoglobulins 

were affinity-purified from crude antibody containing serum on NHS-Sepharose 

affinity chromatography columns (GE Healthcare Life Sciences) to which the 

peptides had been coupled. Specificity for these antibodies to ChAT has been 

described previously (Dobransky et al 2000). Polyclonal rabbit anti-A(3-M2 

antibody was generated against a peptide at the C-terminus of A(Bi^ 2 (GGWIA) 

which is also available commercially from Millipore.

2.2 Plasmid transfection and generation of 82-kDa ChAT stable cell lines

The full-length cDNA for the M transcript of ChAT ligated to pSport was 

obtained as a gift from Dr. H. Misawa (University College London, London, UK). 

The M-ChAT mRNA contains two translation initiation sites that can lead to the 

production of both 69- and 82-ChAT proteins. To prepare a cDNA that encodes 

only the 82-ChAT protein, the second translation initiation methionine [Met-119] 

was mutated to an alanine residue. This cDNA was ligated to the mammalian 

expression vector pcDNA3.1(+) to yield the 82-ChAT plasmid.

SH-SY5Y neuroblastoma cells were transfected with the 82-ChAT 

construct using Lipofectamine 2000. Stable transformants (referred to as 82- 

ChAT cells) were selected with 500 pg/ml G-418 (Geneticin) for 4 weeks, and 

subsequently maintained in Dulbecco’s modified Eagle medium (DMEM), 10%
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FBS, 0.1% gentamycin, and 100 pg/ml G-418. Cells were treated with retinoic 

acid for 48 h to enhance the neuronal phenotype and induce differentiation 

towards cholinergic properties. All studies in SH-SY5Y cells were performed 

using two clones that stably express 82-ChAT as demonstrated in the Results 

section.

2.3 Animals and genotyping

The APP/PS1 double transgenic mouse model used in these studies was 

available commercially at Jackson Laboratories (Bar Harbor, ME, USA). This 

model was generated by co-injection of two expression plasmids (chimeric 

mouse/human APP695 with the Swedish mutation and human PS1 carrying a 

deletion in exon 9) into B6C3HF2 pronuclei, allowing insertion of both transgenes 

at a single locus. The founder line was maintained as a hemizygote by crossing 

to B6C3F1/J mice and transgenic mice were backcrossed to C57BL/6J mice for 

at least 8 generations. For these studies, male hemizygous and female wild-type 

(C57BL/6J) mice were maintained under standard housing conditions at the 

University of Western Ontario animal vivarium according to the Canadian Council 

on Animal Care guidelines (Appendix A). Breeding involved mating hemizygous 

male mice with wildtype females to produce transgenic (TG) and non-transgenic 

(NTG) littermates. Pregnancy was estimated by weight and females were 

sacrificed at embryonic day 14-17 (E14-17).

Genotyping of individual mouse embryos for the presence of the 

transgenes was performed on genomic DNA from tail clippings by PCR
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amplification. Reactions contained primers (Table 2.1) specific for each of the 

two transgenes. Amplification of endogenous mouse FLOXG was used as an 

internal control for the success of the PCR reaction. The amplified DNA was then 

loaded directly onto a 1% agarose gel and visualized using ethidium bromide. 

Embryos were considered to be NTG if only the internal control was detected and 

to be TG when there was also amplification of both transgenes.

Table 2.1: Primers used forgenotyping of APP/PS1 embryos

Target Prim ers P ro d u c t Size

APP For: GAC TGAC CAC TCG ACC AGG TTC TG 
Rev: CTT GTA AGT TGG ATT CTC ATA TCC G

350 bp

PS1 For: AAT AGA GAA CGG CAG GAG CA 
Rev: GCC ATG AGG GCA CTA ATC AT

608 bp

FLOXG For: GAG AGT ACT TTG CCT GGG AGG A  
Rev: GGC CAC AGT AAG ACC TCC CTT G

171 bp

2.4 Cortical neuron cultures

Primary cortical neurons were prepared from mice at E14-17. Cerebral 

cortices from brains of individual embryos were dissected, then processed and 

plated separately. Tissues were dissociated by trypsinization at 37°C, and then 

triturated in a DNAse solution containing chicken egg white trypsin inhibitor. Cells 

were suspended in Neurobasal Medium containing B27 supplement, N2 

supplement, penicillin/streptomycin, and L-glutamine, then cells were seeded 

onto poly-L-ornithine coated cell culture dishes and incubated in a humidified 5% 

C 02/95% air atmosphere at 37°C for 8 days in vitro (DIV). The results of the



33

genotyping performed on tail clippings from each embryo were used to assign 

cultures to TG and NTG groups post-hoc.

2.5 Adenoviral gene delivery system

Full-length human 82-ChAT cDNA in the pcDNA3.1 vector was used as a 

template for creation of the plasmid required for preparation of an adenovirus to 

be used to transduce neurons for expression of 82-ChAT. To accomplish plasmid 

preparation, an EcoRI (GAATTC) site was added to the amino-terminus and Bglll 

(GATCT) site to the carboxyl-terminus by PCR. Following digestion of the altered 

plasmid with these enzymes, the resulting DNA fragment encoding 82-ChAT was 

ligated into the pDC316 shuttle vector which contained the loxP site necessary 

for recombination into the adenoviral genome.

HEK 293 wt cells maintained in Minimum Essential Medium (MEM) 

containing 10% FBS and 0.1% gentamycin were used for the generation and 

amplification of the adenoviruses. These cells provide the E1 gene that is 

necessary for viral replication and which was deleted from the Ad5 genomic 

sequence. This gene is not provided in primary neuronal cultures which therefore 

allows for transient expression of heterologous proteins without viral replication.

The recombinant adenoviral vector containing the human 82-ChAT 

sequence was obtained using the Cre/loxP system as described previously (Ng 

et al 1999; Figure 2.1). The shuttle vector and the adenoviral genomic plasmid 

(Ad5 E1-deleted adenovirus) were co-transfected into HEK 293 cells using the 

calcium phosphate method. Cre recombinase catalyzed the site-specific
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recombination by recognition of the loxP sites. After 10 DIV, cells and media 

were harvested and all adenovirus was collected from cells by performing three 

freeze-thaw cycles and pelleting the debris. The adenovirus was aliquoted and 

stored at -80°C. An adenovirus was also generated that expresses GFP to be 

used in experiments as a negative control.

All adenovirus stocks were quantified by infecting HEK 293 cells and 

staining for the adenoviral hexon protein using the Adeno-X Rapid Titer Kit by 

Clontech (Mountain View, CA, USA), according to the manufacturer’s 

instructions. Each stained cell corresponded to an infectious unit. The number of 

infected cells in a given area were counted and used to determine the total 

number of infectious units (ifu) in the adenoviral stocks. The multiplicity of 

infection (MOI), the number of ifu per cell plated, needed to obtain over

expression of human 82-ChAT in 50% of neurons was determined to be 50. 

Based on the results from the titration, an MOI of 50 was used for GFP 

adenovirus as a negative control. All neuronal cultures were exposed to the

adenoviruses for 48 h.
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Cre recombinase

Human 82-ChAT
LoxP

Recombinant viral vector

Primary cortical neurons

Adenoviral amplification Transient expression
of 82-ChAT

Figure 2.1: Adenoviral gene delivery system fo r expression o f 82-ChAT in 

prim ary cortica l neurons. Full-length human 82-ChAT was ligated into the 

pDC316 shuttle vector. Co-transfection with the Ad5 adenoviral plasmid (E1 

deleted) into HEK293 cells allowed insertion of 82-ChAT into the adenoviral 

genome by site-specific recombination. The recombinant viral vector was further 

amplified in HEK293 cells that provide the E1 enzyme necessary for replication. 

In contrast, this enzyme was not provided in primary cortical neurons and the 

adenovirus could be used for transient expression of 82-ChAT proteins.
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2.6 Localization of 82-ChAT in by immunocytochemistry

Cortical neurons were seeded on poly-l-ornithine-coated MatTek confocal 

dishes (0.2 x 106 cells/dish). Adenoviruses were added directly to culture media 

on the cells 48 h prior to processing for antibody-labeling. For SH-SY5Y clones, 

cells were seeded on collagen-coated MatTek confocal dishes (0.3 x 106 

cells/dish) at 48 h prior to processing for antibody-labeling. Images of fixed cells 

were obtained using a Zeiss LSM510-Meta laser scanning confocal microscope 

with a Zeiss 63 X 1.4 NA oil-immersion lens. All antibody-labeling of cells was 

performed at room temperature. Cells were washed twice with 1 x phosphate 

buffer saline (PBS, pH = 7.4) and then fixed for 30 min in 4% formaldehyde-PBS. 

Fixed cells were treated with blocking solution (PBS containing 0.05% Triton X- 

100 and 3% normal goat serum) for 1 h to block non-specific binding sites and 

permeabilize the cells. Primary neurons were co-labeled for human ChAT (CTab, 

1:2000) and neuronal nuclear protein (NeuN, 1:100) by incubating fixed cells in 

blocking buffer containing both primary antibodies for 1 h. GFP-virus transduced 

cells were only labeled with the NeuN antibody. SH-SY5Y clones were only 

labeled with the CTab antibody. Following incubation with the primary antibodies, 

cells were washed to remove any unbound antibody and then incubated with 

secondary antibodies for 1 h. The AlexaFluor 488 conjugated goat anti-rabbit IgG 

antibody (1:500) was used to detect ChAT and AlexaFluor 633 conjugated goat 

anti-mouse IgG antibody (1:1000) was used to detect NeuN. Expression of 82- 

ChAT was determined by dual excitation (488 and 633 nm), and emission (band 

pass 505-530 for AlexaFluor 488 or GFP; 650 long pass for AlexaFluor 633) filter
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sets. Non-specific binding from secondary AlexaFluor conjugated antibodies was 

determined from samples labeled in the absence of primary antibodies.

2.7 ChAT activity assay

ChAT specific activity was determined in a modified method described 

previously by Fonnum (1969). Cells cultured in 35 mm dishes were washed with 

PBS and lysed for 30 min on ice in 50 mM Tris-HCI (pH = 7.5) containing 150 

mM NaCI, 0.5% Triton X-100, 100 mM AEBSF, 10 mg/ml leupeptin, 25 mg/ml 

aprotinin, 10 mg/ml pepstatin, and 700 units/ml DNAse I. For each sample, 

triplicate 10 pi aliquots of total cell lysate were incubated with 10 pi of substrate 

solution (0.1 M sodium phosphate buffer [pH = 7.4], 0.1% bovine serum albumin, 

0.2 mM eserine hemisulphate, 300 mM NaCI, 4 mM choline iodide, and 0.2 mM 

[3H]acetyl-CoA tri-lithium salt (10 mCi/mmol) for 15 min on ice. Activity of ChAT 

was measured by isolation of [3H]ACh using a liquid cation extraction method 

with 10 mg/ml sodium tetraphenylboron in 3-heptanone. Specific activity of ChAT 

was calculated by subtracting background activity in the absence of added 

choline and normalized to sample protein content.

2.8 SYBR green quantitative real-time PCR

SH-SY5Y cells or primary neurons cultured in 60 mm dishes were washed 

with PBS and total RNA was isolated. mRNA was reverse transcribed and first

strand cDNA was amplified in triplicate on the Bio-Rad CFX96 system. Forward 

and reverse primers for each gene are listed in Table 2.2. SYBR green was the
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detection method used and all genes were normalized to GAPDH. Fold-change 

was calculated by the AACt method relative to the signal from either empty 

vector expressing SH-SY5Y cells or NTG littermates in untreated neurons. For 

neuronal cultures involving adenoviral treatments, fold-change was calculated 

relative to GFP-expressing cells. All statistical analyses were performed on 

normalized Ct values prior to the determination of fold-change values. Primer 

efficiency and amplification of single PCR products were confirmed as described 

in the Results section.

Table 2.2: List of real-time PCR primers

Gene Species Prim ers

CDK5 Human For: ATG GTG ACC TCG ATC CTG AG  
Rev: GGC TTC AGG TCC CTG TGT AG

CDK5 Mouse For: TGC TGA GGT GGT CAC GCT GT 
Rev: AGC CTG GCC ACT GGG GTT CA

P35 Human For: CTT CTC CGA CCT GAA GAA CG 
Rev: ATG CAT TGA ATC CTT GAG CC

P35 Mouse For: ACG TAC TCA CAG AGG TGG GG 
Rev: GCA GCA GGA TGT GAG GAT GG

APP Human For: CCG CTC TGC AGG CTG TT 
Rev: TTC TGT TCT GCG CGG AC

APP Mouse For: AAG AAC TTG CCC AAA GCT GA  
Rev: GTC TCT CAT TGG CTG CTT CC

BACE1 Human For: CTT TGT GGA GAT GGT GGA CA 
Rev: TGC AAA GTT ACT GCT GCC TG

BACE1 Mouse For: TGG ACT GCA AGG AGA CGG AG  
Rev: AAC AGT GCC CGT GGA TGA CT

AD AM 10 Human For: ATG GGA GGT CAG TAT GGG AAT C 
Rev: TTT GGC ACG CTG GTG TTT TTG

ADAM 10 Mouse For: GCA CCT GTG CCA GCT CTG AT 
Rev: GCC CAC CAG TGA GCC ACA AT

GAPDH Human For: TGT TGC CAT CAA TGA CCC CTT 
Rev: CTC CAC GAC GTA CTC AGC G

GAPDH Mouse For: TTG TGA TGG GTG TGA ACC ACG AGA  
Rev: CAT GAG CCC TTC CAC AAT GCC AAA
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2.9 Human A p ^ 2 ELISA assay

Total levels of human A p ^ 2 produced in cell culture medium from cortical 

cultures of individual embryos were measured using the human AP1-42 ELISA kit 

(Invitrogen) according to the manufacturer’s protocols.

2.10 Immunoblots for Ap

The presence of monomeric and oliogomeric aggregates of Ap in media 

of neurons cultured from APP/PS1 mouse embryos was determined by 

immunoblotting. Media from individual embryos was collected and protein 

degradation was inhibited by addition of a 10x lysis buffer (500 mM Tris-HCI [pH 

= 7.5] 1.5 M NaCI, 5% Triton X-100) containing a 10x concentration of protease 

inhibitors (1 mM AEBSF, 100 pg/ml leupeptin, 250 pg/ml aprotinin, and 100 pg/ml 

pepstatin). Aliquots of each sample were taken for quantification using the 

human A p ^  ELISA assay. To concentrate samples for analysis by SDS-PAGE, 

media samples were transferred to Amicon Ultra-4 centrifugal filter devices 

(Millipore) and centrifuged at 4,000 x g for 90 min. The resulting concentrated 

samples (50 pi) were incubated at 55°C for 10 min in tris-tricine sample buffer 

(2% SDS, 40% glycerol, 200 mM Tris-HCI [pH = 6.8], 0.04% Coomassie blue G- 

250, and 2% p-mercaptoethanol). Samples were loaded on 10%/16.5% SDS- 

PAGE tris-tricine gels and transferred to pure nitrocellulose membranes. 

Membranes were blocked in 8% non-fat dry milk in wash buffer (PBS and 0.05% 

Triton X-100) for 1 h, then incubated overnight at4°C in primary antibody (human 

Ap/APP [6E10], 1:2,000) in wash buffer containing 8% milk. Membranes were
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washed and incubated with horseradish peroxidise conjugated sheep anti-mouse 

IgG secondary antibody (1: 2,000) in wash buffer containing 8% milk for 1 h.

After washing, immunoreactive bands were detected by chemiluminescence 

using the ECL kit.

2.11 A(3i _42 levels by immunocytochemistry

Digital images were obtained using the Zeiss LSM10-Meta laser scanning 

confocal microscope using a Zeiss 63 X 1.4 NA oil-immersion lens. All 

incubations were performed at room temperature. Cortical neurons plated on 

MatTek confocal dishes (0.2 x 106 cells/dish) were washed with PBS and fixed in 

4% formaldehyde-PBS for 30 min. Cells were washed and incubated for 1 h in 

blocking buffer (0.05% Triton-X-100 and PBS containing 3% goat serum). Cells 

were then incubated with primary antibodies rabbit anti-A(Bi^2 (1:1,000) and 

mouse anti-human Ap/APP (6E10, 1:1,000) for 1 h. After washing, cells were 

incubated in AlexaFluor 488 conjugated goat anti-rabbit and AlexaFluor 633 

conjugated goat anti-mouse secondary antibodies for 1 h. Following washing, 

neuronal expression of A(3-m 2 was detected microscopically using dual excitation 

(488 and 633 nm) and emission (505-530 band pass for AlexaFluor 488 and 650 

long pass for AlexaFluor 633) filter sets.

2.12 Immunoblots of endogenous protein levels

Cells cultured on 35 mm dishes were washed with PBS and lysed for 30 

min on ice in 50 mM Tris-HCI (pH 7.5) containing 150 mM NaCI, 0.5% Triton X-
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100, 0.1 mM AEBSF, 10 |jg/ml leupeptin, 25 pg/ml aprotinin, 10 pg/ml pepstatin 

and 700 units/ml DNAse I. Protein concentration was determined using the 

Bradford assay (BioRad), using bovine serum albumin as a standard. Aliquots of 

cell lysates containing 50 pg of protein were incubated at 100°C for 5 min in SDS 

sample buffer (2% SDS, 10% glycerol. 0.1 M sodium phosphate buffer, pH 7.2, 

0.001% bromophenol blue, and 7.5% |3-mercaptoethanol). Sample proteins were 

separated on 10% SDS-PAGE gels and transferred to pure nitrocellulose 

membranes. Membranes were blocked in 8% non-fat dry milk in wash buffer 

(PBS and 0.05% Triton X-100) for 1 h, then incubated overnight at 4°C in primary 

antibody in wash buffer containing 8% milk. Membranes were washed and 

incubated with horseradish peroxidise conjugated secondary antibody in wash 

buffer containing 8% milk for 1 h. After washing, immunoreactive bands were 

detected by chemiluminescence using the ECL kit. For primary cortical neurons, 

immunoreactive bands were quantified by measuring pixel intensity using the 

Scion Image software made available by the US National Institutes of Health. 

Bands were normalized to actin levels to control for loading efficiency.

2.13 Data analysis

Data are presented as the mean ± SEM with n values representing the 

number of independent experiments performed on separate populations of cells. 

Each n value was obtained from multiple sample replicates in each experiment. 

GraphPad Prisim 5 was used to analyze the data. Statistical significance was 

determined by Student’s t-tests, one-way ANOVA followed by Tukey’s posthoc
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multiple comparisons test or two-way ANOVA followed by Bonferroni posthoc 

test where appropriate (* = p < 0.05, ** = p < 0.01, *** = p < 0.001 ).
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CHAPTER THREE: RESULTS

3.1 Confirmation of stable expression of 82-ChAT in SH-SY5Y cells

The M-transcript of human ChAT contains two translation initiation sites 

that can result in the production of both 69- and 82-ChAT proteins as shown by in 

vitro translation (Misawa et al 1997) and by heterologous expression in cultured 

cells (Resendes et al 1999). In this study, the second translation initiation 

methionine in cDNA encoding the human ChAT M-transcript was mutated to an 

alanine residue (M119-»A) to preclude production of 69-ChAT. Previous studies 

have shown that 82-ChAT is functional when expressed in HEK293 cells and has 

a predominantly nuclear localization (Resendes et al 1999; Gill et al 2003).

These studies were confirmed in two clones of SH-SY5Y cells that were 

engineered for stable expression of 82-ChAT. Figure 3.1 demonstrates that both 

clones express 82-ChAT (Panel B; CTab antibody) and that this enzyme is 

catalytically active (Panel C) with a specific ChAT activity of 24.13 ± 1.796 

nmol/mg/h and 29.45 ± 9.573 nmol/mg/h for clone 1 and 2, respectively. 

Additionally, 82-ChAT is found predominantly in the nucleus of these neural cells 

with faint staining in the cytoplasm (Panel A), which is consistent with the results 

of previous studies. No ChAT immunoreactivity or ChAT enzymatic activity 

(0.7161 ± 0.5369 nmol/mg/h) is observed in cells over-expressing the empty

vector alone.
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Figure 3.1: Stable expression o f 82-ChAT in SH-SY5Y cells. Confocal images 

(Panel A) and immunoblots (Panel B) confirm high levels of expression of 82- 

ChAT in two different SH-SY5Y clones with a predominantly nuclear localization. 

Cells expressing the empty vector pcDNA3.1 are not immunoreactive with the 

CTab anti-ChAT antibody. 82-ChAT is functional as confirmed by the enzyme 

activity assay (Panel C). Scale bars represent 20 pm. For ChAT activity assay, 

data are expressed as mean ± SEM of 4 independent experiments, * = p < 0.05 

compared to empty vector expressing cells.
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3.2 Transient expression of 82-ChAT in primary neuron cultures from 

APP/PS1 mice

82-ChAT was expressed in primary cortical neurons using the adenoviral 

gene delivery system to transduce cells with ChAT cDNA. Images were taken of 

cells prior to adenoviral treatment (at 6 DIV) and after 48 h of adenovirus 

exposure (at 8 DIV) and are shown Figure 3.2. Cells appeared healthy in culture 

in the absence (Panels A and B) and presence of GFP (Panel C) or 82-ChAT 

(Panel D) adenoviruses (MOI of 50). Figure 3.3 demonstrates that 82-ChAT is 

expressed in cells (Panel D; CTab antibody) and is catalytically active (Panel E) 

with a specific ChAT activity of 34.64 ± 7.9 nmol/mg/hr. Immunocytochemistry 

was used to determine if the localization of 82-ChAT in cortical neurons is 

consistent with that observed in the SH-SY5Y stable clones. 82-ChAT was 

stained using the CTab anti-ChAT antibody and cultures were counterstained for 

the neuronal nuclear protein (NeuN) to distinguish neurons from non-neuronal 

cell types, as a small percentage of cells in culture (<10%) were non-neuronal. 

82-ChAT was found to co-localize with NeuN (Panel B), indicating that it was 

located in nuclei of neurons. Examination of a random field of cells (Panel C) 

illustrated that approximately 50% of neurons in culture expressed 82-ChAT at 

varying levels. No immunoreactivity or ChAT enzymatic activity (1.501 ± 0.66 

nmol/mg/hr) was observed in cells transduced with the GFP adenovirus as a 

negative control (Panels A, D and E).
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Figure 3.2: Primary cortical cultures of APP/PS1 mice. Images of cells in 

culture were taken prior to adenoviral treatment at 6 DIV (Panel A). At 8 DIV, 

cells appear healthy without treatment (Panel B) and after 48 h of transduction 

with GFP (Panel C) or 82-ChAT (Panel D) adenoviruses. Images were taken at 

20X magnification and scale bars represent 50 pm.
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Figure 3.3: Expression o f functional 82-ChAT in prim ary cortical neurons.

82-ChAT was expressed in primary cortical neuron cultures using an adenoviral 

gene delivery system. Levels of 82-ChAT with 48 h of exposure to increasing 

amounts of adenovirus are shown (Panel D). Neurons transduced with MOI = 50 

have significant enzyme activity (Panel E) with predominantly nuclear localization 

(Panel B, green) and about 50% of neurons (NeuN positive, red) expressing the 

protein (Panel C). Cells were also transduced with GFP adenovirus as a negative 

control (Panels A, D and E). Scale bars represent 20 pm. For ChAT activity, data 

are expressed as mean ± SEM of 5 independent experiments, ** = p < 0.01.
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3.3 Genotyping from individual embryos of APP/PS1 mice

Breeding involved mating hemizygous male mice with wild-type females 

and produced hemizygous TG or NTG littermates. At approximately E14-17, 

pregnant females were sacrificed and neuronal cultures were prepared from 

cerebral cortex of embryonic mouse brains. At the same time, genomic DNA was 

isolated from tail clippings of each embryo and genotyping was performed as 

described in the Methods section. An example of the genotyping results from one 

litter of mice is shown in Figure 3.4. Embryos were identified to be NTG when a 

single band for FLOXG at 171 bp was observed (embryos 1, 2, 3, 5, 9). Embryos 

were TG when bands for each of the two transgenes were also observed; the 

APP PCR amplicon was at 350 bp and the PS1 PCR amplicon was at 608 bp 

(embryos 4, 7, 8, 10). The absence of any gene product (embryo 6) indicated 

that the PCR reaction was unsuccessful and was repeated.

3.4 APP/PS1 cortical cultures release significant levels of human A fr .42

To determine if cortical neuron cultures prepared from brain of embryonic 

APP/PS1 transgenic mice are an adequate model to study cellular mechanisms 

involved in AD, we first characterized the levels and time course for A(3 

production. To accomplish this, we used a sensitive ELISA to measure release of 

endogenous human A p ^ 2 into media bathing the cortical neurons after various 

times in culture. In Figure 3.5, Panel A demonstrates that at 4 DIV, a small 

amount of Ap was produced in cultures from TG mice compared to NTG mice 

(16.7 ± 7.8 versus 7.4 ± 3.2 pg/ml), but this did not reach the level of statistical
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significance when analyzed by two-way ANOVA with Bonferroni post-hoc tests.

At 8 DIV, the level of Ap produced in cultures from TG mice was significantly 

elevated (284.8 ± 41.3 versus 5.2 ± 0.7 pg/ml) and this level continued to rise at 

11 DIV (909 ± 28.2 versus 6.5 ± 0.3 pg/ml). To characterize the composition of 

Ap species found in these samples of culture medium, aliquots were 

concentrated and immunoblots for total human Ap were performed as described 

in the Methods section. A representative immunoblot is shown in Figure 3.5 

Panel B. We were unable to detect immunoreactive bands for Ap in lanes with 

either NTG or TG media samples when compared to the synthetic Ap peptide 

(positive control). A single band was observed in media samples from cultures 

prepared from TG mice with an apparent molecular mass of approximately 100 

kDa, which coincides with the sAPPa fragment released by a-secretase cleavage 

of APP that has been detected previously in neuron-conditioned media by 

immunoblotting (Zhang et al 2010). This was not observed in media from neuron 

cultures from NTG mice. To confirm the identity of the immunoreactive band 

appearing in the samples from TG mouse cultures, the immunoblot was stripped 

and re-probed for APP as shown in Figure 3.5 Panel C. Under these conditions, 

Ap proteins could not be detected by immunoblots possibly because Ap they are 

prone to aggregation and difficult to separate by SDS-PAGE.
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Figure 3.4: Genotyping from APP/PS1 embryonic mouse tail snips. A

representative set of genotyping results from one litter that had 10 embryos is 

shown. Genomic DNA was amplified by PCR with primers specific for the 

transgenes and endogenous FLOXG. All samples with successful PCR 

amplification gave a 171 bp product from the endogenous FLOXG gene and 

transgenic embryos gave additional bands at 350 and 608 bp for APP and PS1 

transgenes, respectively.
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Figure 3.5: Human A p ^ 2 is released from primary cortical cultures of 

APP/PS1 mice. Levels of human A(3-m 2 produced into the media from primary 

cortical neurons of APP/PS1 mice were measured by ELISA. A time-dependent 

increase in A p ^ 2 was observed in cultures of TG mice as compared to NTG 

littermate controls (Panel A). At 8 DIV, concentrated media samples were run on 

10%/16.5% tris tricine gels and immunoblots for total human Ap were performed; 

a representative immunoblot is shown (Panel B). Immunoreactivity was observed 

only in lanes containing synthetic Ap peptide (positive control) and TG mice 

media where only the sAPPa fragment was detected. Reprobing for APP (Panel 

C), only detected immunoreactive bands for the sAPPa fragment, confirming that 

the band observed (Panel B) was not aggregated Ap proteins. For ELISA, data 

are expressed as +/- SEM of 3-5 independent experiments, *** = p < 0.001.



52

3.5 APi -42 is found in the cell bodies and processes of APP/PS1 cortical 

cultures

To detect intracellular A(3i^ 2 peptides that were not released into the cell 

culture media we used immunocytochemistry to label human A p ^ 2 proteins in 

cells at 8 DIV. Cells were double-labeled using an antibody specific to Ap-M2 and 

for human Ap/APP. In Figure 3.6, cells from NTG mice are not immunoreactive 

for human Ap/APP (red) and have some reactivity using the Ap-M2 antibody 

(green). Endogenous mouse APP levels may be detected in these cells as cross

reactivity with endogenous mouse APP has not been reported. As a result, non

specific staining could not be determined. In TG mice, there is clear staining for 

human Ap/APP and these cells have more reactivity for AP-m 2. Both antibodies 

detect proteins distributed throughout the cytoplasm and cell bodies, with the 

APi^ 2 antibody staining appearing to be compartmentalized. Areas of co

localization, seen as yellow, could represent human AP-m 2 proteins.
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Figure 3.6: h A P P /A p ^  is found in the cytoplasm  and processes of 

APP/PS1 mice. Primary cultures at 8 DIV were labeled using antibodies specific 

for APì .42 (green) and human Ap/APP (red). NTG mice have low staining with 

A p i_42 antibody which may represent total APP levels or background staining. No 

immunoreactivity from human A(3/APP antibody is observed in NTG mice. TG 

mice are immunoreactive for human Ap/APP throughout the cell bodies and 

processes with more intense staining for Ap-|.42 antibody. Areas of colocalization 

(yellow) may represent areas where intracellular APi .42 proteins are found. Scale 

bar represents 20 pm.
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3.6 APP processing in APP/PS1 cortical cultures

The baseline expression of genes related to APP processing was 

examined by assessing the mRNA and protein levels in cultured neurons at 8 

DIV. The mRNA levels of APP, ADAM 10, BACE1, CDK5 and P35 were 

evaluated by real-time PCR using primers specific to the murine genome. CDK5 

has been studied extensively for its role in AD, as a possible link between A(3 

pathology and NFT formation. To be activated, CDK5 must interact with its 

regulatory subunit, P35. Under some forms of cellular stress, calpain activation 

results in cleavage of P35 to P25, which is not readily degraded and 

constitutively activates CDK5 (Lee et al 2000). Under these conditions, CDK5 

increases A(3 production by affecting APP phosphorylation and BACE1 activity 

(Alvarez et al 2001; Liu et al 2003; Cruz et al 2006; Wen et al 2008). CDK5 

phosphorylates tau, preventing its ability to stabilize microtubules and leading to 

NFT formation (Patrick et al 1999; Hamdane et al 2003). This can be triggered by 

treatment with A(3 in cell culture models (Town et al 2002), thus providing a 

possible link between tau and A(B pathology.

The quality of primers used for real-time PCR was confirmed by 

calculating primer efficiency and ensuring that only single amplicons were 

produced. Figure 3.7 summarizes the quality control results for all murine primers 

used. Primer efficiency was calculated by the slope of standard curves generated 

by plotting the concentration of serially diluted cDNA against the corresponding 

Ct value (Panels A and B). Melting curves were generated for each primer set by 

measuring fluorescence as samples were heated and bound SYBR green was
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released. At the melting point, the fluorescence rapidly decreases and this point 

was visualized by plotting the second derivative curve. A single peak at the 

melting point as well as the lack of amplification in samples that lacked RNA 

template (no template control, NTC) indicated that no non-specific amplification 

was present. Also, the absence of any peaks at lower temperatures indicated 

that primer-dimers were not formed. Sample melting curves for APP, BACE1 and 

GAPDH from one experiment are given (Panel C). Additionally, PCR products 

were run on 1% agarose gels to visualize single amplicons by ethidium bromide 

(Panel D).

Protein levels were evaluated using antibodies that recognize both human 

and murine proteins described in the Methods section. Pixel intensity was 

normalized to actin levels to control for differences in sample loading. Figure 3.8 

demonstrates that a significant increase in APP was found at the mRNA (1.5 ± 

0.08) and protein (1.33 ± 0.14) level in TG mice when analyzed by two-way 

ANOVA with Bonferroni post-hoc test. A trend towards decreased fold-change 

mRNA of CDK5 (0.56 ± 0.06), P35 (0.68 ±0.12) and ADAM 10 (0.9 ± 0.11 

mRNA) in TG mice were found. These were consistent with changes in protein 

levels (0.76 ±0.11 forCDK5, 0.72 ±0.15 for P35 and 0.83 ±0.11 for ADAM 10). 

BACE1 mRNA levels were elevated (1.21 ± 0.21) but BACE 1 protein levels were 

reduced (0.73 ± 0.21).
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BACE1 Standard Curve
B

Gene R2 Efficiency (%)

ADAM 10 -3,509 0.9991 92.74

BACE1 -3.322 0.9919 99.99

APP -3.603 0,9994 88,47

CDK5 -3.63 09824 88,57

P35 -3.45 0.9920 94.92

GAPDH -3,565 09992 90.77

Figure 3.7: Confirmation of quality of primers used for real-time PCR in 

primary neurons. The efficiency of amplification of target genes for primers 

used for real-time PCR experiments in primary neurons was determined by 

generating standard curves of serially diluted cDNA plotted against their Ct 

values. An efficiency between 90 and 110% was considered optimal when 

calculated according to the formula [1 o("1/slope) - 1] X 100. A representative 

standard curve is given (Panel A) and the parameters of all primers used are 

summarized (Panel B). The amplification of single PCR products by each product 

was confirmed by performing melting curve analysis of each amplicon. An 

example of melting peaks for APP, BACE1, GAPDH as well as their no template 

controls (NTC) is shown (Panel C). Additionally, a single PCR product for each 

gene was confirmed by visualization of amplicons on a 1% agarose gel by 

ethidium bromide (Panel D).
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Figure 3.8: APP processing in cortical cultures from APP/PS1 mice.

Endogenous levels of APP processing genes were examined at the level of 

mRNA (Panel A) by real-time PCR and protein (Panel B) by immunoblots in 

primary cortical cultures of APP/PS1 mice at 8 DIV. Immunoreactive bands were 

quantified and pixel intensity was normalized to actin levels; representative 

immunoblots are shown. Data are expressed as mean ± SEM of 5 independent 

experiments, * = p < 0.05.
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3.7 mRNA and protein levels of APP processing genes are altered by 

expression of 82-ChAT

The functional significance of 82-ChAT is not well understood, nor is it 

clear what role this protein has being located within the nucleus of cholinergic 

neurons. Gill and colleagues observed previously that 82-ChAT is expressed 

endogenously in cholinergic neurons in human brain and spinal cord. An age- 

related shift in 82-ChAT from nuclei of neurons to the cytoplasm was observed, 

and this was exacerbated in cholinergic neurons in AD brain tissue (Gill et al 

2007). The nuclear localization of this neurotransmitter-synthesizing enzyme has 

prompted studies to assess alternative functional roles potentially related to AD. 

In microarray studies, it was observed that the expression of 82-ChAT in IMR32 

human neuroblastoma cells altered gene expression in a manner that favoured 

the non-amyloidogenic processing of APP (Gill et al, unpublished observation).

Based on these preliminary studies, we decided to explore how 

expressing 82-ChAT alters APP processing in SH-SY5Y human neuroblastoma 

cells and in primary cortical neurons prepared from APP/PS1 double transgenic 

mice. The mRNA and protein levels for APP, ADAM10, BACE1, CDK5 and P35 

were analyzed.

3.7.1 SH-SY5Y cells

For SH-SY5Y cells, primers specific to the human genome were used to 

amplify each gene of interest by real-time PCR. Primer quality (Figure 3.9) was 

confirmed by calculating amplification efficiency and ensuring single amplicons
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A
APP Standard Curve

B
Gene Slope R2 Efficiency (%)

ADAM 10 -3.18 0.S907 106.26

BACE1 -3.61 0.9964 89.24

APP -3.276 0.9972 101.95

CDK5 -3.101 0.9752 110.12

P35 -3.342 0.9855 99.17

GAPDH -3.37 0.9609 98.03
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Figure 3.9: Confirmation of quality of primers used for real-time PCR in SH- 

SY5Y cells. The efficiency of amplification of target genes for primers used for 

real-time PCR experiments in SH-SY5Y cells was determined by generating 

standard curves of serially diluted cDNA plotted against their Ct values. 

Efficiency between 90 and 110% was considered optimal when calculated 

according to the formula [ io ('1/slope) -1 ] X 100. A representative standard curve is 

given (Panel A) and the parameters of all primers used are summarized (Panel 

B). The amplification of single PCR products by each product was confirmed by 

performing melting curve analysis of each amplicon. An example of melting 

peaks for CDK5, P35, and GAPDH as well as their no template controls (NTC) is 

shown (Panel C). Additionally, single PCR products for each gene were 

confirmed by visualization of amplicons on a 1% agarose gel by ethidium 

bromide (Panel D).
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were produced as described previously for murine primers. mRNA levels were 

normalized to GAPDH and the fold-change was calculated for each 82-ChAT 

clone relative to empty vector expressing cells. Figure 3.10 summarizes the 

mRNA levels of each gene evaluated (Panel A), with representative immunoblots 

given in Panel B. A significant reduction in BACE1 (two-way ANOVA with 

Bonferroni post-hoc test, p < 0.05) mRNA levels was found in clone one (0.43 ± 

0.08) relative to empty vector expressing cells (1.0 ± 0.25). This is consistent with 

the trends observed in protein levels of BACE1, but these changes were not 

seen in the second 82-ChAT clone. A trend towards increased levels of APP and 

ADAM 10 and reduced levels of CDK5 and P35 were found, but these results did 

not reach the level of statistical significance.

3.7.2 Primary cortical neurons from APP/PS1 mice

For primary cortical cultures, murine primers were used to detect mRNA 

levels of each gene in cells transduced with 82-ChAT proteins relative to GFP- 

expressing controls. Figure 3.11 summarizes the fold-change mRNA levels found 

in the absence (Panel A) and presence (Panel B) of the transgenes. The most 

consistent changes found were elevated levels of ADAM 10 with 82-ChAT 

expression, 1.19 ± 0.11 and 1.30 ± 0.18 fold-changes for NTG and TG mice, 

respectively. In NTG mice, a reduction in CDK5 (0.72 ± 0.08), P35 (0.64 ± 0.1), 

APP (0.86 ± 0.130), and BACE1 (0.83 ± 0.16) mRNA levels were found. In TG 

mice, CDK5 (1.27 ±0.32), P35 (1.41 ± 0.27), and APP (1.28 ± 0.13) were 

elevated. BACE1 mRNA levels in TG mice remained unchanged with 82-ChAT
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expression (0.97 ± 0.37). These changes in mRNA levels did not reach the level 

of statistical significance when data was analyzed by two-way ANOVA with 

Bonferroni’s post-hoc tests.

Levels of APP, ADAM10, BACE1, CDK5 and P35 proteins in cells 

transduced with 82-ChAT and GFP adenoviruses were also measured by 

immunoblots. Immunoreactive bands were quantified and normalized to actin 

band intensity. Results from 5 independent experiments are summarized in 

Figure 3.12 and representative immunoblots are given. No significant changes 

were found in NTG mice, with trends towards an increase in APP, ADAM 10 and 

P35 and reduction in BACE1 levels. Statistically significant changes were found 

in TG mice expressing 82-ChAT as compared to GFP when normalized pixel 

intensity was analyzed by two-way ANOVA with Bonferroni post-hoc tests.

BACE1 levels were significantly reduced (0.99 ± 0.24 versus 0.49 ± 0.13 for GFP 

and 82-ChAT, respectively) while CDK5 (0.90 ± 0.06 versus 1.47 ± 0.12 for GFP 

and 82-ChAT, respectively) and P35 (0.83 ±0.12 versus 1.37 ± 0.07 for GFP and 

82-ChAT, respectively) were significantly elevated.

Overall, 82-ChAT expression favoured either elevated or unchanged 

levels of APP and ADAM10 and decreased or unchanged levels of BACE1 in 

both SH-SY5Y cells and in primary cortical neurons. Changes in CDK5 and P35 

were inconsistent. A reduction was found in SH-SY5Y cells and mRNA in NTG 

mice. The opposite trend was found in mRNA levels of TG mice that translated to 

a significant increase in overall protein expression levels.
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Figure 3.10: APP processing is altered in SH-SY5Y cells that stably express 

82-ChAT. Endogenous levels of proteins involved in APP processing were 

examined at the level of mRNA (Panel A) by real-time PCR and protein (Panel B) 

by immunoblots in SH-SY5Y cells which over-express 82-ChAT. A significant 

reduction in BACE1 was observed, although changes were inconsistent between 

two 82-ChAT clones. For real-time PCR, data are expressed as ± SEM of 5 

independent experiments, * = p < 0.05.
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Figure 3.11: mRNA levels of APP processing proteins in cortical neurons 

that express 82-ChAT. mRNA levels of APP, ADAM 10, BACE1, CDK5 and P35 

were evaluated in 8 DIV primary cultures of APP/PS1 mice in the absence (Panel 

A) and presence (Panel B) of transgenes by real-time PCR. All data is 

expressed as mean ± SEM of 5 independent experiments.
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BACE1 Protein Levels

P35 Protein Levels

Figure 3.12: APP processing is altered at the protein level in cortical 

neurons that express 82-ChAT. Protein levels of APP, ADAM10, BACE1, 

CDK5 and P35 were evaluated in 8 DIV primary cultures of APP/PS1 mice by 

immunoblots; representative blots are given. Immunoreactive bands were 

quantified and pixel intensity was normalized to actin levels. All data are 

expressed as mean ± of SEM of a minimum of 5 independent experiments, * = p 

<0.05.
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3.8 Human A p ^ 2 release from APP/PS1 cultures is reduced by 82-ChAT 

expression

The effect of 82-ChAT expression on A p ^ 2 levels released into the media 

of cortical neuron cultures prepared from embryonic APP/PS1 double transgenic 

mice was also measured at 8 DIV by ELISA. A p ^ 2 levels were normalized to 

total protein content of the cell lysates. Results from 5 independent experiments 

are summarized in Figure 3.13. Significantly less A£-m 2 was released from cells 

transduced to express 82-ChAT [0.8466 (pg/ml)/pg total protein] compared to 

GFP [1.046 (pg/ml)/pg total protein] as a control when analyzed using a paired 

Student’s f-test (p < 0.05). This was equivalent to approximately a 20% reduction 

in A p ^ 2 levels.
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Figure 3.13: Expression of 82-ChAT decreases A p i^2 released from cortical 

cultures o f APP/PS1 mice. ELISA was used to measure soluble A(3i^ 2 levels in 

8 DIV primary cortical cultures of APP/PS1 mice which express 82-ChAT. A p ^  

release was normalized to total protein concentration in cell lysates. A significant 

reduction in soluble A(3i^ 2 levels was found in cells expressing 82-ChAT. Data 

are expressed as mean ± SEM of 5 independent experiments, * = p < 0.05.
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CHAPTER FOUR: DISCUSSION

4.1 Conclusions

Specific A im  1

1. Significant levels of A(3i^ 2 are released from primary neuron cultures 

prepared from TG APP/PS1 mice at 8 and 11 DIV.

2. Human Ap/APP is found in cytoplasm and cell processes of neurons 

cultured from cerebral cortex of TG mice.

3. The elevation in AP-m 2 in TG mice is not due to changes in levels of APP 

processing enzymes, but instead due to increased levels of APP.

Specific A im  2

1. Introduction of 82-ChAT cDNA into primary cortical neurons by an 

adenoviral delivery system leads to production of a functional protein that 

is predominantly localized to cell nuclei.

2. In human neural cells, stable expression of 82-ChAT results in a 

significant reduction in BACE1 levels. Trends towards decreased CDK5 

and P35 levels and increased ADAM 10 and APP levels are also observed.

3. Expression of 82-ChAT reduces the amount of Api^2 released into culture 

media from cortical neuron cultures from APP/PS1 TG mice at 8 DIV.

4. 82-ChAT expression did not significantly alter mRNA levels of APP 

processing proteins. A significant reduction in BACE1 protein levels in TG 

mice indicates 82-ChAT may alter proteins that are involved in post

translational modification and trafficking of BACE1.
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4.2 Contribution to current knowledge of AD and 82-ChAT

The aim of these studies was to enhance our understanding of the 

function of 82-ChAT protein, particularly in relation to APP and A3 metabolism. 

ChAT is encoded by a single gene, but alternative splicing results in multiple 

mRNA species. All ChAT mRNAs translate into the 69-kDa ChAT protein; 

however, the M-transcript in primates also encodes an 82-kDa isoform of ChAT 

(Misawa et al 1997). 82-ChAT differs from 69-ChAT by a 118 residue amino 

terminal extension. Afunctional NLS is found in this region of the protein directs 

82-ChAT to the nucleus while 69-ChAT is found largely in the cytoplasm 

(Resendes et al 1999; Gill et al 2003). The functional significance of the different 

subcellular distribution of ChAT proteins is unknown. Gill and colleagues (2007) 

found that with increasing age, 82-ChAT protein is lost from the nucleus and this 

is accelerated in mild cognitive impairment and AD. These findings prompted 

microarray studies which found that 82-ChAT alters expression of several 

tramscripts in a direction that favours the non-amyloidogenic processing of APP 

(Gill et al, unpublished observation). This work points towards a protective role 

for the 82-ChAT protein in relation to the Ap pathology of AD. The studies 

described in this thesis support these findings and provide a better understanding 

of 82-ChAT function.

4.2.1 Characterization of Ap pathology in APP/PS1 primary neuron cultures

A goal of the present studies was to determine if expression of human 82- 

ChAT alters production of Ap by primary neuronal cultures prepared from brain of
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a murine model with significant Ap deposition. The APP/PS1 double transgenic 

mouse is a commonly used model of AD because of the onset of A|3 pathology 

from as early as 4 months of age (Garcia-alloza et al 2006, Machova et al 2008). 

However, primary embryonic neuron cultures created from this transgenic mouse 

model have not been studied, nor have they been characterized for their ability to 

generate Ap. Initial investigations using this culture system involved determining 

if sufficient Ap is released from embryonic neurons for the purposes of these 

studies. We used an ELISA specific for detection of human APi^ 2 to measure its 

levels in conditioned media from cortical neurons after various times in culture. 

Human A p -^  proteins could only be detected in the presence of the transgenes 

with significant levels of this peptide observed at 8 and 11 DIV (Figure 3.5). At 8 

DIV, media samples were concentrated and analyzed by SDS-PAGE in order to 

determine if there is oligomerization of Ap peptides and confirm the ELISA 

results. Unfortunately, we were unable to detect these peptides with the 

experimental methods used. This was technically difficult and likely confounded 

by aggregation of Ap proteins occurring during concentration to reduce the 

volume of the culture media or during preparation of the samples. The increased 

production of the more hydrophopic form of Ap, APi .42, from these neurons 

increased the difficulty of detecting these peptides by immunoblots.

Endogenous proteins involved in the processing of APP were examined at 

both the level of mRNA and protein (Figure 3.8). Primers specific to the murine 

genome were used to determine mRNA levels while antibodies that recognize 

both human and murine proteins were used for immunoblots. APP levels were
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found to be significantly elevated in TG mice compared to NTG littermate 

controls. This was expected at the protein level because this mouse model was 

generated by incorporating an additional copy of the human APP gene carrying 

the Swedish mutation (Jankowsky et al 2004). AICD, which is released following 

y-secretase cleavage of APP, has been implicated to play a role in altering gene 

transcription. By forming a complex with the nuclear adaptor protein Fe65 and 

the histone acetyltransferase Tip60, AICD is able to increase transcription of 

genes such as APP (Cao and Sudhof 2001; von Rotz 2004). This may account 

for some of the changes seen in mouse APP mRNA levels in the neuron cultures 

we prepared from TG mice. We observed that ADAM10 levels and BACE1 

protein levels were slightly decreased while BACE1 mRNA levels were slightly 

elevated in TG mice neuron cultures. The significant A(3 levels we measured in 

these TG mice could not be attributed to changes in levels of secretases that 

cleave APP. Instead, the increased APP proteins are cleaved more readily by the 

BACE1 proteins that are already made in the cell.

CDK5 and its regulatory protein P35 have been implicated for their role in 

AD by directly phosohorylating tau proteins and increasing BACE1 mRNA levels 

to mediate A(3 production (lijima et al 2000; Town et al 2002; Liu et al 2003; Wen 

et al 2008). In this study, we examined endogenous levels of CDK5 and P35 to 

determine if these proteins could contribute to the A(B production that was 

observed in primary neuron cultures of TG mice. A decrease in mRNA and 

protein levels was found for CDK5 and P35, which was the opposite of what we 

expected initially. However, over-expression of the Swedish mutant form of APP
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has been shown to reduce the stress-induced activity of CDK5. APP knock-out 

mice also show increased levels of CDK5 activity, which is associated with 

increased levels of tau phosphorylation. This indicates that APP may actually 

prevent tau phosphorylation by modulating CDK5 activity (Han et al 2005). This 

may account for the decrease in CDK5 and P35 observed in the cortical neuron 

cultures of TG mice. Additionally, the conversion of P35 to P25 was not observed 

by immunoblots in TG mice cortical cultures (data not shown). This indicates that 

CDK5 did not play a role in modulating A(3 production in this cell model.

4.2.2 Contribution to current knowledge of 82-ChAT

The differential subcellular distribution of 69- and 82-ChAT indicates that 

these proteins may have different biological functions within the different cellular 

compartments. The ability of 82-ChAT to synthesize ACh in vivo has not been 

demonstrated. The presence of muscarinic AChRs on the nuclear envelope has 

been reported, but the orientation of these receptors is not known (Lind and 

Cavanagh 1993, 1995). 82-ChAT may instead modulate cellular processes that 

are alternative to the ACh-synthesizing function mediated by 69-ChAT proteins.

A significant result from the present studies is that ChAT expression in 

neuronal cells can alter APP metabolism. Cholinergic neurons in the brain 

contain high levels of APP (Harkany et al 2002) and have been shown to impact 

APP processing pathways in their target cells. Activation of muscarinic AChRs 

results in increased levels of a-secretase cleavage products of APP such as 

sAPPa (Robneret al 1998; Davis etal2010). However, the regulation of APP
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processing within cholinergic neurons has not received much attention. In the 

present study, we show that 82-ChAT protein expression can influence APP 

metabolism, with the greatest effects on BACE1 levels. A significant reduction in 

BACE1 levels in 82-ChAT expressing SH-SY5Y cells was found with trends 

towards reduced levels of CDK5 and P35 and increased APP and ADAM 10 

(Figure 3.10). In primary cultures (Figures 3.11 and 3.12), trends towards 

reduced levels of BACE1 and elevated ADAM10 levels were found, with changes 

in BACE1 protein levels in TG mice reaching statistical significance. Although the 

changes in mRNA levels did not all reach the level of statistical significance, the 

functional outcome of these trends favours non-amyloidogenic processing. These 

results translated to a 20% reduction of human A(3i^ 2 released from cortical 

neurons cultured from TG mice expressing 82-ChAT compared to GFP- 

expressing control cultures (Figure 3.13).

Since only a subpopulation of the virus-transduced cultured cortical 

neurons expressed the 82-ChAT protein, the effect may not have been sufficient 

to reveal significant effects on secretase mRNA levels. Also, 82-ChAT may have 

a more extensive effect on APP processing, altering mRNA levels of proteins 

involved in its post-translational regulation and modification of secretases. This 

was observed with the significant reduction in the protein level of BACE1 in 

primary neuron cultures by 82-ChAT. BACE1 is initially produced as an immature 

pro-BACE1 in the endoplasmic reticulum and must undergo gylcosylation and 

processing by a furin-like convertase as it travels through the Golgi (Haniu et al 

2000; Vassar 2004). Phosphorylation of BACE1 on Ser-498 and a carboxyl-
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terminus dileucine motif regulate its recycling between the cell surface and 

endosomal and/or lysosomal compartments (Huse et al 2000; Walter et al 2001; 

Koh et al 2005). The ubiquitin-proteasome pathway has also been implicated in 

the degradation of BACE1. Treatment of SH-SY5Y cells with lactacystin, a 

selective inhibitor of the 20S proteasome, results in significant elevation of 

endogenous BACE1 protein levels (Qing et al 2004). One possibility is that 82- 

ChAT alters transcript levels of proteins involved in the regulation of BACE1 

trafficking, targeting BACE1 protein to a degradation pathway. Furthermore, the 

efficiency of BACE1 translation is elevated following energy depravation through 

phosphorylation of the translation initiation factor elF2a (O’Connor et al 2008). In 

post-mortem human AD brain samples, elevated levels of phosphorylated elF2a 

levels positively correlate to increased BACE1 and amyloid production. 82-ChAT 

may decrease BACE1 protein levels by attenuating BACE1 translation.

The elevation in protein levels of CDK5 and P35 in TG mice with 82-ChAT 

expression was unexpected because this would result in increased production of 

A(B. The baseline reduction in CDK5 and P35 mRNA levels in TG mice indicates 

that CDK5 does not contribute to the Ap production in these mice. CDK5 also 

has important functions in the brain, playing a role in axonal extension (Connell- 

Crowley et al 2000; Nikolic et al 1996), associative learning (Fischer et al 2002), 

and synaptic vesicle endocytosis by phosphorylating proteins such as dynamin 1 

(Tan et al 2003). Increasing levels of CDK5 and P35 may be important for 

regulation of these processes by 82-ChAT.
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Ap peptides have been shown to reduce cholinergic transmission and 

decrease ChAT activity (Zambrzycka et al 2002; Machova et al 2008, 2010). By 

decreasing Ap production, 82-ChAT may counteract these detrimental effects on 

cholinergic neurons and facilitate communication within the brain. Also, favouring 

non-amyloidogenic processing of APP may lead to increased levels of sAPPa 

which has neurotrophic properties (Thornton et al 2006; Gakhar-Koppole et al 

2008). Based on these studies, increasing activity or levels of 82-ChAT protein 

may be a beneficial target for future therapies aimed at reducing Ap production.

The cognitive deficits of AD correlate best with a decline in ChAT activity 

in the forebrain, and significant cell loss in this brain area is observed post

mortem. However, studies indicate that these cholinergic pathologies do not 

develop early in AD but are present later in the disease progression (Davis et al 

1999; Tiraboschi et al 2002). In contrast, ChAT levels may be elevated or 

unchanged at early stages of AD (Davis et al 1999; Gilmor et al 1999; DeKosky 

et al 2002). Gill and colleagues (2007) found increased staining for 82-ChAT in 

the clastrum from subjects with mild cognitive impairment and an absence of 

staining in advanced AD. This phenomenon is also evident in some mouse 

models of AD. For example, ChAT activity is elevated in the hippocampus and 

other neocortical areas of 10 month old Ts65Dn mice (Contestabile et al 2006).

APP/PS1 transgenic mice have cholinergic neuritic swellings in the cortex 

and hippocampus in response to increases in Ap load (Hernandez et al 2001; 

Perez et al 2007). Additionally, activation of both nicotinic (Hernandez et al 2010) 

and muscarinic (Davis et al 2010) AChRs has been implicated in reducing Ap
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deposition in mouse models of AD by altering APP cleavage products. Taken 

together, this suggests that there may be a compensatory mechanism in the 

cholinergic system to resist the pathology of AD. By shifting the processing of 

APP to the non-amyloidogenic pathway, cholinergic neurons may reduce A(3 

production and increase sAPPa levels in target cells. In the present study, this 

was observed by decreased BACE1 which translated to reduced A(3i^ 2 

production overall. Perhaps in the brain of individuals with ensuing mild cognitive 

impairment or AD, a loss of 82-ChAT protein from the nucleus over time may 

diminish the ability of cholinergic neurons to fight A(B pathology and make them 

more susceptible to neurodegeneration.

The mechanisms by which 82-ChAT may regulate gene expression to 

alter mRNA levels are unknown. It has not been determined if 82-ChAT is 

involved in the direct interaction with DNA; however, the presence of surface 

accessible basic residues in ChAT proteins may mediate this association (Cai et 

al 2004; Kim et al 2006). Alternatively, acetylation is a major post-translational 

event that is involved in the modification of histones, transcription factors and 

other regulatory proteins in the nucleus. 82-ChAT may be involved in the 

acetylation of lysine residues in histones or other proteins to control gene 

expression. However, 82-ChAT is an O-acetyltransferase and has not been 

shown to perform the /V-acetylation reaction that would be required for 

modification of proteins. The structure of ChAT consists of a solvent accessible 

tunnel at the interface of two large globular domains. Substrates enter from 

opposite ends of the tunnel to access the catalytic site, and a small
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conformational change in ChAT occurs upon binding of acetyl-CoA (Kim et al 

2006). Thus, the narrow tunnel is best suited for binding to small molecules such 

as acetyl-CoA and choline or choline analogues, and the likelihood that proteins 

could gain access to the catalytic site of ChAT for acetylation is low.

On the other hand, post-translational modifications may be important for 

modifying the conformation of ChAT proteins, thus altering the ability of 82-ChAT 

to acetylate substrates or interact with other regulatory proteins. Phosphorylation 

is the most abundant post-translational regulatory mechanism in cells. It plays a 

role in processes such as enzyme activation or inactivation, protein degradation 

via the ubiqutin/proteasome pathway, and facilitation of protein-protein 

interactions. Phosphorylation by protein kinase C (PKC) has been shown to 

increase the catalytic activity of both 69- and 82-ChAT proteins (Dobransky et al 

2000, 2001) and can alter the binding of 69-ChAT to subcellular membranes 

(Dobransky et al 2001). The addition of toxic insults can also alter the 

phosphorylation of proteins. For example, genotoxic stresses induce 

phosphorylation of p53 which are important for stabilization of the protein and 

allow it to exert its tumor suppressive functions (Appella and Anderson 2001). 

Also, treatment of neuroblastoma cells with A p ^ 2 results in phosphorylation of 

69-ChAT at serine-440 by PKC and transiently activates ChAT. This is followed 

by phosphorylation at threonine-456 by Ca2+/calmodulin-dependent protein 

kinase II which results in decreased ChAT activity and is associated with an 

interaction with valosin-containing protein (VCP; Dobransky et al 2003). VCP is 

an AAA+-ATPase involved in multiple cellular functions, including protein
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degradation. The significance of the interaction of 69-ChAT and VCP is not 

understood, but may be important for ChAT protein turnover and availability to 

synthesize ACh. Also, the interaction between 82-ChAT and VCP or any other 

proteins have not yet been determined. Phosphorylation may be an important 

event allowing 82-ChAT to interact with proteins to alter gene transcription or 

increase its enzymatic activity to maintain cholinergic neurotransmission. In early 

stages of AD, a toxic interstitial environment in the brain and within neurons may 

facilitate the phosphorylation of 82-ChAT, thus providing some resistance to the 

approaching pathology.

Alternatively, 82-ChAT may function to synthesize ACh as both choline 

and acetyl CoA are found in the nucleus. The purpose for having ACh in the 

nucleus is unknown. ACh normally acts to activate pre- and post-synaptic 

nicotinic and muscarinic AChRs which elicit further cellular events via an influx of 

Ca2+ ions or G-protein signalling. Non-neuronal ChAT proteins are involved in the 

synthesis of ACh and perform a variety of functions. The effects of ACh in these 

cells are largely mediated by altering the intracellular Ca2+ ion levels. For 

example, ACh activates muscarinic AChRs in granulosa cells isolated from 

human follicles and results in elevated Ca2+ levels that alter transcription factors 

important for cell differentiation (Mayerhofer and Kunz 2005). Activation of 

nicotinic AChRs in human mesenchymal stem cells can increase Ca2+ influx into 

cells and induce spontaneous cell migration (Schraufstatter et al 2010). The 

nucleus is surrounded by a lipid bilayer called the nuclear envelope. Nuclear pore 

complexes (NPCs) embedded in the membrane regulate the transport of



molecules in and out of the nucleus (Lim et al 2008). Ca2+ ions sequestered in 

the nuclear membrane have been shown to influence NPC conformation 

(Erickson etal 2006). Additionally, muscarinic AChRs (Lind and Cavanagh 1993, 

1995), angiotensin receptors (Eggena et al 1993), ryanodine receptors (George 

et al 2007) and inositol triphosphate receptors (Erickson et al 2006) have been 

found on the nuclear envelope. It may be possible that 82-ChAT synthesizes 

ACh to interact with these receptors and modulate Ca2+ levels in the nucleus. 

Here, Ca2+ can alter many processes including gene expression (Dolmetsch et al 

1998). This may also be an indirect mechanism whereby the AChRs are able to 

reduce A(B deposition.

The focus of the present study was to assess the ability of 82-ChAT 

proteins to modulate the A[3 production that has been associated with AD 

pathology. However, there have been many other cellular processes implicated 

to play a role in the pathogenesis of AD. These include neuroinflammation, 

hyperphosphorylation of tau and neurofibrillary tangle formation, aberrant cell 

cycle activation, and oxidative stress. By altering gene transcription either directly 

or indirectly, the effects of 82-ChAT may be widespread (summarized in Figure 

4.1). Further studies could focus on how 82-ChAT can affect these other disease 

mechanisms and how these changes may interact.

78
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4.3 Limitations and suggestions for future studies 

Possib le Lim itations

The major limitation to this study was the spread of genotypes of embryos 

from each litter. In this study, male mice that were hemizygous for transgenes 

(TG) were mated with wild-type female mice [i.e. they do not express the 

transgenes]. According to Mendelian genetics, the resulting litters should have 

equal numbers of NTG and TG embryos. However, this rule is only true when 

measured over relatively large populations. As a result, most of the mouse litters 

we used had an uneven distribution of genotypes with a majority of pups being 

either the NTG or TG. Because dissociated brain neurons were plated as cell 

cultures before the results of the genotyping could be obtained and as re-plating 

of primary neuronal cultures is not possible, this limited the availability of cultured 

cells for each comparison within each experiment.

Another limitation was that human neural cell lines have not been 

identified that express 82-ChAT endogenously. Thus, we were only able to study 

experimental models that were engineered using recombinant DNA technologies 

to stably over-express 82-ChAT and did not have the opportunity to use models 

where 82-ChAT could be knocked-down. Additionally, the 82-kDa isoform of 

ChAT is expressed only in primates (Misawa et al 1997). For studies involving 

murine primary neuron cultures, over-expression of 82-ChAT was accomplished 

using an adenoviral gene delivery system that yielded only approximately 50% 

transduction efficiency. The expression of 82-ChAT under these conditions was 

limited by the sensitivity of cells to toxicity of the viral gene delivery system. Cells
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were susceptible to toxicity when exposed to higher concentrations of the 

adenoviruses and this was increased as they became more differentiated with 

time in culture. A greater effect of 82-ChAT on the measures made may have 

been observed in primary neuron cultures if transduction efficiency could have 

been improved.

F u tu re  S tu d ie s

Significant information was obtained in this thesis about the APP/PS1 

mouse model of AD, as well as 82-ChAT proteins. However, these studies 

focused on A(3 pathology and APP processing. Future studies could explore 

other aspects of AD pathology in primary cultures of this mouse model as well as 

how they may be altered by 82-ChAT. For example, neuroinflammatory or 

oxidative stress pathways could be studied. Furthermore, generation of a 

transgenic knock-in model of 82-ChAT would allow further characterization of the 

functional significance of this protein. These mice could also be crossed with the 

APP/PS1 model to determine the effects of 82-ChAT on A(3 production and other 

pathologies at different times in the lifespan of the mouse.

Future studies may also be aimed at better understanding of the 

mechanisms by which 82-ChAT may function in the nucleus. This includes 

assays to determine if 82-ChAT can interact directly with DNA or acetylate 

histones. Also, protein interaction screens can be used to uncover novel proteins 

that interact with 82-ChAT. This may include transcription factors or regulatory 

proteins that are important for 82-ChAT to function in the nucleus. Finally, the
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role of post-translational modifications such as phosphorylation or SUMOylation 

should be examined for their role in altering 82-ChAT activity or function.



8 2

Plaques

Figure 4.1: A neuroprotective role o f 82-ChAT in the brain. 82-ChAT is found 

in nuclei of cholinergic neurons in primates; however, the function of this protein 

has not yet been elucidated. I found that expression of 82-ChAT decreases 

BACE1 levels, thereby decreasing A3 production. By binding to DNA or other 

mechanisms, 82-ChAT may have a protective role in the diseased brain, 

influencing various aspects of AD pathology.
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March 11, 2010

•This Is the Original Approval tor this protocol*
*A Full Protocol submission wiS be required in 2014*

Dear Dr, Ryiett:

Your Animal Use Protocol form entitled:
Modulation of Neuronal Gene Expression by Choline Acetyltransferase
Funding Agency Alzheimer's Association - Grant #R 1588A15 [speedcode RRYT] - agency grant number MRG-08- 
91279.

has been approved by the University Council on Animal Care. This approval is valid from March 11, 2010 to 
March 31,. 2011. The protocol number for this project is 2010-025.

1. This number must be indicated when ordering animals for this project.
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3. It no number appears please contact this office when grant approval is received.

it the application for funding is not successful and you wish to proceed with the project, request that an internal 
scientific peer review be performed by the Animal Use Subcommittee office.
4. Purchases of animals other than through this system must be cleared through the ACVS office. Health 
certificates will be required.

ANIMALS APPROVED FOR 4 Years
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with the contents of this document.
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