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Abstract 

Neuronal synapse function and growth are dependent on protein abundance at the synapse and are 

regulated by key metabolic markers: AMPK and mTORC1. AMPK is a serine/threonine kinase highly 

expressed in brain. When activated, AMPK stimulates catabolic processes, and inhibits anabolic 

processes through mTORC1 inhibition. Defects in AMPK signaling have been reported in peripheral 

metabolic disorders and the manipulation of AMPK activity has been an attractive therapeutic target for 

diseases in which altered energy metabolism contributes to etiology. Recent evidence also suggests that 

impaired AMPK activity plays a role in Alzheimer’s disease. However, there is ambiguity surrounding 

the role of AMPK activation in neuronal metabolic regulation and the affects on neuron growth and 

health. This thesis aimed to determine the direct effect of chronic AMPK activation on anabolic and 

catabolic processes in a neuronal cell culture model. Retinoic acid differentiated (1𝜇g/mL) SH-SY5Y 

Human Neuroblastoma cells were treated with: 1) Vehicle control; 2) A-769662 (100uM; AMPK 

agonist); or 3) compound C (30uM; AMPK inhibitor). Cells were treated for 1,3, and 5 days to examine 

chronic AMPK activation or inhibition. Cell lysates were collected for western blotting (WB) to examine 

AMPK activation (AMPK T172), a marker of mTORC1 formation and cellular proliferation (raptor), and 

markers of neurogenesis and pre/post-synaptic proteins (synaptophysin, homer-1, PSD-95, synaptophysin, 

BDNF). PSD-95, homer-1, synaptophysin, and BDNF are significant markers in maintaining/developing 

proper synapse function and strength. AMPK activation following treatment with A-769662, was seen to 

persist for all time points (24h, 3d, 5d) and resulted in increased raptor S792 phosphorylation, indicative 

of chronic mTORC1 inhibition. No change in neuronal marker content was seen following 24h of AMPK 

activation. However, significant reductions were seen in PSD-95, homer-1, synaptophysin, and BDNF 

content following 3d and 5d of AMPK activation. Taken together, these findings indicate a role for 

AMPK activation in impacting key synaptic plasticity markers and highlights drawbacks in persuing 

AMPK as a therapeutic target for metabolic diseases such as Alzheimer’s disease given the neuronal 

damage already assocatied with this disease 
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Chapter 1: Literature Review 

1.1 Alzheimer’s Disease:  

Worldwide there has been a distinct rise in the number of individuals approaching 65+ years of 

age. In Canada, baby-boomers (52 to 72 years of age as of 2018) represent 35.5% of the population (Stats 

Canada 2019). As the average population age gradually increases towards 65+ there has been a 

corresponding rise in the number and development of age-related cases of dementia. The leading type of 

dementia world-wide is Alzheimer’s disease (AD) and the number of AD cases is expected to grow from 

564,000 to roughly 937, 000 Canadians in the next 15 years (Alzheimer’s Society of Canada 2016).  AD 

is characterized by the gradual degradation and loss of synaptic connectivity between neurons resulting in 

mild to severe cognitive impairments and memory loss (Tampanelli 2015; Kashyap et al 2019; Marsh and 

Alifragis 2018). The main pathological identifiers of AD are the accumulation of extracellular amyloid-𝛽 

(A𝛽) plaques, which serve to physically disrupt and sever synaptic connections between neurons, as well 

as hyper-phosphorylation of the Tau protein, which destabilizes neuron myelin sheath conductivity, 

damaging neuronal connections and impairing synaptic transmission (Perl 2010). 

  There is debate over the importance of both A𝛽 and Tau as driving factors in the development of 

AD with evidence showing that Tau phosphorylation results in significant cognitive impairments and 

neuroinflammation in late-stage AD brains, more so than A𝛽 accumulation (Yang et al 2017, Neddens et 

al 2018, Laurent et al 2018). However, the accepted hypothesis is that the early stages of AD development 

is marked by the accumulation of A𝛽 peptides and plaques and that Tau hyper-phosphorylation is more 

indicative of late-stage AD progression (Perl 2010; Tampellini 2015; Yang et al 2017). As such, the 

majority of research conducted in the prodromal phase or the early development of cognitive decline, 

commonly discussed as Mild Cognitive Impairment (MCI), is focused on factors affecting A𝛽 production 

and its accumulation.   
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1.2 A𝛽 production and Tau phosphorylation:  

A𝛽 is a by-product of the trans-membrane bound protein amyloid precursor protein (APP) in 

which its accumulation is the result of one of two pathways: 1) a benign non-amyloidogenic pathway, or 

2) the amylogenic pathway (Figure 1). While both pathways yield different products, the mechanism of 

cleavage is highly similar: both are initially cleaved externally at different cleavage sites by one of two 

site specific enzymes, and then subsequently cleaved internally by the enzyme 𝛾-secretase at either the 

Leu49 or Thr48 APP sites to release the pathway specific product (Figure 1, Chow et al 2010, Bolduc et al 

2016). More specifically, in the benign pathway, APP is cleaved externally by 𝛼-secretase at the Leu17 

residue, releasing the soluble amyloid-𝛼 peptide (sAPP) externally, before internal cleavage by 𝛾-

secretase and release of the benign P3 peptide. In the amyloidogenic pathway, APP is cleaved by the rate 

limiting enzyme 𝛽-secretase (A.K.A 𝛽-amyloid cleavage enzyme or BACE1) at either the Asp1 or Glu11 

sites before internal cleavage by 𝛾-secretase and release of the insoluble A𝛽 peptide of either 40 or 42 AA 

in length (Figure 1, Chow et al 2010, Bolduc et al 2016). A𝛽42 is considered more pathogenic due to its 

ability to form more cohesive 𝛽-sheet bonds between peptides compared to A𝛽40. In both the non-

amyloidogenic and amyloidogenic pathways internal cleavage by 𝛾-secretase results in the production of 

an APP intracellular domain (AICD). AICD has key functions as a transcriptional regulator for the 

transcription and translation of proteins such as p53, GSK3β, and even Wnt/𝛽-catenin signalling, all of 

which have been linked to key AD pathologies and neuron health (Chow et al 2010, Zhou et al 2012, 

Bukhari et al 2017). 

  In the amyloidogenic pathway, the A𝛽 peptides are cycled out of the cell into the extra-cellular 

matrix where accumulation occurs through strong 𝛽-sheet, hydrogen bond interactions (Stefani and 

Rigacci 2013). It is important to note in individuals that do not suffer from AD/MCI, A𝛽 peptides are still 

present, and will show increased plaques deposits with normal aging (Rodrigue et al 2009, Rodrigue et al 

2012). However, when compared to age-matched individuals that do present AD/MCI, there is a marked 

increase in A𝛽 concentration resulting in greater A𝛽 accumulation as well as greater incidences of plaque 
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formation/presence (Moreno-Jimenez 2019). As well, while the body does have mechanisms to clear A𝛽 

peptides from the brain, most notably with clearance through sleep likely through PPAR𝛾 activated 

astrocyte and microglial degradation  as well as direct targeted degradation by insulin-degrading enzyme 

(IDE; Shokri-Kojori 2018, Lulu et al 2013, Ju et al 2013, Shweta et al 2012), there exists no mechanism 

or treatment for the degradation and clearance of A𝛽 oligopeptides or fully formed plaques. These facts 

indicate that not only is there a greater need for research of effective treatment options, but also that 

amyloid driven impairments in brain health are a normal symptom of aging that is exacerbated with 

AD/MCI.  
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Figure 1: A) Amyloidogenic pathway for A𝛽 peptide production by BACE1 cleavage and non-amyloidogenic pathway of P3 by 

𝛼-secretase. RED: Amyloid precursor protein (APP) is initially cleaved by BACE1 producing sAPP𝛽 and the membrane bound 

C89/99 fragements. C89/99 is further cleaved by 𝛾-secretase to produce the the toxic sA𝛽 fragment as well as the APP-

intracellular domain (AICD) fragment. BLUE: APP is initially cleaved by 𝛼-secretase producing sAPP𝛼 and C83 

fragements.C83 is then cleaved by 𝛾-secretase to produce the benign P3 fragment as well as AICD. B) Neuronal Tangle 

formation and dysregulation  by hyper-tau phosphorylation over time. Neurons (yellow) exhibit disruption of the myelin sheath 

(pink rectangle) surrounding axons through increased phosphorylation of tau (green proteins), disrupting microtubule formations 

and impairing synaptic vesicles and organelle translocation to the synapse and reducing synaptic transmission. Courtesy of Dr. 

MacPherson.  

 

1.3 Forms of AD: Familial and Sporadic:  

An important distinction that should be made when discussing AD are the differences between 

the influence of genetic/hereditary factors (familial or early-onset) and external, more environmental 

factors (sporadic or late-onset), on the progression of the disease. Familial AD represents <5% of cases 

and develops as a consequence of genetic mutations for proteins such as APP and presenilin that 

dramatically increase the production of soluble A𝛽 and the presence of A𝛽 plaques relative to age-

matched patients (Yat-Fung et al 2016). Briefly, while genetic diseases such as Down’s syndrome show 

increased rates of AD as patient’s age due to the increased presence of APP gene translation as a result of 

the doubling of chromosome 21 (of which the APP gene is encoded on), patients who develop familial 

AD do not require this chromosomal doubling. As such, there is a body of research that has examined the 

mutations of the APP gene and have found that a clustering of mutations segregating to both the BACE1 

and 𝛾-secretase cleavage sites promote A𝛽 accumulation. Mutations surrounding BACE1 cleavage have 

been shown to promote increased affinity of BACE1 to APP to favour its amyloidogenic processing 

whereas 𝛾-secretase clustered mutations tend to favour an increased Aβ42/Aβ40 ratio (Weggen and Beher 

2012). However, the majority of familial AD cases present with heterogeneous mutations surrounding the 

PSEN1/PSEN2 genes located on chromosome 14. While they have multiple functions, in relation to APP 

cleavage, the PSEN1/PSEN2 proteins function as the catalytic core of 𝛾-secretase. Unlike APP mutations 

however, which directly favour increases in A𝛽, PSEN1/PSEN2 mutations have been shown to impair 

overall 𝛾-secretase function therefor not directly increasing A𝛽 generation, but resulting in an increased 

Aβ42/Aβ40 ratio due to a lack of Aβ40 production (Weggen and Beher 2012, Kelleher and Shen 2017). It 
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has also been proposed that the non-𝛾-secretase driven functions of the PSEN proteins such as autophagic 

protein degradation are significantly impaired with PSEN mutations resulting in less direct A𝛽 generation 

(through impaired A𝛽 clearance rather than increased generation) and familial AD development (Weggen 

and Beher 2012). 

  The more prevalent and, arguably, significant form of AD is the sporadic development of AD 

which account for >95% of all cases. Risk factors include external influences such as environmental, 

lifestyle, and indirect genomic modifications rather than direct genomic mutations (Bali et al 2012; 

Piaceri et al 2013). Importantly, while usually discussed as modifications of diet and exercise, there is a 

genetic component that has been shown to be a predictor of sporadic AD that does not directly impact 

APP processing: APOE-𝜖4 (Piaceri et al 2013, DiBattista et al 2016, Safieh et al 2019). APOE is a 

lipoprotein strongly associated with managing cholesterol homeostasis in the brain and exists as three 

isoforms, 𝜖2, 𝜖3, 𝜖4 of which the 𝜖4 isoform has been identified as the greatest risk factor for the 

development of AD, importantly not only with homozygous expression, but heterozygous expression as 

well (Piaceri et al 2013, DiBattista et al 2016). While evidence has shown that APOE-𝜖4 plays a role in 

binding A𝛽 monomers into neurotoxic senile plaques and may act as a catalyst for plaque synthesis, other 

neurotoxic effects have also been suggested (DiBattista et al 2016, Safieh et al 2019). Given the role of 

APOE proteins in managing brain cholesterol homeostasis as well as a role in synapse formation (Mauch 

2001), it is possible that variations between APOE isoforms lead to differences in cholesterol metabolism 

and therefore abnormal lipid distribution. This abnormal lipid distribution may directly impact other brain 

functions regardless of direct A𝛽 interactions. This is supported by comparison studies between 𝜖4 and 𝜖3 

mouse brain development in which 𝜖4 show decreased dendritic branching and length, as well as reduced 

spine density than their 𝜖3 counterparts (DiBattista et al 2016, Safieh et al 2019). Overall, while APOE-

𝜖4 carriers have an increased risk of developing sporadic AD, it is likely that this development is due to 

significant modifications in brain metabolism and homeostasis rather than direct genetic impacts on APP 

processing and A𝛽 accumulation as is in the case for familial AD. It is these modifications in metabolic 
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homeostasis that seem to show the greatest risk for the development of sporadic AD. 

  In fact, major health risk factors such as smoking, type 2 diabetes (T2DM), depression, and 

obesity can be related to a third of all reported AD cases as of 2010 (Norton et al 2014). As well, Norton 

et al (2014) note that the prevalence of those risk factors share many common factors in terms of 

pathology (ie inflammation, increased cell stress, disregulated metabolic homeostasis, etc…) and are 

often compounded. For example, obesity is often associated with the development of T2DM, which can 

also lead to vascular diseases.  

  It is interesting to note the similarities in the whole-body pathology of inflammation and 

metabolic dysregulation (modifiable risk factors such as smoking, T2DM, and obesity) on directly 

impacting the development of sporadic AD. In addition to the peripheral metabolic and inflammatory 

abnormalities observed with obesity and T2DM, these risk factors also result in central 

neuroinflammation, reduced glucose uptake, and insulin resistance. Together these central changes lead to 

significant perturbations in brain metabolic homeostasis, all of which result in increased APP processing, 

(Arnold et al 2018; Talbot 2014; Talbot et al 2012). It is these perturbations in brain metabolism that have 

influenced the discussion around AD as not only a neurodegenerative disease but also as a metabolic 

disease. 

1.4 Type-2-Diabetes, Obesity and AD: 

1.4.1 T2DM and obesity on metabolic dysregulation: 

T2DM is a metabolic disease that results from an ineffectiveness of insulin to trigger the uptake 

of glucose into a cell. This often occurs due to impaired insulin action, termed insulin resistance (IR), in 

its target tissues resulting in high blood concentrations of glucose and leading to greater quantities of 

insulin being secreted in order to compensate for the hyperglycemia.. Eventually, over time that could last 

years, the concentration of insulin secreted no longer is effective in clearing the blood glucose 

concentrations and the individual is diagnosed with T2DM. Insulin resistance has a direct effect on cells 

to maintain a normal metabolic homeostasis and impacts a number of cellular processes surrounding 
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proper cell health. Obesity results from the intake of a high number of calories relative to number of 

calories utilized that modify cellular fuel utilization, and has been associated with a number of morbidities 

such as the development of cardiovascular disease (Esser et al 2014; Donath and Shoelson 2011; Bondia-

pons et al 2012).  

  While both diabetes and obesity stem from different causes, both constitute what is described as 

metabolic syndrome and, in many cases, will directly impact the development of the other (Esser et al 

2014; Rastogi and Holguin 2017). A major common factor between both T2DM and obesity is the 

development of low-grade chronic inflammation particularly in insulin sensitive tissues such as skeletal 

muscle, adipose tissue, and the liver. It is this increase of chronic inflammation and subsequent IR 

development that has been shown to directly affect cellular metabolic homeostasis and increase cellular 

stress responses such as further increases in cytokine secretion (cytokines such as IL-1𝛽, IL-6, TNF𝛼, 

NF-𝜅B), impairments in the skeletal muscle mitochondria to oxidize fat, impaired mitochondrial health 

through increased free radical and reactive oxygen species (ROS) production, as well as impaired glucose 

transporter (GLUT) protein translation impairing glucose uptake even further (Rastogi et al 2014; Donath 

and Shoelson 2011; Xu et al 2003; Lumeng and Saltiel 2011; Bondia-pons et al 2012).  

1.4.2 Metabolic dysregulation and AD:  

Evidence towards the significant impact that alterations in brain metabolism have on progressing 

AD pathology has increased in the past decades. Most notably, reduced brain glucose utilization has been 

shown to precede the onset of both familial AD and APOE- 𝜖4 carriers (Ogawa et al 1996; Rijpma et al 

2018; Cuccane 2011). Significant impairments in mitochondrial fission/fusion and mitophagy are also 

seen, resulting in impaired ROS management/production alongside impairments in mitochondrial 

efficiency (Cuccane 2011; Zhang et al 2016). As well, examination of post-mortem, aged matched, late-

stage (Braak stage V-VI) AD brains have shown an increased activation of AMP-protein kinase (AMPK), 

the master regulation of metabolic homeostasis, whose dysregulation has been shown to directly impair 

brain health (Vingtdeux et al 2011a, Ma et al 2014, Potter et al 2010). Brain IR development has also 

been shown to occur as a precursor to AD regardless of IR development in the periphery (Valzquez et al 
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2017). As well, there exists epidemiological evidence that suggests an increase in AD mortality amongst 

rural individuals which may be linked to obesity and T2DM (Baranowski et al 2018). Neuroinflammation 

has also been directly linked to the development of AD pathologies (Ardua-Fabregat et al 2017; Heneka 

et al 2015) which, alongside impaired insulin-degrading enzyme action via IR, serves to connect both 

T2DM and obesity as significant risk factors for the development of MCI and AD (Walker and Harrison 

2015).  Another significant factor related to systemic IR development is the effect on glucose 

transportation to the brain given the role of glucose as its main fuel source. There has been increasing 

evidence that systemic IR affects the brains ability to take up glucose, even under conditions of high 

plasma glucose availability, known as the starving brain. Briefly, there is a tight interplay between the 

BBB and neurons in sensing plasma insulin and glucose concentrations to regulate the expression of 

GLUT1/GLUT3 transcription for glucose uptake resulting in the brain being insulin-responsive rather 

than insulin-dependent. However, under conditions of IR seen with T2DM and obesity, there is an 

impairment GLUT1/GLU3 expression which alongside decreases in insulin receptors leads to significant 

decreases in glucose uptake in the brain even when plasma glucose concentrations are high (Gibas 2017).    

  Overall these alterations of brain metabolic homeostasis contribute to the neuronal damage and 

impaired brain health seen in AD through impacting cellular repair mechanisms such as autophagy, as 

well as regulating protein synthesis for neuronal survival. These observations have served to link the 

metabolic dysregulation associated with diseases such as T2DM and obesity directly with the progression 

of AD (Duran-Aniotz and Hetz 2016; Duarte 2015; Arnold et al 2018; Sellbom and Gunstad 2012; 

Nguyen et al 2014; Walker and Harrison 2015). 

1.4.3 Metabolic dysregulation in the brain:  

It is the above changes in key metabolic pathways that have caused researchers to discuss the 

development of sporadic AD as a metabolic disease, particularly the development of neuroinflammation 

and mitochondrial defects increasing ROS related damage/cellular stress on affecting neuronal health. A 

number of pathways have been discussed surrounding effective treatment targets for restoring proper 
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metabolic homeostasis in AD.  

  Given the relationship between diseases such as T2DM, obesity, and AD in showing similar 

impairments in energy homeostasis (i.e. inflammation, dysregulation ROS production, glucose uptake) 

considerations for the use of common T2DM/obesity treatments has grown over the past decade. Exercise 

therapy has been shown to be highly effective in improving mitochondrial health and function, improving 

glucose and insulin sensitivities in AD patients and has also been effective at reducing the risk of 

MCI/AD, as well as increasing the secretion of beneficial neurotrophic factors such as brain derived 

neurotrophic factor ( BDNF, Seifert et al 2009; Muscari et al 2010, Steiner et al 2011). Further, our lab 

has previously shown that a single bout of moderate intensity exercise (15 m/min, 5% incline, 120 min) 

has beneficial effects on reducing BACE1 content and activity in mice fed a high fat diet (HFD) for up to 

8h in the prefrontal cortex and up to 24h in the hippocampus alongside reductions in ERK activity 

(MacPherson et al 2015, Yang et al 2019). Overall, these data indicate the effectiveness of exercise to 

rescue alterations in the brain that are a result of diet induced obesity and insulin resistance. Given the 

large number of changes associated with exercise, it is difficult to target particular pathways to provide 

protective effects. However, particular attention has been given to one of the key regulators of cellular 

homeostasis, AMPK which is known to regulate main cellular pathways that are dysregulated under 

metabolic syndrome such as impaired mitochondrial function, increased ROS production, as well as 

reduced glucose uptake and free-fatty acid oxidation.    

1.5 AMPK and neurogenesis/synaptic plasticity:  

  AMPK is a highly conserved heterotrimeric serine /threonine protein kinase consisting of a 

catalytic 𝛼-subunit, a structural 𝛽-subunit and a regulatory 𝛾-subunit. In terms of importance, the 𝛼- and 

𝛾-subunits have the largest effect on AMPK activity. The 𝛼-subunit contains an activation loop which, 

upon phosphorylation of the Thr172 site by upstream kinases, activates AMPK (Liver kinase beta 1, 

LKB1: Ca2+/calmodulin-dependent protein kinase kinase 𝛽, CAMKk𝛽: Mitogen-activated protein kinase 

kinase kinase 1, MAP3K7 or TAK1; Hawley et al. 2005, Woods et al. 2005, Shaw et al. 2003, Xie et al 
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2006, Neumann 2018, Liu et al 2018). The 𝛾 subunit contains a regulatory allosteric site which, when 

bound by AMP, has been proposed to cause a conformational shift to protect the 𝛼-subunit active site 

(Thr172) from dephosphorylation. It is this mechanism of allosteric protection that ensures that under 

conditions of low [ATP], AMPK is/remains activated, and its energetic regulatory functions are intact. 

Likewise, under conditions of high [ATP]/[AMP], AMPKs regulatory functions are inhibited.  

 

1.5.1 AMPK on alleviating AD metabolic dysregulation: 

  AMPK has numerous downstream effects (Figure 2), however all of the downstream actions can 

be associated with restoration of ATP concentrations under conditions of cellular energetic stress. AMPK 

plays a diverse role in the promotion of catabolic processes such as autophagy for the recycling of protein 

complexes and increases in glucose uptake for ATP production, while at the same time restricting 

anabolic processes such as cellular proliferation/growth and protein synthesis in order to conserve cellular 

ATP content. AMPK also regulates fuel regulation such as lipolysis and free-fatty acid oxidation as well 

as the upregulation of transcriptional factors to increase mitochondrial biogenesis to improve overall 

energy homeostasis within the cell. It is these factors that have made AMPK a key target for restoring 

metabolic dysregulation particularly in AD. AMPK activation has been shown to be effective in 

improving memory function and spatial memory under IR conditions and AD-like pathology (Halikas and 

Gibas 2018; Gupta et al 2011; Du et al 2015). Lowered AMPK activation has been shown to occur in the 

presence of A𝛽 peptides and is accompanied by impaired mitochondrial function, all of which is restored 

upon direct AMPK phosphorlyation alongside improved glucose uptake (Cai et al 2012; Du et al 2015; 

Chiang et al 2016). AMPK activation has also been associated with reductions in neuroinflammation 

through inhibiting gene expression of key inflammatory cytokines such as TNF-𝛼, NF-𝜅B, and IL-6 

(Peixoto et al 2017).   
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Figure 2: Mechanisms of AMPK activation and major downstream activation pathways. Acronym definition from left 

to right, top to bottom: Cyclic adenosine monophosphate (cAMP), Liver kinase 𝛽1 (LKB1), Acetyl-CoA carboxylase 

(ACC), Carnitine palmutoyltransferase 1 (CPT1), NAD-dependent deacetylase sirtuin-1 (Sirt1), peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC1-𝛼), AMP-kinase (AMPK), Unc-51 like 

autophagy activating kinase 1 (ULK1s),Ca2+/Calmodulin kinase kinase 𝛽 (CAMKK𝛽), Tuberous sclerosis proteins 1 

and 2 (TSC2/1), mechanistic target of rapamycin (mTOR), regulatory-associated protein of mTOR (raptor), 

ribosomal protein S6 kinase beta 1 (p70S6K), Ras homolog enriched in brain (Rheb). 

 

1.5.2 The role of AMPK and mTORC on promoting A𝛽 clearance: 

  AMPK is the center of a number of pathways and feedback loops affecting cellular energy 

processes (Figure 2). A key interaction is the regulation between AMPK and the mechanistic target of 

rapamycin complex (mTORC). mTORC, like AMPK, is a protein complex that plays a significant role in 

mitigating energy homeostasis regulating energetically expensive processes such as cell growth and 

proliferation. As both mTORC1 and AMPK serve to regulate cellular energy homeostasis through 

activation and inhibition of energetically expensive processes, both proteins serve to regulate the others 

activation, namely AMPK mediated inhibition of raptor, a key subunit of the mTORC1 complex required 
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for its formation (Foster and Fingar 2010, Gwinn et al 2008) as well mTOR inhibition through the 

TSC2→Rheb-GDP pathway (Mihaylova and Shaw 2011, Avruch et al 2009, Lin and Hardie 2018). This 

regulation is an imperative balancing pathway in order to maintain effective cellular adaptability towards 

energy challenges. Importantly, the relationship between mTORC and AMPK has gained attention as an 

AD target for two key reasons: restoration of energetic homeostasis under conditions of stress, and the 

clearance of free A𝛽 peptides through the activation of autophagy pathways (Vingtdeux et al 2011b).   

  Specifically, mTORC directly inhibits the phosphorlyation of the Unc-51 like autophagy 

activating kinase (ULK1) through competitive inhibition thereby preventing phosphorlyation by AMPK. 

This inhibition is paramount to preventing the breakdown of protein complexes under conditions 

promoting cellular growth (Kim et al 2011). Importantly, unbound A𝛽 peptides can freely be degraded 

through autophagic mechanisms and as such, this regulation of autophagy under energetically controlled 

conditions by AMPK and mTORC allow for another method by which AMPK activation may be 

beneficial as an AD treatment. 

1.5.3 Limitations of AMPK as a therapeutic treatment:  

Cellular growth and proliferation in the brain involves the coordination of a number of 

proteins/complexes, often with highly specified substrate gradients, allowing for tightly regulated 

processes. These serve to dictate not only neuronal cell fate, but central nervous system (CNS) 

development itself (Bronner 2015; Pla and Monsoro-Burg 2018). AMPK has been shown to play a 

significant role in this process through regulating cellular growth signals through mTORC1 (Amato and 

Man 2011), inhibiting neuronal stem cell differentiation (Foster and Fingar 2010), as well as regulating PI 

3-kinase dependent neuronal polarization (Inoki et al 2006). AMPK activity has also been shown to 

directly regulate a key promoter pathway in early brain development, wingless int-1 (Wnt), to inhibit cell 

growth (Amato et al 2011). A number of downstream AMPK targets also interact within Wnt pathway to 

mediate cell growth inhibition highlighting that a complex pathway connects energy homeostasis and 

brain development even into adulthood as well as being proposed to regulate proper synaptic activation 

(Varela-Naller 2010; Moreno-Jimenez 2019; Ramamurthy et al 2014).  
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  However, there is ambiguity regarding the effects of AMPK-mitigated energy homeostasis on 

regulating neuronal growth between developing and mature brains given the relationship between AMPK 

and mTORC. mTORC (mainly mTORC1), particularly when discussing the brain, directly activates 

mechanisms to promote cellular proliferation and growth and typically involves the activation of key 

neuronal growth markers and neurotrophic factors such as the Wnt signalling pathway and BDNF 

secretion all of which have been related to AMPK activation (Amato et al 2011; Vareka-Naller 2012; 

Dasgupta and Milbrandt 2009). It is this regulation of cellular proliferation and growth by AMPK that 

serves to question the efficacy of targeting AMPK as a treatment of AD.  

  There are also exists controversy surrounding the role of impairments in chronic AMPK 

activation on maintaining healthy cellular processes. For example, while AMPK phosphorylation may be 

beneficial acutely in restoring metabolic homeostasis and alleviate AD-like pathologies, chronic 

activation, particularly under conditions already metabolically stressful such as IR, may be detrimental. 

The increased phosphorlyation of AMPK that is seen in post-mortem AD brains (Vingtdeux et al 2010) 

alongside results from our lab showing an increase in brain AMPK activity from obese/insulin resistant 

animals that was reduced following a single bout of exercise (MacPherson et al 2015) point to a less 

clarified role of AMPK. Metabolic regulation of the brain may rely on balanced activation and inhibition  

of AMPK that is required for healthy function.   

1.6 Synapses and synaptic plasticity: 

Synapses are specialized cellular structures that make up the neural connections between neurons. 

Synapses consist of an asymmetrical association between both cells with one neuron extending a pre-

synaptic axon in order to interact with the post-synaptic dendrites of the connecting neuron (Petzoldt and 

Sigrist 2014). However, while these structures are closely associated, they are not directly connected 

membrane to membrane; they are separated by a cleft (>1𝜇M) over which signals are transduced. 

Synapses are divided into electrical and chemical ones. Chemical synapses  are associated with memory 
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and learning,  and  facilitate transmission of information directionally  from pre- to post- synaptic neurons 

utilizing chemical messengers called neurotransmitters (NT).   

1.6.1 Presynaptic Machinery:  

  While  the secretion of NT from synaptic vesicles facilitates the transmission of cellular 

information, significant structures are required to allow for this signal transduction to occur. This involves 

the recruitment of machinery as well as the association of synaptic vesicles to the membrane  for the 

release of NT across the cleft. This is accomplished through the highly regulated complex known as the 

SNARE complex (soluble N-ethylmaleimide-sensitive attachment receptors, Petzoldt and Sigrist 2014; 

Baldwin and Eroglu 2017; Park and Poo 2013). The SNARE complex consists of a larger number of 

proteins, both structural and regulatory, whose complexation with synaptic vesicles allows for the fusion 

of synaptic vesicles with the pre-synaptic membrane resulting in the secretion of NT across the synaptic 

cleft transmitting signals between neurons. However, the main proteins facilitating vesicle 

adhesion/fusion are synaptobrevin (anchored in the vesicles),  synaptotagamin (anchored to other SNARE 

proteins), and syntaxin and SNAP-25 (anchored in the membrane; Sudhof and Rothman 2009; Risselada 

et al 2011). Briefly, upon incorporation of NT to a synaptic vesicle, the vesicle moves towards the 

membrane where synaptobrevin, syntaxin, and SNAP-25 associate to bind the vesicle to the presynaptic 

membrane. Following this, with an influx of Ca2+ into the cell and association with synaptotagamin, 

fusion of the vesicle withthe presynaptic membrane allows for neurotransmitter release across the cleft 

towards the postsynaptic machinery (Figure 3; Petzoldt and Sigrist 2014; Risselada et al 2011; Jahn and 

Fasshauer 2012).  Synaptic vesicles are then recycled through endocytosis driven by proteins like 

synaptobrevin and synaptophysin which is paramount for maintaining synaptic function (Tarsa and Goda 

2002, Kwon et al 2011, Gordon et al 2016). 
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1.6.2 Postsynaptic Machinery:  

  While presynaptic machinery typically regulate  the formation and membrane fusion of the 

SNARE complex involved in NT release, postsynaptic structures  regulate the reception of NTs and 

facilliate their downstream signalling. In a very simplist manner, these structures can be described in 2 

catagories: NT receptors and scaffolding proteins. Structures such as the N-methyl-D-aspartate (NDMA) 

receptors, are one of the key NT membrane receptors responsible that have NTs bind directly to induce 

downstream signalling , whereas scaffolding  post-synaptic density proteins (PSD) such as PSD-95 and 

Homer-1 anchor a number of postsynaptic signalling proteins to stabilized NT receptors like NDMA to 

facilitate signal transduction (Petzoldt and Sigrist 2014; West and Greenburg 2011, Clifton et al 2019, 

Luo et al 2012). As well, following  neurotransmitter reception, gene regulation/mRNA translation 

through proteins such as protein kinase A (PKA), protein kinase C (PKC), extracellular signal-regulated 

kinase (ERK), CaMKII that associate with NT receptors and PSD scaffold  (Figure 3; Huganir and Nicoll 

2013; Petzoldt and Sigrist 2014; Sheng and Kim 2002; West and Greenburg 2011).  

 

 

Figure 3: Organization of neurotransmitters and post-synaptic machinery at the synaptic cleft (Left). Proteins 

involved in the formation and binding of the SNARE complex to the membrane and the release of neurotransmitters 

across the synaptic cleft (Right) 
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1.6.3 Plasticity: 

  The regulation of synaptogenesis as well as signal transduction is a dynamic process; i.e. the 

generation of axon/dendritic connection, the association of pre- and post-synaptic machinery to the 

synaptic cleft as well as the speed at which NT are released is highly dependent on the need of the cell to 

transmit a signal and the frequency at which that occurs. This means that for a synaptic firing event that is 

experiencing increase stimulus, synaptic machinery becomes more tightly associated with and around the 

pre-synapse for rapid fusion/release of synaptic vesicles/NT and that PSD receptors and scaffolding 

markers are more readily associated to receive NTs and facilliate signaling (Sheng and Kim 2002, 

Huganir and Nicoll 2013). This is also true under periods of reduced stimulation whereby both pre- and 

post-synaptic machinery become less associated with the membrane, synaptic vesicles are less translated 

and fused to/with the membrane, and NT release frequency/reception is reduced. These changes in protein 

complexation and structural association allow for longer modifications of transmission between neurons. 

These transmission modifications are usually discussed as as either long-term potentiation (LTP) or  long-

term depression (LTD) respectably.  

  LTP is defined as increased synaptic strengthening due to an increased pattern of activity that 

produces longer-lasting neurotransmitter transmission and greater downstream signalling. This increase in 

persistent synapse strength and signalling occurs directly as a result of increased protein 

complexation/structural stabilization at the pre- and post-synapse which allows for larger quantities of 

NTs to be released (for longer periods of time) and transmit signals through increased PSD receptor 

mobilization (Cooke and Bliss 2006, Rao and Finkbeiner 2007). LTD describes a decrease in synaptic 

strength due to a reduced pattern of activity that is similarly due to modifications in pre-/post-synaptic 

protein complexation/structural stability that reduce the amount and duration of NT release alongside 

reduced mobilization of PSD machinery.  

  Both LTP and LTD describe methods by which the brain adapts to demand changes and are types 

of what is known as synaptic plasticity (Luscher and Malenka 2012). By regulating duration/volume of 

neurotransmitter release and their associated synaptic machinery based on stimulated patterns of activtiy, 
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this concept of synaptic plasticity underlines the tight regulation by which neurons maintain and degrade 

neural connections.  

1.7 The role of AMPK in synaptic growth and plasticity:  

  Neuronal growth and theses types of synaptic plasticity (LTP/LTD) are dependent on the 

adapatation in expression of new genes and proteins as well as their abundance at the synapse. As 

previously mentioned, these adapations occur in response to changes in stimulation to reinforce or reduce 

synaptic strength. This is a tightly regulated process that has been linked to a key regulatory protein of 

cellular proliferation and growth mTORC1 (Foster and Fingar 2010). Under nutrient abundant conditions 

mTORC1 promotes cell division and growth by increasing gene expression and protein synthesis, 

whereas under nutrient deficient conditions mTORC1 is inhibited through AMPK. Alongside cell 

proliferation/growth, mTORC1 activation has been associated directly to elevations of post synaptic 

machinery such as PSD-95 (Li et al 2010). Important to the regulation of synapse function and the idea of 

plasticity is the discussion around short term and long-term activation of AMPK: acute AMPK activity 

allows for synaptic activation and the upregulation of several synaptic genes and proteins (Didier et al 

2018). However chronic AMPK activation has been shown to have a direct impairment on long-term 

potentiation and synaptic activity in the brain through inhibition of mTORC1, disrupting mRNA 

translation (Tsokas et al 2007; Potter et al 2010; Ma et al 2014) while also inhibiting the growth of 

developing neurites (Tsokas et al 2007) and limiting neuron polarization potential(Amato et al 2011). As 

well, the mechanisms by which chronic AMPK activation elicits these detrimental effects on neural 

network growth and synaptic plasticity markers have not been fully explored (Tang et al 2002). This 

becomes particularly important when discussing adult neurogenesis and its prevalence in adults with or 

without AD.  

  Moreno-Jimenez et al (2019) showed that the adult brain continues to express immature neurons 

at various degrees of maturation even up to 90 years of age. However, they also showed a significant 

impairment of immature neurons to reach maturity in AD patients as the disease progresses. Importantly, 
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Moreno-Jimenez et al (2019) showed that particular markers of neuron maturity are impaired in AD; A 

marker of immature neurons (polysialic acid-neural cell adhesion molecule, PSA-NCAM), and a marker 

of neuron maturity (calbindin, CB) both show significant decreases in later-stage AD patients which have 

both been shown to be affected by mTORC1 activation and influence synaptic plasticity (Sakai et al 2019; 

Rendiero et al 2014).  

Chapter 2: Understanding AMPK and Synaptic Function 
 

  The tight relationship between AMPK and mTORC1 on regulating proper cellular energy 

homeostasis provides significant issues when addressing AMPK as a therapeutic target of AD. Namely, 

the ambiguity surrounding AMPK on neurogenesis and synapse plasticity/growth mechanisms as well as 

a prevalence of increased AMPK phosphorlyation that is seen in post-mortem AD brains outline the 

further impairments that may accompany pre-existing AD pathologies particularly through chronic 

pharmacological intervention proposed by drugs such as metformin and resveratrol (Gupta et al 2011, Lu 

et al 2020, Yan et al 2020, Vingtdeux et al 2011). As such, while increased free A𝛽 peptide degradation 

and improved brain-insulin sensitivity have been shown to be beneficial towards alleviating AD 

pathology (Tokutake et al 2012, Son et al 2012, Gupta et al 2011, Spinelli et al 2019, Kim et al 2019), 

further impairments to neuronal networks due to reduced synaptic growth and plasticity could remain 

detrimental. 

2.1 Purpose: 

  The purpose of this thesis was to examine the effect of chronic AMPK activation and inhibition 

on regulating synapse growth and plasticity. To address this, the AMPK specific activator (A-769662) 

and inhibitor (Compound-C) were used to chronically activate or inhibit AMPK in a neuronal culture 

(SH-SY5Y human neuroblastoma cells, 24h, 3, and 5 days). The extent of mTORC1 complexation was 

then examined in order to establish the extent by which chronic AMPK activity/inhibition restricted 

cellular growth/protein synthesis. key synaptic markers (synaptophysin, Homer-1, PSD-95) and neuronal 
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growth markers (BDNF) were then measured to establish whether these markers are influenced by 

chronic AMPK activity. The SH-SY5Y neuroblastoma cells were differentiated with retinoic acid to 

induce a cholinergic neuron culture; the primary neuronal subtype affected in AD.  

2.2 Hypothesis: 

Prolonged (>24h) AMPK phosphorylation will result in significant impairment of mTORC1 

complexation and results in impairments to synaptic machinery as well as decreased synaptic growth and 

development. Specifically, A-769662 will induce AMPK phosphorlyation followed by downstream 

increases in the phosphorylation of markers associated with mTORC1 inhibition (raptor S792). There will 

then be a marked reduction in a presynaptic vesicle associated marker directly linked to LTP 

(synaptophysin, Gordon et al 2016, Kwon et al 2011, Janz et al 1999), as well as a reduction in both post-

synaptic scaffolding markers (homer-1, Iasevoli et al 2013, Clifton et al 2019, Luo et al 2012) and post-

synaptic densitiy markers (PSD-95, Beique and Andrade 2003, Taft and Turrigiano 2014) over a chronic 

period of AMPK phosphorlyation (greater than 24h). A similar reduction in neurotrophic factors (BDNF) 

is also expected given previously associated results (Yang et al 2019).  

Chapter 3: Methods and Materials 

 

3.1 Cell line and Treatments:  

  SH-SY5Y Human Neuroblastoma cells were cultured using high glucose Dulbecco’s Modified 

Eagles Media (DMEM), containing 10% or 1% (v/v) FBS (for seeding and differentiation respectively), 

5% non-essential amino acid, and 1% Penicillin/Streptomycin. Differentiation will be conducted using 

retinoic acid (1𝜇𝑔/mL) for 5 days. Optimal drug dosages were determined following 1h, 12h and 24h of 

gradient treatments (A-769662: 50 𝜇L, 100 𝜇𝐿, 150 𝜇L; Compound C: 10 𝜇L, 20 𝜇L, 30 𝜇L) and selected 

against the range of dosages observed in prior research (Potter et al 2010, Ma et al 2014, Vingtdeux et al 

2010a, Vingtdeux et al 2010b, Didier et al 2018, Marinangeli et al 2018, King et al 2006, Kim et al 2011, 

Walker et al 2017, Chen et al 2018). Cells were assigned to one of the following groups: 1) Vehicle 
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control; 2) A-769662 (100 𝜇𝑀; AMPK agonist); 3) compound C (30 𝜇𝑀; AMPK inhibitor). Cells 

weretreated for 24h, 3, and 5 days before collection on the 6th day to examine the effects of chronic 

AMPK activation or inhibition. Cell  lysates will be collected for protein content and phosphorylation 

analysis via western blotting (WB) following the appropriate treatment. The trypan blue exclusion assay 

wasconducted using a 0.4% trypan blue solution(Fisher 15250061) in order to assess cell death related to 

the dosages chosen for treatments. Percent viability was assessed using the following formula: % viable 

cells = [1.00 – (Number of blue cells ÷ Number of total cells)] × 100).  

 

Figure 4: Timeline of SH-SY5Y treatment and collection for analysis beginning from the initial seeding of cells. All 

media was changed daily with fresh aliquots of RA and/or drug treatments (1𝜇g/mL) with sample collected at 

appropriate timepoints (1,3,5 days) for WB anaylsis. 

3.2 Western Blotting:  

  Samples were homogenized in 200 𝜇L cell lysis buffer (NP40 Cell Lysis Buffer (Life 

Technologies; CAT# FNN0021) supplemented with 34 𝜇L phenylmethylsulfonyl fluoride and 50 𝜇L 

protease inhibitor cocktail (Sigma; CAT# 7626-5G, CAT# P274-1BIL). Cells lysates were then sonicated 

(Fischer Scientific Sonic Dismembator 100). A bicinchoninic acid assay was performed to determine 

protein content of the lysates (Smith et al 1985). Samples were prepared concentrations of 1𝜇g/𝜇L with 

equal amounts of protein then electrophoretically separated on 10% SDS-PAGE gels and transferred to 
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nitrocellulose membranes (GE Life Science Ca. 10600002, 0.45 𝜇m). Membranes were blocked for 90 

min at room temperature in 5% non-fat dry milk-TBST (tris-buffered saline/0.1% tween 20). Membranes 

were then incubated in primary antibody diluted 1:1000 in 5% BSA (Bovine Serum Albumin)-TBST 

overnight with gentle agitation at 4°C. Following a 1h incubation at room temperature with appropriate 

secondary antibodies (1:2000; Donkey anti-rabbit IgG (H+L) 711-035-152, Goat anti-mouse IgG (H+L) 

115-035-003 Jackson Immunoresearch) in 1% BSA-TBST. Membranes were washed in TBST and 

proteins visualized by Western Lightning Plus-ECL using a Flourochem HD2 imager (Cell Biosciences). 

Band densitometry was quantified using Alpha Innotech software (Santa Clara, CA). A representative 

ponceau stain was measured and analyzed for each membrane to ensure equal loading (<10% variability 

across the membrane). AMPK activation was assessed through total (Cell Signalling #2531) and 

phosphorylated AMPK (T172,. The extent of mTOR inhibition was determined by measuring the total 

(Cell Signalling #2971) and phosphorylated mTOR (S2448, Cell Signalling #2971; total mTOR Cell 

Signaling #2972), total raptor (Cell Signalling #2280) and phosphorylated raptor (S792, Cell Signalling 

#2083). Synaptophysin (Cell Signalling #5461), and BDNF (Santa Cruz SC-65514) were measured as 

markers of neuronal health. PSD-95 (post-synaptic marker, SC-32290), and Homer-1 (Post-synaptic 

marker, SC-136358) were measured in order to assess changes in synaptic markers related to synapse 

number and stablility . 

3.3 Statistical Analysis:  

Differences in protein content and phosphorylation were determined using one-way ANOVA 

followed by a Tukey’s post hoc test. Values found to deviate from the group mean by 2 SD were 

considered outliers and removed from one-way ANOVA analysis. A Shapiro-Wilk test for normality was 

conducted and in cases where data were not normally distributed, the data was logarithmically 

transformed. A value of p < 0.05 was considered significant. All data are reported as mean ± SEM. 

ANOVA results with degree of freedom are given in the main text as well as each figure legend. 
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Chapter 4: Results 

 

4.1 Dose Response Data:  

 Optimal dose response was determined through treating SH-SY5Y cells with varying doses of 

both Compound C (CC; 10 𝜇M CC, 20 𝜇M CC, 30 𝜇M CC) and A-769662 (A76; 50 𝜇M A76, 100 𝜇M 

A76, 150 𝜇M A76). All treatments were conducted at 1h, 12h and 24h timepoints with AMPK T172 

phosphorylation assessed (Figure 4, Figure 5).   

 4.1.1 A-769662 treatments:  

Following 1h treatments, 50 𝜇M, 100 𝜇M, and 150 𝜇M doses of A-769662 showed significant 

increases in AMPK T172 phosphorylation (1.66, 2.12, and 2.4 fold higher compared to control, p<0.05). 

Following 12h treatments, 100 𝜇M and 150 𝜇M were not seen to be effective at increasing AMPK T172 

phosphorylation (0.11 and 0.31 fold higher compared to control, p >0.05), however the 50 𝜇M treatment 

was seen to be effective (0.97 fold increase compared to control p <0.05, Figure 4). Similarly, following 

the 24h treatment, while the 150 𝜇M treatment was not seen to significantly increase AMPK 

phosphorylation (0.12 fold increase compared to control p >0.05), both 50 and 100 𝜇M treatments were 

seen to significantly increase AMPK phosphorylation (1.67 and 0.66 fold higher compared to control 

p<0.05). As a result of the 50𝜇M A-769662 treatment being effective at all timepoints as well as the 100 

𝜇M A-769662 treatment at 24h specifically, the 100 𝜇M dose was selected for subsequent treatments.  

4.1.2 CC treatments:  

No dose of CC was seen to be effective at decreasing AMPK T172 phosphorylation following 1 

hour of treatment. However, following the 12h and 24h timepoints, both 20 𝜇M and 30 𝜇M CC were seen 

to be effective at reducing AMPK T172 phosphorylation (12h: 0.39 and 0.71 fold lower compared to 

control p <0.05, 24h: 0.50 and 0.41 fold lower compared to control p <0.05). 10 𝜇M CC was not seen to 

be effective at any time point. As such, 30 𝜇M CC was selected for all subsequent treatments.   
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Figure 5:  Effects of A-769662  and Compound C on AMPK phosphorylation and expression. SH-SY5Y cells were treated 

without (control Ctl) or with 50, 100,  or 150  µM A-769662   ( A)  or 10, 20, 30 µM Compound C (CC)  (B) for 1-, 

12-, or 24-hour followed by cell lysis and western blotting. treatments for A: A-769662 (Ctl, 10, 20, 30 CC), B: 

Compound C  (Ctl, 50, 100, 150 a76) treatments. Appropriate SH-SY5Y Dose response representative blots. 1-, 12-, 

and 24-hour treatments with control (Ctl), Compound C (10, 20, 30 CC), and A-769662 (50, 100, 150 a76) 

treatments are shown above. Significance represented by symbols (* = p<0.05, ** = p<0.01, *** = p<0.001), and 

relative to controls. The densitometry of the bands, was measured using AlphaView SA software (Cell Biosceince 

Inc). The data presented as the ratio of phosphorylated AMPK  to total AMPK are shown. The data are the mean ± 

SE of 3 separate experiments presented of control.  

 

4.1.3 Cell viability: 

 To investigate any potential detrimental effects of our chosen CC and A-769662 doses (20 and 30 

𝜇M CC and 100 and 150 𝜇M A76) on cellular viability, a trypan blue exclusion assay was utilized. 

Briefly, following addition of the trypan blue solution, viable cells were able to cycle out the typan blue 
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solution remaining clear, whereas non-viable cells were not, staining the non-viable cells blue. Blue cells 

were then counted and measured against the total number of cells in order to asses the extent of cell death.  

7 days of treatment with dose supplemented media changed every 24h cell survivability was found to be 

similar to untreated control indicating that the doses (100 𝜇M A76, 117% of control and 30 𝜇M CC, 

97.7% of control; Figure 5) were non-toxic  and for this reason were selected for further treatments. 

 

Figure 6: Trypan blue cell viability assay. Medium and high doses of both Compound C and A-769662 show 

comparable cell survival (% cells) to control following 7 days of treatment with 20/30𝜇M CC and 100/150𝜇M A-

769662 supplemented media changed every 24h. Significance represented by symbols (* = p<0.05, ** = p<0.01, 

*** = p<0.001), relative to control. 

4.2 SH-SY5Y treatment: 

 Following optimal dose selections for both AMPK phosphorlyation (A-769662, 100 𝜇M) and 

inhibition (Compound C 30 𝜇M), SH-SYHY neuroblastoma cells were treated with the  AMPK activator 

or inhibitor in order to establish the role of AMPK on key markers of synaptic regulation and neuronal 

growth. All treatments were conducted for 24h, 3 days, or 5 days with media containing fresh aliquots of 

activator/inhibitor as well as RA at 1𝜇g/mL added every 24h (Figure 4). 
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4.2.1  Chronic AMPK Activation and Inhibition:  

 After 24 hours, SH-SY5Y cells treated with 100𝜇M A76 showed significant AMPK T172 

phosphorylation compared to control (+1.17 ± 0.3 fold of control) alongside significant inhibition of 

AMPK T172 phosphorylation following 24 hours of 30 𝑢M CC treatment (-0.52 ± 0.27 fold of control; 

Figure 7). Similarly, both A76 and CC were seen to significantly increase and decrease AMPK T172 

phosphorylation respectively after 3 days of treatment (CC: -0.23 ± 0.07 fold of control, A76: +0.25 ± 

0.08 fold of control, Figure 7). AMPK also showed significant decreases and increases in T172 

phosphorylation following 5 days of CC and A76 treatment respectively (CC: -0.56 ± 0.21 fold of control, 

A76: +0.73 ± 0.24 fold of control, Figure 7). 

    

 

Figure 7: Western blots anaylsis for SH-SY5Y neuroblastoma cells following 24h, 3d, and 5d treatments of AMPK 

activator A-769662 (100 𝜇M) and inhibitor Compound C (30 𝜇M). AMPK T172. Repsresentative blots are shown in 

Figure 8. Results are presented as mean ± SE of three to four independent experiments performed in triplicate. 

Significance is denoted as *  p<0.05) compared to controls.  
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Figure 8: representative and loading control westernblots for all reported markers analysed following 24h, 3d and 

5d treatment with either AMPK activator A-769662 or AMPK inhibitor Compound C. 

  Given the interplay of AMPK and mTORC1 in regulating cellular ATP content and protein/cell 

synthesis, it is important to establish the influence of AMPK phosphorlyation on mTORC1 formation. 

The phosphorylation status of the regulatory mTORC1 subunit raptor at the S792 site allows for this 

examination: Raptor S792 is an AMPK specific site which when phosphorylated will impair mTORC1 

from forming an active complex (Gwinn 2008). Similarly, it has been previously reported that mTOR 

S2448 phosphorylation may also be used as a marker of mTORC activity, however, given mTORs 

presence in both mTORC1 and mTORC2 as well as mTOR S2448 targeting by other kinases such as 

S6K, use of this marker is less definitive that raptor S792 for assessing AMPK activity (Watanabe et al 

2011, Rosner et al 2010, Hong-Brown et al 2010). 

  Following 24h of A76 treatment, raptor S792 phosphorylation was seen to be significantly 

increased (+0.65 ± 0.19 fold of control, Figure 9), which in conjunction with increased AMPK 

phosphorlyation, indicates the effectiveness of A76 to regulate downstream targets through AMPK. No 

change in raptor S792 phosphorylation was observed following the 24h CC treatment (+0.24 ± 0.16 fold 

of control, Figure 9) and no significant changes were seen in mTOR S2448 phosphorylation following 

any treatment (CC: +0.07 ± 0.13 fold of control, A76: +0.02 ± 0.13 fold of control, Figure 9).  

  Similar to  the 24h treatments, raptor S792 phosphorylation was seen to be significantly increased 

following 3 days of A76 treatment (+0.71 ± 0.22 fold of control, Figure 9) however, significant inhibition 

was also seen following CC treatments (-0.36 ± 0.15 fold of control, Figure 9). mTOR S448 showed no 
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significant changes following 3days of either A76 or CC treatments (CC: -0.10 ± 0.17 fold of control, 

A76: 0.004 ± 0.16 fold of control, Figure 9).  

  Raptor S792 phosphorylation was similarly seen to increase and decrease following 5 days of 

A76 and CC treatment respectably (CC: -0.66 ± 0.18 fold of control, A76: +0.48 ± 0.18 fold of control, 

Figure 9). Again, no significant change in mTOR S2448 phosphorylation was seen following either 

treatment after 5 days (CC: +0.14 ± 0.16 fold of control, A76: +0.097 ± 0.16 fold of control, Figure 9). 

 

   

 

Figure 9: Western blots anaylsis for SH-SY5Y neuroblastoma cells following 24h, 3d, and 5d treatments of AMPK 

activator A-769662 (100 𝜇M) and inhibitor Compound C (30 𝜇M); A) raptor S792, B) mTOR S2448. 

Repsresentative blots are shown in Figure 10 Significance of multiple comparisons represented by symbols (* 

p<0.05,), and relative to controls.  
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Figure 10: Representative and loading control westernblots for all reported markers analysed following 24h, 3d, 5d 

treatment with either AMPK activator A-769662 or AMPK inhibitor Compound C.  

4.2.2 Autophagic and downstream AMPK Activation: 

 Autophagy via ULK1 phosphorylation is a process that is driven by AMPK and mTORC1 

interplay (Egan et al 2011, Kim et al 2011). Similarly to the raptor S792 site, phosphorylation of ULK1 at 

its S555 site is an AMPK specific action. This S555 site is also restricted by the phosphorylation of ULK 

S757 when mTORC1 is active (Egan et al 2011, Kim et al 2011). As such, the phosphorylation of S555 

was used as another indicator of AMPK activity as well as the inhibition of mTORC1 formation.  

  In conjunction with AMPKs inhibition by CC, ULK1 S555 phosphorylation was significantly 

inhibited relative to control following the 24h treatment (-0.53 ± 0.18% fold of control). Interestingly, no 

increase in ULK phosphorlyation was seen following 24h of A76 treatment (+0.42 ± 0.21% fold of 

control, Figure 11). However, ULK S555 phosphorylation was seen to be significantly increased and 

decreased following A76 and CC treatments following 3 days (CC: -0.19 ± 0.06 fold of control, A76: 

+0.18 ± 0.07 fold of control, Figure 11) and these changes in phosphorylation were mirrored in ULK 

S555 following 5 days of treatment (CC: -0.61 ± 0.07 fold of control, A76: +0.32 ± 0.07 fold of control, 

Figure 11) 

  To further assess the role of AMPK phosphorlyation on inducing autophagy, key markers of 

proper autophaghic flux SQSTM/p62 and LCIII𝛽 were used. During autophagy, p62 and LCIII𝛽 are both 
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recruited to the autophagosome after cellular material is targeted for breakdown, however, after formation 

of the autolysosome, only LCIII𝛽 disassociated while p62 is degraded (Bresciani et al 2018, Pankiv et al 

2007). As such, proper autophagic flux can described as increases in LCIII𝛽 content with subsequent 

decreases in p62 content.  

  Importantly, both p62 and LCIII𝛽 content were seen to be decreased and increased respectably 

following a 24h treatment of A76 (p62: -0.37 ± 0.10 fold of control, LCIII𝛽: +0.26 ± 0.04 fold of 

control). While there was no change in LCIII𝛽 content following a 24h treatment with CC (+0.12 ± 0.04 

fold of control, Figure 11), there was a significant reduction in p62 content (-0.32 ± 0.10 fold of control, 

Figure 11). 

   p62 phosphorylation was also seen to be lower following 3 days of A76 treatments with no 

change seen following 3 days of CC treatment (CC: -0.15 ± 0.05 fold of control, A76: -0.22 ± 0.05 fold of 

control, Figure 11). However, both A76 and CC were seen to be effective to increasing and decreasing 

LCIII𝛽 content respectively (CC: -0.24 ± 0.10 fold of control, A76: +0.21 ± 0.08 fold of control, Figure 

11).  

  Similarly, significant content changes for p62 and LCIII𝛽 were only seen following 5 days of 

A76 treatment in which there were decreases and increases in content respectively (p62: -0.44% ± 0.15 

fold of control, LCIII𝛽: +0.39 ± 0.09 fold of control, Figure 11). No change in content was seen in p62 or 

LCIII𝛽 following 5 days of CC treatment (p62: +0.27 ± 0.17 fold of control, LCIII𝛽: +0.10 ± 0.09 fold of 

control, Figure 11). 
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Figure 11: Western blots anaylsis for SH-SY5Y neuroblastoma cells following 24h, 3d, 5d treatments of AMPK 

activator A-769662 (100 𝜇M) and inhibitor Compound C (30 𝜇M). A) ULK S555, B) p62/SQSTM,C) LCIII𝛽. 

Repsresentative blots are shown in Figure 12. Significance of multiple comparisons represented by symbols (* = 

p<0.05, ** = p<0.01, *** = p<0.001), and relative to controls.  

 

Figure 12: representative and loading control westernblots for all reported markers analysed following 24h, 4d, and 

5d treatment with either AMPK activator A-769662 or AMPK inhibitor Compound C. 
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4.2.3 Neuronal Health and Synapse markers: 

  To assess the role of AMPK phosphorlyation and mTORC1 inhibition on synaptic plasticity, key 

markers associated with neuronal health and plasticity were chosen: Synaptophysin (a marker of SNARE 

complex endocytosis associated with synaptobrevin and related to LTP induction), Homer-1 (a 

postsynaptic scaffolding protein associated with coordinating post-synaptic density markers), PSD-95 (a 

key post-synaptic density scaffolding protein directly associated with NMDA/AMPA receptors), and 

BDNF (an established neurotrophic factor related to improved neuronal health and growth). Content 

increases of these markers have been directly related to increases in LTP induction, and neuronal health 

(Berchtold et al 2012, Kwon et al 2011, Clifton et al 2019) and have also been shown to be influenced by 

mTORC1 activation/inhibition (Li et al 2010, Tang et al 2002, Tsokas et al 2007, Leal et al 2013).  

  No significant content changes were seen for either synaptophysin (CC: -0.13 ± 0.15 fold of 

control, A76: -0.12 ± 0.15 fold of control, Figure 13), BDNF (CC: 0.18 ± 0.28 fold of control, A76: 0.17 

± 0.29 fold of control, Figure 13), PSD-95 (CC: +0.24 ± 17 fold of control, A76: +0.10 ± 17 fold of 

control, Figure 13) or Homer1 (CC: +0.26 ± 0.17 fold of control, A76: -0.24 ± 17 fold of control, Figure 

13) following 24h treatment of CC or A76.  

  However, following 3 days of A76 treatment, both synaptophysin and Homer-1 showed 

significant reductions (synaptophysin: -0.14 ± 0.03 fold of control, homer-1: -0.18 ± 0.07 fold of control, 

Figure 13) while treatments with CC showed significant increased in content (synaptophysin: +0.19 ± 

0.04 fold of control, homer-1: +0.18 ± 0.06 fold of control, Figure 13). As well, while no change was seen 

following 3 days of CC treatment, both PSD-95 and BDNF showed significant reductions in content 

following 3 days of A76 treatment (PSD-95: -0.25 ± 0.07 fold of control, BDNF: -0.32 ± 0.08 fold of 

control, Figure 13).  

  Synaptophysin showed significant decreases and increases in content following 5 days of A76 

and CC treatment respectively in a similar manner to what was seen  with the 3-day treatments (CC: 

+0.23 ± 0.07 fold of control, A76: -0.41 ± 0.08 fold of control, Figure 13). Homer-1 did not show 

increases in content following 5 days of CC treatment (-0.16 ± 0.11 fold of control, Figure 13), however, 
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there were significant decreases in content following 5 days of A76 treatment (-0.59 ± 0.12 fold of 

control, Figure 13). These results were also mirrored in PSD-95 content which showed no significant 

change following 5 days of CC treatment (+0.03 ± 0.11 fold of control, Figure 13) but showed significant 

reductions following 5 days of A76 treatment (-0.38 ± 0.13 fold of control, Figure 13). Interestingly, 

BDNF content was seen to have significant increases in content following 5 days of CC treatment (+0.35 

± 0.08 fold of control, Figure 13) as well as significant impairments following 5 days of A76 treatment (-

0.33 ± 0.07 fold of control, Figure 13).  

 

 

Figure 13: Western blot analysis for SH-SY5Y neuroblastoma cells following 24h, 3d, 5d treatments of AMPK 

activator A-769662 (100 𝜇M) and inhibitor Compound C (30 𝜇M). A) Synaptophysin, B) Homer-1, C) PSD-95, D) 

BDNF. Repsresentative blots are shown in Figure 14. Significance of multiple comparisons represented by symbols 

(* = p<0.05, ** = p<0.01,), and relative to controls. 
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Figure 14: Representative and loading control WB for all reported markers analysed following 24h, 3d, and 5d 

treatment with either AMPK activator A-769662 or AMPK inhibitor Compound C. 
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Chapter 5: Discussion 

 This thesis aimed to examine the effect of chronic AMPK activation or inhibition on regulating 

key markers of synaptic potentiation, stability and growth. This information gained from this 

investigation contributes to our understanding of the role of  AMPK in neuronal health. It was found that 

following 5 days of chronic AMPK phosphorlyation by A76, a number of neuronal markers were down 

regulated such as PSD-95 (responsible for stabilizing/facilitating post-synaptic transmission of NT), 

Homer-1 (a post-synaptic scaffolding and stability marker), synaptophysin (a marker associated with the 

SNARE complex and vesicle processing), and notably BDNF (a key neurotrophic related to proper 

synaptic signalling and neuronal health). As well, some synaptic markers such as BDNF and 

synaptophysin were seen to have an increase in protein content following 5 days of AMPK inhibition by 

CC. These findings show a distinct role of AMPK activity to affect neuronal markers and add to a 

growing discussion on the role of metabolic homeostasis in maintaining proper function (Figure 15).  
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Figure 15:  Summary of results following chronic AMPK phosphorlyation (A) and chronic AMPK inhibition (B). A) 

Chronic (5 day) AMPK activtaion led to significant increases in ULK1 S555 phosphorylation alongside increased 

and reduced LCIII𝛽 and SQSTM/p62 content respectively indicative of increased autophaghic flux. Increased 

AMPK activtity also lead to an increase in raptor S792 phosphorylation indicating impaired mTORC1 formation. 

Decreased content of synaptic markers PSD-95, Homer-1, BDNF, and Synaptophysin was also seen following 

AMPK activated inhibition of mTORC1. B) Chronic (5 day)AMPK inhibition resulted in a reduction in both ULK1 

S555 and raptor S792 phosphorylation. No significant change in LCIII𝛽 or SQSTM/p62 content was seen indicating 

no change in autophagic flux. Following a reduction of inhibited mTORC1 formation via reduced raptor 

phosphorylation, significant increases in synaptic marker content of PSD-95, Homer-1, BDNF, and Synaptophysin 

were seen.  

 

  The idea of metabolic flexibility/homeostasis is particularly important for the regulation of brain 

health and proper synapse functioning (Duarte 2014, Cunnane et al 2011, Mattson and Arumugam 2018, 

Amato and Man 2011, Tampellini 2015, Gibas 2017, Potter et al 2010, Marinangeli et al 2018). This  

flexibility and plasticity, the ability to respond effectively, and to maintain a proper balance (acute vs 

chronic activation) of pathways such as the AMPK/mTORC1 pathway is paramount (Ramamurthy et al 

2014, Ronnet et al 2009, Assefa et al 2020). While acutely increasing the rate of degradation and 

clearance of cellular toxins such as ROS and damaged mitochondria is beneficial to a cell’s survival 
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during a period of energetic stress, the chronic restriction of other cellular maintenance pathways such as 

cellular proliferation/protein synthesis can be detrimental to overall cell health. For example, while acute 

upregulation of AMPK phosphorylation is paramount for the maintenance of proper cellular energy stores 

in response to energetic stress (Coughlan et al 2014, Jeon 2016, Duran-Aniotz and Hetz 2016), its 

hyperphosphorylation is seen in many metabolic diseases such as AD and Parkinson’s disease and likely 

is a response to whole-body challenges such as glucose insensitivity/insulin as they impact the brain itself 

(Vingtdeux et al 2010, Peixoto et al 2017, Yan et al 2020, Ma et al 2014, Ogawa et al 1996). This AMPK 

dysregulation likely impacts the ability of the brain to effectively regulate pathways normally 

activated/inhibited as stress signals increase and recede (Akt, mTORC1, SIRT, AMPAR/NMDAR, 

MAPK). Due to these restrictions, the ability to appropriately respond to other pathologies such as 

neuroinflammation, A𝛽 plaque buildup, and brain insulin resistance would be signifacntly impaired. 

  Given the fluctuation of neuronal growth and synaptic transmission/synapse strength that occurs 

from normal aging (Berchtold et al 2013), this idea of metabolic homeostasis and feedback looping of key 

regulatory proteins also plays an important role in allowing the brain to respond to synaptic demand and 

control the upregulation/inhibition of key pathways in order to do so. This can have direct implications on 

the ability of the brain to develop and regulate synaptic transmission/neuronal growth (axon projection, 

proper synaptic bouton formation etc…) through proper protein synthesis and neurotransmitter 

secretion/translocation (Gibas et al 2017, Assefa et al 2020, Ma et al 2014, Amato and Man 2018).  

  It is for this reason that the role of chronic AMPK activity merits examination, both outside of, 

and within the context of metabolic diseases like AD as they relate to impaired neuron function such as 

synaptic growth and stability. 

5.1.0 SH-SY5Y Neuroblastoma cell dose-response to pharmacological AMPK 

perturbation: 

   Our first step in this investigation was to test and select appropriate doses of CC and A76 that 

would elicit AMPK inhibition or phosphorlyation. Previous studies have reported CC as an AMPK 

inhibitor and there have been a number of dosages reported for the treatment of SH-SY5Y neuroblastoma 
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cells; most commonly between 1𝜇M and 40𝜇M (Potter et al 2010, Ma et al 2014, Vingtdeux et al 2010a, 

Vingtdeux et al 2010b, Didier et al 2018, Marinangeli et al 2018, King et al 2006). Similarly, A769662 

has also been reported at varying dosages albeit over a much larger range. However, for the 

phosphorlyation of AMPK in neuronal cell lines, there seems to be a range of 25𝜇M to roughly 200𝜇M 

(Kim et al 2011, Walker et al 2017, Chen et al 2018). As such, we chose to examine a range of CC (10-

30𝜇M) and A769662 (50-100𝜇M) dosages after 5 days of RA induced differentiation of SH-SY5Y cells, 

while remaining comparable to the literature. 

While there was no significant inhibition of AMPK seen with 10 𝜇M CC  treatment at any 

timepoint, both treatments with 20 and 30 𝜇M CC for 12h and 24h resulted in significant inhibition of 

AMPK. While no treatment other than 50𝜇M A76 was seen to be effective after 12h, treatment with 

100𝜇M A76 as well as 50𝜇M A76 was found to be effective at increasing AMPK phosphorylation after 

24h. As such, both CC and A76 were seen to be effective in RA differentiated SH-SY5Y cells up to 24h.  

  To ensure that the selected range of doses were not causing unwanted cell death or stress due to 

hypertoxicity, cells treated with the upper range of dosages, were subjected to a trypan blue cell 

survivability assay.  This also validates that the dosages reported in the previously published literature are 

viable for examining AMPK activity. All upper dosages were seen to not have any significant cell death 

compared to untreated control cells following 7 days of treatment indicating that either dosage would be 

effective in examining AMPK activity in SH-SY5Y cells.  

  As such, given comparable cell viability as well as the relevance to other reported doses of SH-

SY5Y cells, the larger doses of 30𝜇M CC and 100𝜇M were chosen. Importantly, both CC and A76 were 

also seen to be effective at inhibiting and activating AMPK at both 24h timepoints. 

5.1.1 AMPK and Autophagy activation: 

AMPK Regulation:  

  When discussing the role of AMPK as a neuroprotective target, whether AMPK is acutely  or 

chronically activated seems to be the prevailing argument towards the varying effects of AMPK 
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treatments. For this reason, the use of a cell model where AMPK activity can be regulated in isolation but 

that can also translate more accurately towards AD pathology is necessary. Treatment of SH-SY5Y 

neuroblastoma cells with RA allows for differentiation into cholinergic neurons which are the primary 

neurons affected by AD (Kovalevich and Langford 2013, Mufson et al 2008, Ferreira-Vieira et al 2016, 

de Medeiros et al 2019). SH-SY5Y cells have been shown to express both NMDA and AMPA receptors 

which are paramount for inducing LTP and synaptic plasticity (Taubert et al 2007, Purkey and 

Dell’Acqua 2020, Martin Ma et al 2014, Naarala et al 1993, Sun and Murali 1998) Similarly, SH-SY5Y 

cells have been shown to express the acetylcholine receptor a7-nAChR which can activated 

NMDA/AMPA receptors in a similar manner to glutamate secretion and induce LTP (Gu and Yakel 2011, 

Mitsushima et al 2013).  As such, the utilization of RA differentiated SH-SY5Y neurons in the present 

study is appropriate and the chronic treatment with the AMPK activator or inhibitor allows for a better 

understanding of the role of AMPK on synaptic plasticity and neuronal growth.   

  To assess this, AMPK T172 phosphorylation status as well as the phosphorylation status of 

downstream targets were used as markers of AMPK activity. To regulate AMPK activity the use of an 

activator, A76, and an inhibitor, CC, were utilized over a 5d period. Alongside AMPK T172 

phosphorylation status, the AMPK specific target raptor S792 as well as the AMPK specific target ULK 

S555 phosphorylation status were used to examine the effectiveness of this model in regulating AMPK 

phosphorlyation. The interaction between AMPK, raptor, and ULK has been discussed in this thesis as 

well as in previous literature (Kim et al 2011, Egan et al 2011, Suvorova et al 2019, Gwinn et al 2008). 

Briefly, AMPK directly phosphorylates the key regulatory subunit of mTORC1, raptor at an AMPK 

specific phosphorylation site (S792), inhibiting mTORC1 formation (Gwinn et al 2008). This inhibition 

of mTORC prevents the phosphorylation of ULK1 at an mTORC1 specific site (ULK S757) which, when 

phosphorylated, restricts the availibilty of the ULK1 S555 site for phosphorylation. Following this, 

AMPK will then phosphorylate ULK1 at the AMPK specific site ULK1 S555 to induce its activation 

(Yang et al 2019, Kim et al 2011, Potter el at 2010, Yan et al 2020). In this regard, by examining the 

phosphorylation status of these 3 markers with respect to one another it is possible to assess the extent of 
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AMPK activation in this model.  

  Importantly, both CC and A76 modified AMPK phosphorylation at all timepoints (24h, 3d and 

5d). These changes in AMPK phosphorylation status were also mirrored downstream with increases in 

raptor phosphorylation and ULK1 phosphorylation at the 3d and 5d timepoints following A76 treatment. 

Similarly decreases in phosphorylation of both raptor and ULK1 were also seen following 3d and 5d CC 

treatments. Overall, these results indicate that the chosen doses of CC and A76 were affective at inducing 

downstream phosphorlyation of AMPK markers. However, it is interesting to note that raptor S792 

phosphorylation showed increases in phosphorylation status following A76 treatment but not CC 

treatment after 24h. This discrepancy was also seen ULK whereby the S555 phosphorylation status was 

only modified following CC treatment but not A76 following the 24h treatment. This was in spite of both 

CC and A76 being effective at modifying AMPK activity at 24h. It is possible that 24h may not be long 

enough to see significant changes in raptor by CC or ULK by A76 at these dosages. However, given the 

effect of both dosages of CC and A76 on raptor and ULK phosphorylation status at later timepoints, this 

data overall indicates that AMPK inhibition/phosphorlyation are affected over a chronic 5-day period in 

RA differentiated SH-SY5Y cells.  

  Raptor S792 phosphrylation is a well established AMPK specific marker of mTORC inhibition 

(Gwinn et al 2008, Kim et al 2011, Egan et al 2011, Suvorova et al 2019). As such, we were confident in 

raptor S792 use as a marker for mTORC1 complexation and activation. It has also been reported that 

mTOR S2448 phosphorylation may also be used as a marker of AMPK driven mTORC1 activity (Rosner 

2010, Cirstea et al 2014, Mihaylova and Shaw 2011, Avruch et al 2009). However, as mTOR is present in 

both mTORC1 and mTORC2  as a key structural protein (Watanabe et al 2011), there is amibiguity 

towards the use of mTOR S2448 as a marker of activation for AMPK regulation, especially as mTOR 

S2448 phosphorlyation has been shown to bind to both active complex units; raptor (mTORC1) and rictor 

(mTORC2; Rosner et al 2010). To attempt to address this ambiguity in the use of mTOR in AMPK 

signalling, both raptor S792 and mTOR S2448 phosphorylation were measured. No change in mTOR 
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phosphorlyation status was seen at any time point with either CC or A76 unlike with raptor S792 

inidicating that mTOR S2448 is not effective in describing the role of AMPK signalling in this model. 

Autophagy Activity: 

  While both AMPK phosphorlyation and ULK1 S555 phosphorylation have been directly linked to 

increases in autophagic flux, a more direct analysis of the autophagy process in necessary to discuss the 

role of both CC and A76 in modifying this pathway in our model. In this respect the use of LCIII𝛽 and 

SQSTM/p62 were used. Both LCIII𝛽 and SQSTM/p62 are commonly used markers to establish active or 

impaired autophagic flux and have been directly linked to AMPK phosphorlyation (Johansen et al 2011, 

Pankiv et al 2007, Bjørkøy et al 2009, Bresciani et al 2018, Yang et al 2019, Kim et al 2011, Suvorova et 

al 2019).  

  Both LCIII𝛽 and p62 are necessary for proper flux and while they act together their roles are 

different in terms of signalling autophagosome processing (Bresciani et al 2018, Pankiv et al 2007, 

Johansen et al 2011). Following recognition of “debris” (damaged organelles, extraneous or redundant 

cellular material, toxic markers such as A𝛽, etc…) by the cell for breakdown, both p62 and LCIII𝛽 are 

recruited, bound to each other with the autophagosome containing the targeted material. The 

autophagosome (with bound LCIII𝛽 and p62) then incorporates with the lysosomal body to form the 

autolysosome. LCIII𝛽 is then released from the complex while p62 is degraded alongside cellular debris 

within the autolysosome(Bresciani et al 2018, Pankiv et al 2007, Johansen et al 2011). Proper autophagic 

flux can therefore be characterized by the increase of LCIII𝛽 content (linked to its release from the 

autolysosome) and a loss of p62 content (linked to p62 degradation within the autolysosome). This 

indicates that significant changes of increased LCIII𝛽 content and a loss of p62 content observed at all 

timepoints following A76 treatment are characteristic of the upregulation of proper autophagic flux as a 

direct result of increased AMPK phosphorlyation.  

  This is in direct corroboration with changes in raptor phosphorylation where restricted mTORC1 

formation is seen with AMPK phosphorlyation. The phosphorylation of the ULK1 S555 site is blocked by 

the phosphorylation of ULK S757 directly by mTORC1. This allows for mTORC1 to directly restrict 

https://www.sciencedirect.com/science/article/pii/S0076687908036124?via%3Dihub#!
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autophagy under conditions of cellular growth in order to inhibit the degradation of otherwise healthy 

protein (Kim et al 2011, Suvorova et al 2019).  

  AMPK regulation of these pathways are not new (Kim et al 2011, Suvorova et al 2019, Yang et al 

2019). However, these results clarify the relevancy of these doses and mechanisms for CC and A76 in 

being effective at modifying AMPK phosphorlyation. These results indicate that treatment of SH-SY5Y 

cells by A-769662 significantly increased AMPK phosphorylation status as well as a number of 

downstream mechanisms that are directly related to AMPK activity. This link is paramount to 

establishing our neuronal cell model (RA differentiated SH-SY5Y neuroblastoma cells) as effective for 

changes in AMPK signalling as well as its use for future models related to disease pathologies. 

5.1.2 Synaptic plasticity and markers of neuronal health:  

A𝛽 plaques and hyper-Tau phosphorylation have traditionally been the major focus of AD 

investigation given their prevalence in AD patients as well as their presence correlating directly to 

cognitive decline. However, recent research has shifted to focus on the mechansims that drive A𝛽 plaques 

and Tau accumulation such as mitochondrial dysfunction, neuroinflammation, and metabolic 

dysregulation (IR, T2D).  

  Due to the physical damage of neuronal connections or impaired axon myelin sheath 

coordination,  there is also prominent role for mobilization and content of neurotransmitter/protein at the 

synapses that contribute to the early stages of neuronal impairement. This protein mobilization directly 

affects proper synaptic health in both regularly aging patients as well as in neurodegenerative diseases 

such as AD (Berchtold et al 2013, Moreno-Jimenez et al 2019). The role of normal aging on impaired 

cognition has been linked towards a reduction of key neurotrophic factors and receptors required for 

proper synaptic development/maintenance. Ultimately these reductions lead to an inability of the brain to 

mobilize protein and stabilize synaptic connections. This impact of normal aging has not only been found 

to be region specific when compared to AD, but also impacts different neuronal markers that seem be 

exacerbated when coupled with AD (Berchtold et al 2013). These relationships indicate that synapse 

protein loss can impair cognition and synaptic transmission, and likely compound with AD impairments.  
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Neuronal markers and synaptic plasticity:  

  There are number of complexes and proteins associated within the synaptic connections, as well 

as a large number of neurotrophic factors that regulate neuronal firing events themselves. All of these 

markers can be affected by aging or AD and lead to impaired synaptic communication. Specifically, the 

role of synaptic makers on maintaining healthy neuron to neuron connections typically involves the 

following: the production and secretion of neurotransmitters, the formation of the SNARE complex and 

vesicle fusion  at the synaptic cleft, as well as the co-localization of both pre-synaptic scaffolding markers 

and post-synaptic receptor density (Berchtold et al 2012, Park and Poo 2013). Each of these factors play a 

key role in maintaininng strong synaptic connections and are paramount to the synaptic plasticity of the 

brain. This is especially true when discussing the recruitment of protein to stabalize, facilitate, and 

strengthen the synaptic conntections (Figure 16, Bosch 2014, Iaesevoli et al 2013, Lin and Koleske 2010). 

Therefor it is important to characterize the impact that diseases such as AD have on markers of synaptic 

plasticity.  

  Within  the scope of this thesis, this involes examining the impact of chronic AMPK 

phosphorlyation on these markers; specifically, examining synaptophysin (a marker associated with the 

SNARE complex and vesicle processing ), Homer-1 (a postsynaptic scaffolding protein), PSD-95 (a key 

post-synaptic densityprotein), and BDNF (an established neurotrophic factor). All of these markers were 

seen to be significantly reduced in content following 3 and 5 days of chronic AMPK phosphorlyation, the 

impact of which will be discussed below.  
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Figure 16: Protein synthesis, recruitment, and migration involved in synaptic connection strengthening and LTP . 1) 

Normal distribution of synaptic components. Neurotransmitter transport across the cleft supported by some synaptic 

vesicles and received by minimal receptors. 2) Following multiple firing events more receptors are recruited to the 

post-synaptic cleft to better receive incoming neurotransmitters. 3) Upon more persistant firing and increased 

receptor recruitment, synaptic vesicle fusion to the pre-synapatic membrane increases and neurotransmitter content 

increases, resulting in higher neurotransmitter release across the cleft and post-synaptic density complexes are 

moved to the cleft  4) After a well established firing pattern, a greater number of neurotransmitter rich synaptic 

vesciles are shuttle to the synapse, more scaffolding proteins are recruited to stabilize the synpase further,  and 

more post-synaptic density complexes are moved to the cleft.   

 

Synaptophysin and SNARE complex: 

Synaptophysin is one of the most ubiquitous synapse markers and was identified as a as early as 

1985 (Jahn et al 1985). The precise role of synaptophysin in synaptic plasticity is not fully characterized, 

however it has been directly linked to the regulation of proper activity-dependent synapse formation 

(Tarsa and Goda 2001), facilitation of synaptic vesicle endocytosis, and retrevial during and following 

neuronal activity (Kwon et al 2011). Synaptophysin has also been shown to have a direct role in 
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maintaining both short and long term potentiation and impacting synaptic depression rates (Janz et al 

1999, Kwon et al 2011). Overall, synaptophysin has been shown to play a key role in the recovery of 

synapses during/following an excitory event and has been linked to interactions with key SNARE 

complex proteins (synatotagmin, synaptobrevin; Washbourne et al 1995, Galli et al 1996, Mallozzi et al 

2013, Prekeris and Terrian 1997). As such, the reductions in synaptophysin content following chronic 

AMPK phosphorlyation (3 and 5 days) with A76 are significant findings: these reductions are likely 

indicative of impaired synaptic vesicle recovery and could have a direct impact on efficiently translating 

vesicles to the synapse, inhibiting synaptic stability (Figure 15).  

Post-synaptic scaffolding and Post-Synaptic density:      

As outlined in figure 15, the role of pre- and post-synaptic markers in establishing strong synaptic 

connections between synapses is a crucial step towards synaptic communication. In general, pre-synaptic 

markers, such as VAMP2, SNAP-25 or synaptophysin, aid in the recognition, shuttling, and fusion of the 

synaptic vesicles to the synaptic cleft and as well as aiding in the stabilization of these complexes 

(Berchtold et al 2013, Lin and Koleske 2010, Iasevoli et al 2013). In contrast, post-synaptic markers, such 

as homer-1 and PSD-95, play key roles in translating neurotransmitter signals towards transcriptional 

action. Homer-1 is a post-synaptic scaffolding marker that binds to mGluR receptors as well as other key 

scaffolding markers to regulate signal transduction through modifying receptor surface expression (Luo et 

al 2012, Clifton et al 2019). Increased homer-1 content has been linked directly to the development of 

LTP through the reorginization of post-synaptic density complexes. As well homer-1 mediates signalling 

between post-synaptic receptors such as NMDA/PSD-95 and mGluR receptors (Luo et al 2012, Clifton et 

al 2019). Similar to homer-1, PSD-95 reorganization and content have similarly been linked to 

establishing synaptic plasticity and LTP. Accumulation of PSD-95 at synapses has been directly shown to 

promote synapse maturation and improve the excitory capacity of synapses through interactions with 

AMPA/NMDA receptors  (Clifton et al 2019, Iasevli et al 2013, Wu et al 2017, Beique and Andrade 

2002. Yoo et al 2019, Kim et al 2007). This accumulation of PSD-95 has also been shown to improve 

synaptic stability in aging neurons as well as being important for the stabilization of developing neurons 
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(Taft and Turrigiano 2014).  

 Overall, both homer-1 and PSD-95 serve as key markers of synaptic plasticity, synaptic stability 

and improved synapse potentiation. Both homer-1 and PSD-95 protein translation have also been linked 

to mTORC1 activation: following mTORC1 inhibition, both homer-1 and PSD-95 content are 

downregulated or impaired (Tang et al 2002, Beckley et al 2016, Li et al 2010) and mTORC1 inhibition 

has been linked to impairments in LTP (Potter et al 2010). Therefor the significant decreases in both 

homer-1 and PSD-95 content following 3 and 5 days of AMPK phosphorlyation could be indicators of 

impairments in synaptic strength and, if so, would likely impact synapse function. However, given the 

lack of immunoflurosence/morphology data as well as any markers of synaptic function, it is possible that 

the inhibition of mTORC1 through AMPK simply reduced the overall number of synapses formed rather 

than directly impacting mechanisms associated with LTP development.  

Neurotrophic factors: 

Neurotrophic factors play a key role in interneuron communication, axon and dendrite growth, 

neuron growth/maturation, as well as inducing synaptogenesis and influencing LTP/LTD plasticity. 

BDNF in particular plays multiple roles in inducing neurotransmitter release, increase receptor 

response/conductance, ion channel activity, gene expression, and inducing cell growth and targeting of 

dendrites (Park and Poo 2013, Lu et al 2014, Bramham and Messaoudi 2005, Leal et al 2014, Leal et al 

2015, Edelmann et al 2014). In particular, while there is evidence for both pre- and post-synaptic action, 

BDNF has been shown to directly influence synaptic plastcitiy through interaction with its receptor TrkB 

and is paramount for maintainingLTP (Leal et al 2014, Leal et al 2015). TrkB localizes within the post-

synaptic density and can facilitate the activation of receptors critical for neuronal calcium influx such as  

NMDA and AMPA receptors, (Bramham and Messaoudi 2005, Leal et al 2014, Leal et al 2015, Park and 

Poo 2013). As well, BDNF has been shown to induce structural changes through reorganization of actin 

filaments and the induced transcription of post-synaptic scaffolding proteins such as homer-1 and PSD-95 

(Bosch et al 2014). In this regard, not only are the reductions in BDNF seen following 3 and 5 days of 

AMPK phosphorlyation concerning towards synapse health, but the increases in BDNF content seen 
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following 5 days of AMPK inhibiton by CC both indicate a key role for balanced AMPK 

phosphorlyation/inhibition in regulating such a key neurotrophic factor. 

Clincial relevance of AMPK on Synaptic plasticity: 

  The role of metabolic dysregulation as a significant risk factor in AD has prompted researchers to 

examine the use of common treatments for metabolic diseases such as T2DM and obesity for AD (Talbot 

et al 2012, Vingtdeux et al 2011, MacPherson et al 2015, Yang et al 2019, Steiner et al 2011, Baranowski 

et al 2018, Muscari et al 2010, Seifert et al 2010, Talbot 2014, Beaudoin et al 2013, Shin et al 2013). This 

has involved the examination of models of insulin resistance and exercise training and the involvement of 

pathways significant in glucose homeostasis which includes AMPK (Talbot 2014, MacPherson et al 2015, 

Vingtdeux et al 2011). Of particular interest to researchers is the regulation of mitochondrial health, fuel 

regulation, and inflammation by AMPK (Peixoto et al 2017, Assefa et al 2020, Yan et al 2020). To this 

end, both metformin and resveratrol have been shown to act through AMPK to restore glucose/insulin 

sensitivity, improve mitochondrial health and ROS clearance in both the whole body and the brain (Zhou 

et al 2001, Imfeld et al 2012, Ming-Chang et al 2016, Gupta et al 2011, Yang et al 2019, Walker et al 

2017, Potter et al 2010, Lan et al 2017, Dasgupta and Milbrandt 2007, Tellone et al 2014).  

  More importantly with regard to the role of AMPK in AD, the upregulation of AMPK in the brain 

has been shown to increases A𝛽 peptide clearance through autophagy, resulting in a significantly reduced 

plaque density (Vingtdeux 2011, Vingtdeux 2010, Yan et al 2020). This ability of AMPK 

phosphorlyation to increase A𝛽 clearance is important to consider when examining potential therapeutics 

for AD prevention given the impact that A𝛽 plaque buildup/toxicity has on the progression of AD. 

However the body of literature examining the role of AMPK activation in brain health varies greatly 

making it difficult to determine if targeting AMPK activation will be beneficial in the long term. Didier et 

al (2018) showed that significant markers of brain growth such as Arc, c-Fos, and Egrl are upregulated 

following 2h (acute) of AMPK phosphorylation. As well, Didier et al (2018) showed that subsequent 

inhibition of AMPK with CC reduced expression of these same proteins highlighting a role for acute 

AMPK phosphorylation in early neuronal gene expression. With respect to this thesis, however, there are 
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a number of significant papers that discuss the role of AMPK on LTP and neuronal activity in which 

AMPK activity directly impairs neuronal plasticity and function (Ma et al 2014, Potter et al 2010, 

Vingtdeux et al 2010, Amato et al 2011). Both Potter et al (2010) and Ma et al (2014) focused on HFS-

induced LTP anaylsis of synaptic plasticity using acute isolated treatment of hippocampal brain slices 

with CC and 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR). They showed that impairements 

in LTP caused by AICAR are reversed following AMPK inhibition by CC. However, these were in 

isolated brain slices and do not take into account the effect of AMPK phosphorlyation either in acute or 

chronic exposure (Ma et al = 60min 5𝜇M CC, Potter et al = 175min 5𝜇M metformin and 1𝜇M CC). 

Amato et al (2011) showed that prolonged treatment (60h) of cultured hippocampal neurons with AICAR 

directly impaired axon growth, size, and polarization indicating significant issues with chronc AMPK 

actiavtion.  Similarly, Li et al (2010) examined the protein expression of key neuronal proteins including 

Arc, PSD95, GluR1, and synaptophysin over a period of 72h mTORC1 activation by ketamine and found 

that with the exception of Arc, all markers showed significant increases in content. As well, all of these 

markers were reduced following treatment with the potent mTORC1 inhibtor rapamycin. Li et al (2010) 

also compared these same proteins following 1h and 6h of mTORC1 activation and found that there is a 

time-dependent expression of PSD95, GluR1, and synaptophysin in which content is not increased after 

1h of treatment but significant only following 6h.  

  Overall, there is significant evidence towards AMPK phosphorlyation being effective at 

mitigating a number of pathologies and risk factors associated with the development of AD from 

glucose/insulin homeostasis. However, there is a clear body of evidence that shows the importance of 

time frame whereby prolonged AMPK phosphorlyation significant impairs both physically 

growth/polarization of neurons but also the expression of key synaptic plascitiy and neuronal markers. 

The results presented in this thesis support this idea, albeit indirectly. Overall, these data indicate that 

AMPK phosphorlyation has a direct impact on neuron synapse markers directly related to mechanisms 

that support the development of synaptic health/plasticity (Berchtold et al 2013, Purkey and Dell’Acqua 

2020, Ma et al 2014, Taubert et al 2007, Bosch et al 2014, Taft and Turrigiano 2014, Luo et al 2012, 
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Clifton et al 2019). Further more, when examined over a long period of time (5 days) this impact of 

AMPK activity significantly impairs these markers, a result which is not seen from a more acute period of 

phosphorlyation (24h). These results highlight a role for AMPK in regulating synapse protein content as 

well as a paramount role of considering treatment times when examining the long term use of AMPK 

activating pharmacological treatments for brain health. 

5.1.3 Limitations: 

Despite the relevance and significance of the data presented in this thesis, it is important to 

acknowledge and discuss some of the limitions which need to be addressed with respect to further works, 

such as a lack of functional outcomes.  

  First, while the neuronal markers presented are both directly connected to mTORC1 and play 

significant roles in synaptic function (Taft and Turrigiano 2014, Beique and Andrade 2003, Berchtold 

2012, Braham and Messaoudi 2005, Lu et al 2014, Petzoldt and Sigrist 2014), there are other markers that 

can be used to quantify the change in synaptic functionin order to provide a more robust image. Markers 

such as AMPAR and NMDA glutamate receptors are key ion channels (such as calcium) that serve to 

induce and strengthen a synaptic connection during a firing event (Luscher and Malenka 2012, Taft and 

Turrigiano 2014, Braham and Messaoudi 2005, Purkey and Dell’Acqua 2020, Herring and Nicoll 2016). 

Examination of these markers would allow for a more direct analysis as to how AMPK phosphorlyation 

affects changes in neuronal calcium flux and influence synaptic stability.  

  In addition, while total content of these markers can be used to imply significant changes in 

neuronal function, it is not indicative of protein localization changes at the synapse. In resepct to LTP 

development is, these localizations are crucial for strong neuronal connections and plasticity (Figure 16, 

Luscher and Malenka 2012, Cajigas et al 2010). For example, while synaptophysin is directly related to 

synaptic vesicle fusion at the pre-synpatic membraneand the reductions in content are directly related to 

impairments of vesicle fusion, it is found ubiquitously in the neuron. AMPAR and NMDA receptor endo- 

and exocytosis have also been shown to be paramount to the development of LTP (Luscher and Malenka 

2012). As such, WB protein quantification may not accurately reflect changes in neuronal activity at the 
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synapse directly. For this reason, co-localization immunofluorescent (IF) analysis of these treated neurons 

would allow us to examine whether the significant reductions in synaptic markers such as PSD-95 and 

Homer-1 translates to reductions in co-localization at the synapse themselves.  

  In addition to providing key informatin about protein localization, IF imaging will also provide 

critical information about neuronal morphology. Given the overarching role of AMPK/mTORC1 in 

regulating protein content and cellular growth, a significant issue in regards to content changes is whether 

or not these changes are due to modified protein expression themselves or simply reductions in neuron 

density, axon length, and size. As changes in axon length and polarization have been shown to be affected 

by AMPK activity (Amato et al 2011), IF will allow for direct quantification of changes in cell 

morphology. When coupled with IF analysis of synapse localized markers of plasticity, analysis of cell 

morpholgoy will give much more robust evidence towards the role of AMPK in regulating mechinisms of 

synaptic stability and strength such as LTP as opposed to a change in number of synapses formed. This 

may be particularly important for addressing the robust increases in some markers following treatment 

with CC.  

  Finally, given the nature of cell culture-based models, there are limitations in that this model does 

not allow me to directly address. The role that glial cells and astrocytes play in regulating synapse 

function and synaptic plasticity were not examined. While neuron to neuron synaptic interactions can 

induce transmission, is has been well characterized that astrocytes play a key role in mitigating proper and 

strong development of LTP as well as regulating synapse formation and degradation (Maderos et al 2018, 

Chung et al 2015). Alongside being closely assocated with the synaptic cleft of neuronal connections, the 

neurotrophic factors and NT secreted by astroctyes are paramount to ensuring rapid firing events 

(glutamate, ATP, cytokines, BDNF, Chung et la 2015, Ota et al 2013). As such, any model addressing 

changes in neuronal activity and synaptic plasticity would greatly benefit from the use of primary 

neuronal culture to improve the relavence of the model towards in vitro studies, especially when 

addressing the role of a ubiquitous kinase such as AMPK. Similarly, conducting excitability assays and/or 

calcium influx assays would provide a direct measurement of changes in synaptic transmission which, 
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when coupled with analysis of protein co-localization and content changes would provide strong 

characterization of the synapse as it undergoes treatment (Ma et al 2014, Marinangeli et al 2018, Potter et 

al 2010, Russel 2011). 

Chapter 6: Conclusion 
 In conclusion, this thesis has provided novel evidence for the role of AMPK on regulating neuron 

and synapse markers under conditions of chronic phosphorlyation. 1) This study demonstrated that a 

major regulator of cellular metabolism, AMPK, results in significant mTORC1 formation inhibition (a 

key complex for regulating cellular growth) following chronic phosphorlyation in SH-SY5Y 

neuroblastma cells. 2) This chronic AMPK phosphorlyation led to significant changes in LCIII𝛽 and 

SQSTM/p62 content, both linked to proper autophagic flux. 3) Furthermore, mTORC1 inhibition from 

chronic AMPK phosphorlyation (3d and 5d) led to a significant reduction in neuronal markers for pre-

synaptic vesicle fusion (synaptophysin), post-synaptic density markers (PSD-95, Homer-1), and the key 

neurotrophic factor BDNF. These are significant protein changes as these markers are all directly related 

to key mechanisms related to maintaining and developing synaptic plasticity and LTP , though this was 

not measured in these cells (Berchtold et al 2013, Purkey and Dell’Acqua 2020, Ma et al 2014, Taubert et 

al 2007). 

  The impact of chronic AMPK phosphorlyation on regulating key markers of synaptic plasticity 

speaks to the significance of proper, balanced, AMPK regulation needed for overall brain health. When 

discussing the role of AMPK dysregulation in metabolic disease such as AD this becomes extremely 

important, particularly when considering the use of AMPK as a therapeutic target. 

  As such, future research should focus on establishing if these changes in synaptic marker content 

driven by AMPK phosphorlyation directly translate to impairments in synaptic function. Furthermore, 

examination of the effect of disease states such as insuling resistance on affecting neuronal markers will 

be a logical next step to establishing the efficacy of AMPK as a therapeutic target in neurodegenerative 

disease such as AD. Of particular interest will be the examination of changes in firing rate, firing latency, 



 

 

51 

 

and firing thresholds as well as significant changes in neuron density, size and axonal projections in both 

neuroblastoma and primary neuronal culture.  
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Appendix 
 

 

Figure 17: Certificate of TCPS2: CORE completion 

 

Figure 18: AMPK 𝛽1 expression in human SH-SY5Y neuroblastoma cells. 


