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Abstract 

The lack of understanding in the molecular and cellular mechanisms of Alzheimer’s 

disease (AD) has hindered efforts towards finding treatments that effectively modify disease 

trajectory. Therapeutic development for AD has focused on targeting amyloid-β (Aβ) pathology, 

long thought to be the cause of AD pathogenesis, but these have failed in clinical trials. Aβ is a 

sticky aggregation-prone protein that disrupts membrane structure and interferes with specific 

receptors in the brain, impairing synaptic plasticity, an important process for learning and 

memory, and eventually causes cell death. The interplay between disruption of the neuronal 

membrane and neuronal receptors in AD overlaps with inflammation and oxidative stress in a 

feedback loop that makes it difficult to ascertain the causes and effects of AD. More recent 

genetic and epidemiology data indicates that lipid metabolism is critical in AD pathogenesis, 

underscoring the need to understand how brain lipid composition (especially cholesterol) in brain 

affects amyloid toxicity. In the first part of this work the relevant background literature of lipid 

mediated mechanisms of AD is discussed and an overview of methods used herein are provided.  

In the second part, the results of biomedical nanotechnology experiments where atomic 

force microscopy (AFM) was used to study interactions of supported lipid bilayers (SLBs) with 

melatonin and Aβ at the molecular level. Chapter 3 shows the characterization of biophysical 

changes that melatonin induces in SLBs of DOPC/DPPC/Cholesterol by AFM and atomic force 

spectroscopy (AFS). Overall, AFM imaging revealed that melatonin increases disordered domain 

coverage, reduces bilayer thickness and indentation depth, increases membrane fluidity, and 

decreases membrane adhesion, though large variability was observed. In Chapter 4, for the first-

time contact mode high-speed AFM (HS-AFM) was shown to be able to image lipid membranes 

of different compositions. HS-AFM was used to capture large areas of membranes comparing the 

effects of Aβ monomers and oligomers to different phase separated lipid bilayers composed of 

low and high cholesterol showing different interaction mechanisms. 

In the third part of this thesis the influence of membrane composition and amyloid 

toxicity on HT22 neuronal cell viability, cholesterol metabolism, morphology, and receptor 

tyrosine kinase (RTK) signaling pathways was elucidated. Beginning in Chapter 4, cholesterol 

oxidase assays and AFM verify cell cholesterol content reduction and Aβ structure, respectively. 

There was no effect of Aβ on cholesterol recovery and cell viability studies show that cholesterol 
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depletion was modestly protective against both Aβ monomers and oligomers. In Chapter 5, the 

cholesterol-dependent effects of Aβ monomers and oligomers on HT22 cell morphology by 

phase contrast optical microscopy and atomic force microscopy (AFM) reveal apoptotic and 

necrotic populations of HT22 cells exposed to Aβ and that that membrane cholesterol depletion 

prevents these changes in morphology. In Chapter 7, the effects of cholesterol and Aβ on 

baseline Tyrosine Receptor Kinase B (TrkB) receptors and PDGF receptor-α (PDGFRα) 

signaling, reveal that RTK signaling is cholesterol-dependent and that high concentration Aβ 

oligomers increase the likelihood of RTK impairment, but there was no statistically significant 

effect of Aβ on PDGFRα signaling. 

This work provides experimental evidence that membrane cholesterol is not strongly 

involved in the mechanisms of Aβ toxicity in HT22 cells, but its reductions may be mildly 

protective. RTK signaling in HT22 cells is impaired by Aβ but is not involved in the protective 

mechanisms of cholesterol depletion. Aβ disrupts membrane biophysical structure and receptor 

signaling pathways triggering metabolic dysfunction and both apoptotic and necrotic cell death 

mechanisms.  
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“Now we scientists are used to this, and we take it for granted that it is perfectly 

consistent to be unsure – that it is possible to live and not know. But I don’t know whether 

everyone realizes that this is true. Our freedom to doubt was born of a struggle against authority 

in the early days of science. It was a very deep and strong struggle. Permit us to question — to 

doubt, that’s all — not to be sure. And I think it is important that we do not forget the importance 

of this struggle and thus perhaps lose what we have gained. Here lies a responsibility to society.” 

 

– Richard Feynman in The Value of Science, November 19551.  
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Chapter 1: The Role of Lipids in the Pathogenesis of Alzheimer’s Disease 

1.1 Introduction 

Alzheimer’s disease (AD) is one of the most pressing age-related diseases facing 

Canadian society today and despite over 100 years of research no treatments are available that 

slow AD progression2–4. AD is characterized clinically by symptoms of progressive cognitive 

impairment and dementia, including impaired learning, memory, mood disruption and language 

impairment5–7. These behavioral symptoms occur alongside neuropathological atrophy in areas 

of the brain involved in learning and memory, primarily in the hippocampus and the cortex, 

(Figure 1.1) 8–10. These regions of atrophy represent significant loss of neurons and synapses and 

contain significant deposition of extracellular amyloid-β (Aβ) plaques and intracellular 

neurofibrillary tangles (NFTs) and adipose inclusions, shown on histological brain slice image in 

Figure 1.19,10. The majority of AD cases are age-related (or sporadic AD), while a subset of cases 

are genetically-linked to amyloid production. 

The defining molecular hallmark of AD is the accumulation of extracellular amyloid-β 

(Aβ) plaques (Figure 1.1), however this occurs alongside a variety of other features such as: 

intracellular neurofibrillary tangles (NFT), metabolic dysfunction, neuroinflammation, oxidative 

stress, disruption of neuronal signaling, and blood-brain barrier (BBB) disruption9–12. The 

precise cascade of events in AD pathogenesis is not known though much progress has been made 

in the last 30 years mapping out a general disease trajectory13–15. Currently, the big questions in 

AD regard the earliest stages of disease, prior to the onset of symptoms, where it is now expected 

that a prolonged preclinical phase (prodromal AD), of the disease where neuropathological 

changes occur before symptoms manifest9–11,14,15. Aside from the major hallmarks mentioned, 

several lines of evidence point to mechanisms involving lipid membrane disruptions as 

precipitating factors in rendering cells susceptible to amyloid toxicity that may resolve many 

long-standing questions16–18. At the molecule level amyloid induced permeability is membrane 

lipid composition dependent19,20, while at the cellular level lipid composition affects amyloid-

related pathological changes21,22. These molecular and cellular changes could relate to broader 

tissue level disruptions in impaired lipid homeostasis and innate immune system dysfunction 

both in the central nervous system (CNS) and co-incidentally within the periphery 18,23–27. This 

literature review will start with a short summary of the current state of the Amyloid Cascade 
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Hypothesis, then provide a background on lipid membrane structure and the influence of lipid 

structure and composition on receptor signaling before looking more deeply into the 

contributions of the neuronal lipid membrane and membrane receptors in Aβ toxicity, and then 

finally, connect these ideas to the many epidemiological and genetic evidence that point to how 

changes in lipid homeostasis may be the key initiating factor in AD pathogenesis.   

  

Figure 1.1. Alzheimer’s disease pathology involves gross structural changes in cortical and hippocampal regions, 

increases in interstitial spaces and overall loss of brain tissue (left). Histopathological image of brain slice from AD patient, 

extracellular Aβ plaques are highlighted with red boxes, image courtesy of the NIH (right). 

1.1.1 The Current State of the Amyloid Cascade Hypothesis 

The precise cause of AD is not known in the majority of sporadic AD, however the 

accumulation the primary molecular hallmark, Amyloid-β, is known to occur very early in the 

disease trajectory14,28. Historically, a major milestone occurred in understanding the molecular 

mechanisms of AD neuropathology with the isolation and sequencing of the primary 4.2 KDa Aβ 

fragment in 1984 by Glenner and Wong29. Shortly thereafter, the gene encoding that Aβ 

fragment was located and cloned within what was later called the amyloid precursor protein 

(APP)30. This led to the formulation of the amyloid cascade hypothesis in the early 1990s, which 

suggested that AD was caused by the accumulation of amyloid due to an imbalance of 

production and clearance of Aβ monomers and their subsequent aggregation into toxic amyloid 

plaques (can be seen in histopathological slice from an AD brain, Figure 1.1 in red boxes)31. In 

the last few decades since, the amyloid cascade has been criticized due to the failures of Aβ-

targeted treatments in clinical trials and the low correlation between Aβ load and development of 

symptoms. Regardless of whether Aβ is a useful target for treatment or prevention of AD alone, 

or must be targeted along with parallel molecular pathways, it plays an undeniable role in the 
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disease pathogenesis. Resolving these long-standing controversies depends on developing a more 

nuanced and complete description of the factors that contribute to Aβ neurotoxicity and not 

simply Aβ as the solo neurotoxic insult. 

1.1.2 Amyloid-β Production, Aggregation, and Toxicity 

The amyloid cascade has been the leading hypothesis for AD pathogenesis and although 

it provides a general description, it is not a complete picture of the disease. The amyloid cascade 

is shown in Figure 1.2. The Aβ cascade begins with cleavage of the amyloid precursor protein 

(APP), a transmembrane protein, to produce the toxic Aβ fragment. APP protein trafficking 

within cells follows the constitutive secretory pathway, once it reaches the cell membrane it is 

rapidly internalized, then it is recycled back through endocytic pathways to intracellular 

compartments, degradation in the lysosome or back to the cell membrane32. APP spends most of 

its time within the intracellular organelle membrane network, the Golgi-endoplasmic reticulum 

network32. Thus, the production of the Aβ occurs within neuronal compartments due to the 

catalytic cleavage of APP by β- and γ- secretases, both of which are primarily located within 

cells. Aβ accumulation within neurons has been shown to occur earlier in disease pathogenesis 

and to induce apoptosis preferentially over extracellular Aβ, though some Aβ is likely 

transported extracellularly 33–35. APP has an alternative enzymatic processing pathway into non-

amyloidogenic fragments by α-secretase, due to this cleavage site being within the Aβ region. 

This non-amyloidogenic processing occurs preferentially at the cell membrane where α-secretase 

is located32. Therefore it is not surprising (based on APP trafficking and different cleavage 

pathways in various cell compartments), that endosomal sorting has been implicated in disease 

pathogenesis36. This would suggest that endosomal/plasma membrane lipid composition could be 

an important factor and will be discussed more later in this chapter. 

Molecular and cellular studies of Aβ toxicity have been quite informative in generating a 

general description of AD mechanisms. Though many specific molecular targets have been 

identified there are also a large set of non-specific cell processes that are also involved, such as 

membrane damage and oxidative stress 37–39. Structure-toxicity relationships with Aβ have 

identified oligomers as the most toxic species and the emphasis has shifted from plaques towards 

the soluble Aβ oligomer as the culprit for causing AD40,41, along with the expectation that late 

stages of the disease will be harder to treat. The Aβ monomer is a charged (6 negative and 3 
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positive residues), 38-43 amino acid peptide which includes the membrane spanning region of 

APP, and thus has several hydrophobic residues and an intrinsic membrane binding affinity17,42. 

After cleavage, Aβ monomers have a propensity to misfold and self-assemble43–45. First, and at 

low concentration, Aβ forms disordered low molecular weight oligomers which then further 

aggregate as the concentration of Aβ increases transitioning into more well-defined β-sheets and 

then these sheets align into protofibrils that grow into fibrils and eventually plaques46–48. 

Aggregation of Aβ in physiological conditions depends on a variety of factors; importantly, the 

lipid membrane (both intracellular and extracellular), provides an important interface for 

interaction (Figure 1.2). As Aβ accumulates at the neuronal surface it disrupts specific receptor 

signaling pathways and it causes major topographical defects in the membrane which both 

contribute to neuronal dysfunction (these pathways will be discussed in more details in following 

sections). This damage to the plasma membrane occurs alongside oxidative stress and metabolic 

dysfunction within neurons and other brain cells, in what appears to be positive feedback, 

eventually triggering apoptotic and necrotic cell death (these pathways will be discussed in more 

detail in the last section of this thesis). The toxicity of Aβ has made it a rational target for 

therapeutic intervention, though this has not yielded any major clinical success.  
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Figure 1.2. Amyloid-β production, aggregation and toxicity cascade. Production of Aβ fragment from APP cleavage 

by β and γ secretases. Aβ aggregates into toxic oligomers and fibrils eventually forming plaques in the late stages of AD. Aβ has 

an intrinsic affinity for membranes due to its charge and hydrophobicity therefore it tends to accumulate on cell surfaces and 

interacts with membrane proteins. This has deleterious effects on membrane structure and cell signaling resulting in a chain 

reaction of oxidative stress, cytoskeletal damage, inflammation which triggers synapse loss and cellular toxicity. 
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1.1.3 Amyloid-β Targeted Therapeutics 

The amyloid cascade hypothesis has been criticized due to a lack of successful clinical 

trials targeting the amyloid cascade over the last 30 years, though more recent efforts suggest 

targeting amyloid during prodromal and early AD may be promising in a small subset of patients 

49–51. Very recently, and amid considerable controversy, aducanumab, a monoclonal antibody 

targeting Aβ has been given accelerated status by the US Food and Drug Administration (FDA) 

approval52, despite the EMERGE and ENGAGE trials of aducanumab failing to demonstrate 

repeatable improvement in cognitive decline in patients52. Both the EMERGE and ENGAGE 

trials were cancelled for failing to meet primary endpoints, with one study exhibiting no 

improvement in primary outcomes (2% difference between placebo-controlled groups), and the 

other reaching a reduction in cognitive decline by 20%, both results from the high dose treatment 

group. Even, though both studies showed reduction in Aβ biomarker data52, the safety profile of 

aducanumab in 40% of patients treated with high dose suffered from brain bleeding or swelling 

indicating a poor drug safety profile 53,54. This is eerily similar to the results of other monoclonal 

antibodies and Aβ vaccines that have been shown to cause deposition of amyloid in cerebral 

vasculature triggering cerebral microhemorrhage – or brain bleeding in the microvasculature of 

the brain 55–57. This type of reckless approval by the FDA is indicative of the continued failure 

and corruption of our scientific medical regulators to reign in the profit motive and other 

incentives of the pharmaceutical-medical industrial complex58,59. This controversial approval 

highlights the lack of effectiveness of Aβ-directed therapeutics, even in the early stages of AD. 

Regardless, it should be obvious by now that the complexity of AD would require more complex 

solutions than targeting a single molecular pathway and that the nuances of Aβ pathophysiology 

needs further elucidation. 

1.2 The Structure and Function of the Plasma Membrane 

The lipid membrane is a critical biological structure which defines the exterior surface of, 

and compartments within, biological cells and is a key interface for interaction between the cell 

and its environment, for cell-cell communication, and to compartmentalize intracellular 

processes within and between organelles. The plasma membrane is made from lipids that self-

assemble into bilayer structures embedded with receptor proteins that when activated by specific 

molecules or induced by conformational changes in the membrane that inform adaptive cellular 
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behavior (illustrated in Figure 1.3 below)60. In general, the lipids that form bilayers are 

phospholipids and are highly amphiphilic molecules containing two hydrophobic acyl tails on 

one end connected to a hydrophilic headgroup on the other and which have geometries where the 

lowest energy configurations are bilayer structures, though more exotic structures are possible 

depending on lipid composition60. The physical properties of the lipids such as length of the fatty 

acid tail, degree of acyl tail saturation, the size and electrostatic properties of the head group and 

overall geometry are important factors in the organization of the membrane, including its local 

curvature and dynamic membrane processes60–62. Aside from a basic bilayer structure, lipid 

membranes can have more complex lateral heterogeneities that occur as a result of phase 

separation with the different regions being referred to as domains60–63. The denser domains 

typically associated with membrane proteins are referred to as membrane lipid rafts (MLRs), 

representation shown in Figure 1.3.  Phase separation of synthetic and extracted lipid mixtures 

into domains is driven by thermodynamics of the membrane and occurs under certain lipid 

compositions and environmental factors such as temperature, with the different domains being 

classified according to their degree of order and disorder61,63–66.  

 

Figure 1.3. Organization of the lipid membrane. A basic bilayer structure, with lateral heterogeneities that 

compartmentalize different cellular receptor signaling pathways. The MLR is a functional unit that includes protein embedded in 

a condensed, more ordered lipid domain. These MLRs “float” on a sea of disordered, more fluid lipid phases. The MLRs are 

enriched with cholesterol, sphingolipids and gangliosides, which exert a condensing effect through lipid-lipid interactions which 

include electrostatic, steric, and hydrophobic effects that increase tail packing density. 

The lipid membrane has long been overlooked as a passive structure in biology; however, 

it is now expected that the lipid membrane organization into micro- and nano-domains into 
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MLRs are crucial for regulation of cellular homeostasis 60,67,68. MLRs are dynamic structures that 

have been proposed to compartmentalize and facilitate protein interactions, and dynamic 

membrane processes such as endocytosis and exocytosis69. These MLRs are enriched with 

cholesterol and sphingolipids and are studied by extraction of detergent-resistant membrane 

microdomains which contain MLR-associated proteins68. Cholesterol acts to increase tail-

packing density of fatty acids in the membrane and can cause condensation of lipid domains by 

inducing liquid to gel phase transitions, and locally stiffening the membrane65,70,71. This effect is 

particularly strong for sphingolipids that interact preferentially with cholesterol due to 

electrostatic interactions of the amide bond connecting the sphingo-headgroup with the acyl 

tail65,70,71. Steric effects based on lipid geometry are also highly important for regulating 

membrane structure. The degree of order and disorder of the acyl tails correlates with the number 

of unsaturated bonds, with fully unsaturated lipids being able to pack more tightly and thus 

increase membrane order and extent of ordered domains 63,72,73. The length of the acyl tail is very 

important with longer tails inducing more order in the membrane74.  Not only do the tails of 

membrane lipids help to organize membrane structure but the headgroups also appear to be 

important as the headgroup of gangliosides, an important glycosphingolipid, couples with 

zwitterionic phosphocholine headgroups electrostatically62. In addition, lipid headgroup to tail 

ratio defines the geometry of different lipids, such that lipids with large headgroups, or 

lysophospholipids with only one tail, have a conical geometry while lipids with high degree of 

unsaturated lipid tails and small headgroups (such as phosphoethanolamines) have an inverted 

conical geometry75. Lipids with conical geometries have a tendency to promote positive 

membrane curvature, while inverted conical lipids promote negative curvature75,76. The 

geometries also affect lipid sorting with positive curvature lipids being preferred in the outer 

membrane leaflet and negative curvature lipids being preferred in the inner leaflet75,76. A variety 

of proteins (for instance: fusion proteins, caveolae, clathrin, synapsin and Aβ), are known to 

interact with membrane lipids to facilitate the formation of more complex membrane structures 

and modulate membrane function: such as in MLRs, endosomes, exosomes, and for cell 

adhesion77–80. Lipid membrane composition has been shown to affect membrane microdomain 

properties and have important implications in cellular behavior under normal physiological and 

pathophysiological states.  
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The polyunsaturated fatty acids (PUFAs) are a very important class of lipids not only for 

their role in membrane structure but also as precursors for important signaling cascades81,82. The 

lipids arachidonic acid, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are 

important for fatty acids for membrane structure in particular for nervous system function81,83. 

Increased membrane DHA may lead to decreases in MLR cholesterol and sphingomyelin content 

as it induces disorder in the lipid membrane due to steric incompatibility with cholesterol, 

driving phospholipids to laterally rearrange, effectively increasing lipid raft size and fluidity, and 

modifying MLR distribution83. PUFAs have been found to localize within MLRs and non-MLR 

areas of the cellular membrane in a structurally dependent fashion 84. EPA has a tendency 

towards distributing into non-raft domains and DHA appears to localize within raft domains 

nearly twice as much as EPA, while both DHA and EPA can induce membrane order and 

disorder depending on the region of the membrane upon which they partition84. This may be 

explained by considering that EPA partitioning into non-MLR regions increases MLR order by 

driving cholesterol to laterally organize within the raft, conversely DHA may have the opposite 

effect of displacing cholesterol from the MLR. The effects of PUFAs and cholesterol on 

membrane structural properties are very important in the brain, brain aging and AD, as brain 

lipid concentrations are enriched in these lipids and brain lipid composition and distribution 

changes with age and in AD85,86.  

Aging and peroxidative damage to membrane lipids change membrane composition and 

thus biophysical properties contributing to AD pathology87,88. PUFAs are highly susceptible to 

lipid peroxidation as they contain multiple double bonds which can be readily oxidized, 

producing biomarkers of oxidative stress, including: malondialdehyde and 4-hydroxy-noneal 

(HNE)88,89. Depletion of unsaturated fatty acids by lipid peroxidation may increase membrane 

rigidity and lipid membrane permeability83,90–92. Though it is a complicated effect as oxidation 

can shorten tails and increase the hydrophilicity of membrane lipid tails due to aldehyde and 

hydroxyl groups93. To a lesser extent, cholesterol can also be oxidized which reduces lipid 

membrane thickness, changing internal bilayer structure, inducing domain formation in model 

lipid membranes94. Oxidation of the membrane increases the number of MLRs through a 

combination of increased cholesterol94 and decreased PUFAs, however it has been observed to 

have no effect on the lateral size of the domains, though these results are not likely to be 
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generalizable83. Lipids prone to oxidative damage will form reactive ketones and aldehydes that 

can damage membrane proteins, other lipids and which act as damage associated molecular 

patterns activating the toll-like receptors (TLR) of immune cells triggering inflammation95.  

Thus, oxidative damage can trigger an inflammatory-reactive oxygen feedback loop. Oxidative 

stress also upregulates sphingomyelinases that deplete membrane sphingolipids (including 

gangliosides), simultaneously increasing membrane ceramide levels96. This reduction in 

gangliosides may in turn modulate the size and distribution of MLRs within the membrane. 

Interestingly, in fibroblasts, despite increased membrane cholesterol during replicative cell aging 

there was an observed decrease in the proportion of membrane cholesterol found within MLRs, 

which suggests complex changes in lipid composition occur with age97. Since the cell membrane 

is generally an interface for interactions between the cell and its environment, it is not surprising 

that changes in plasma membrane lipid composition have been shown to affect processes at the 

membrane by changing membrane receptor distribution, trafficking, and function.  

Other molecules also influence membrane lipid composition, structure, and function. 

Small endogenous signaling molecules like neurotransmitters and neurohormones have been 

shown to interact with lipids and have an influence on membrane properties. Dopamine is a 

tyrosine derived neurotransmitter that along with its precursor L-dopa may interact directly with 

lipid headgroups as suggested by all atom molecular dynamics (MD) simulations and measured 

by UV and NMR spectroscopy 98,99. In a similar fashion serotonin has been predicted by MD 

simulations and experimental evidence indicates a likely interaction with lipid headgroups and 

influence membrane surface properties100–103. Melatonin is an indole related to serotonin which is 

more hydrophobic than both dopamine and serotonin that has been shown to be membrane 

active, in contrast to dopamine and serotonin, melatonin penetrates deeper into the hydrophobic 

core of the lipid membrane and increases membrane compressibility 100,104,105. All three of these 

endogenous signaling molecules have been shown to have antioxidant properties and prevent 

lipid peroxidation 102,106–108. Combined neurotransmitter interactions with lipid headgroups could 

facilitate these molecules finding and binding to their respective receptors and moreover serve a 

secondary role as a neuroprotective antioxidant, preventing lipid peroxidation within synapses. 
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1.3 Membrane Proteins, the Plasma Membrane and Neuronal Signaling 

1.3.1 Membrane Receptor Types and Signaling Crosstalk 

Membrane receptors are crucial for mediating interactions between cells and their 

environment, triggering signaling cascades that relay important information to the nucleus, 

informing cells on how to respond so that they can maintain cellular homeostasis and 

differentiate along their cell fate trajectories to serve organ-specific functions. There are several 

classes of membrane-receptor proteins that are important for neuronal function, neural signal 

propagation, synaptic transmission and plasticity; these classes are illustrated in Figure 1.4. G-

protein coupled receptors (GPCRs) are observed ubiquitously as the largest class of receptors in 

physiology making them key targets for pharmacological intervention109, they are involved in 

metabolic processes (lipid sensing and metabolism)110, cellular differentiation (cell fate, 

maturation), and are perhaps most well known as targets for neurotransmitters, like epinephrine, 

dopamine and serotonin111. The receptor tyrosine kinases (RTKs) are another important family of 

receptor proteins which contain an intracellular catalytic region that phosphorylates downstream 

signaling participants, typically acting as receptors for larger growth factors and protein 

hormones such as insulin, platelet-derived growth factor (PDGF), neural growth factor (NGF), to 

promote neuronal growth during development and maintaining cellular homeostasis in 

adulthood112. RTKs typically require dimerization, which is facilitated by ligand binding to 

initiate the signaling cascade, and many have been shown to be membrane microdomain 

dependent. Finally, the ligand-gated ion channels (LGIC), also called ionotropic membrane 

receptors, are another class of receptor that are especially important for neuronal synaptic 

transmission so that neuron-neuron signal propagation can occur113. The LGICs in the post 

synapse of excitatory CNS neurons are the NMDA and AMPA receptors, both glutamatergic 

receptors, while inhibitory neurotransmission is mediated by GABA receptors. Activation of 

excitatory LGICs allow cations (Ca2+
 and Na+) to enter the cell, evoking post-synaptic 

membrane potential spikes by depolarizing the membrane; in contrast, the inhibitory GABA 

receptors allow chloride anions to enter the cell lowering cell membrane potential further 

polarizing the neuron and preventing depolarization. 

GPCRs are a class of structurally similar transmembrane proteins that contain 7 

transmembrane helices109,114. Despite their similar structure GPCRs are the largest and most 
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diverse membrane receptors in eukaryotes109. GPCRs associate with heterotrimeric G-proteins, 

named because they partner with nucleotide guanosine phosphates (GDP/GTP)114. When a 

GPCR is activated, a conformational change causes the Gα to dissociate from the Gβγ complex, a 

process involving conversion of the Gα associated GDP into GTP (Figure 1.4)109. These 

separated G-proteins can then inhibit or promote secondary intracellular signaling pathways 

depending on their identity, which has a variety of effects on cells activating transcription 

factors, such as Extracellular Receptor Kinases (ERK), Nuclear Factor-κB (NF-κB) controlling 

protein expression, metabolism, differentiation, and proliferation. These intracellular pathways 

do not occur in isolation but overlap with multiple redundant and/or overlapping signal cascades, 

resulting in complex signal crosstalk with other receptor signaling pathways. 

In addition to direct activation of RTKs by their ligands, they can also be activated 

though intracellular pathways initiated by GPCR activation in an important type of receptor 

crosstalk phenomenon independent of the RTK ligand being present; this process is called 

transactivation115. In neurons, the tropomyosin-related kinase B (TrkB) is a MLR dependent 

RTK whose endogenous ligand is brain-derived neurotrophic factor (BDNF)116. BDNF is 

important for neuronal survival, neural plasticity and is neuroprotective against Aβ117, while the 

TrkB receptor has been associated with AD 118. The activation of TrkB receptor activates 

phospholipase C-γ (PLCγ) which converts phosphatidylinositol in the membrane into 

diacylglycerol (DAG) and inositol 1,4,5-trisphosphate, effectively depleting membrane 

phosphatidylinositol119. This inevitability will also affect membrane composition and structure, 

although this effect has not been characterized. TrkB activation is important for the regulation of 

glutamatergic ion channel receptors (such as NMDA receptors) in a PLCγ dependent fashion 120. 

As well, the full-length isoform of TrkB can be transactivated by the serotonin (5HT7) 

receptor121, while 5-HT7 can also transactivate platelet-derived growth factor (PDGF) receptor, 

another RTK, providing neuroprotection against N-Methyl D-Aspartate (NMDA) induced 

excitotoxicity122. This is one of many examples of complex signaling pathways which are 

occurring within neurons at any given moment in time. 
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Figure 1.4. Key classes of membrane receptors embed in lipid bilayer. GPCRs are the most abundant type of receptor in the 

human body, often referred to as metabotropic receptors. LGICs are the primary excitatory and inhibitor neurotransmitter 

receptors in the central nervous system. RTKs are growth factor receptors that mediate cell growth, proliferation and 

differentiation during development and aid in maintenance of cells during adulthood. 

1.3.2 The Membrane Dependence of Membrane Receptors and Proteins 

The function of membrane receptors is modulated by the properties of the local lipid 

environment and thus the composition of the membrane and their localization in the membrane, 

for instance whether they are in MLRs or non-raft regions. This is important for immune and 

neuronal signaling and plays a crucial role in the production of Aβ. The mechanisms for this are 

complex as membrane cholesterol can affect ligand binding properties of membrane proteins by 

directly interacting with various residues of the protein (allosteric regulation) or indirectly by 

altering membrane properties that then affect conformation and stability of membrane proteins.  

Cholesterol transporters can influence inflammatory signaling in microglia and 

macrophages by regulating membrane cholesterol content123–125. This was shown in ATP-binding 

cassette-A1 (ABCA1) knockout mice which have 27% more free cholesterol in the lipid rafts of 

the cell membranes of their macrophages and microglia, while phospholipid content remains 

unchanged; consequently, ABCA1 knockout mice macrophage are ultrasensitive to activation by 

lipopolysaccharide (LPS)124. Similarly membrane cholesterol increases were shown to increase 

neuroinflammation in spinal cord microglia in mice models with deleted cholesterol transporters, 

an effect linked to TLR4 activation, with normalization of membrane cholesterol alleviating 

inflammation associated neuropathic pain126.   It was suggested that increased membrane 

cholesterol increases lateral TLR trafficking and MLR crosslinking both necessary for TLR 

activity124. The increase in cholesterol is counter-regulated by the formation of specific sterols 
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(oxysterols) which activate pathways for the removal of cholesterol from cells mediated by 

cholesterol efflux transporters (e.g. ABCA1) onto high-density lipoproteins, for example in the 

brain this is mediated by Apolipoprotein-E (ApoE) 125,127. This suggests that innate immunity in 

both the periphery and in the brain is regulated by membrane cholesterol content as a means of 

modulating the inflammatory response128. This is likely important during acute infection to 

remove pathogenic material and damaged cell components, but in chronic inflammatory 

conditions (such as AD, type II diabetes, atherosclerosis), cholesterol aggravated inflammation 

may facilitate disease progression129. This principle of membrane lipid content modifying MLR 

distribution is an important concept in understanding signaling cascades in a variety of 

physiological and pathological states and certainly plays a role in neuronal signaling. 

In the brain, GPCRs, RTKs and ion channels depend on the membrane for their function. 

The function of many serotonin receptors (including: 5-HT1A, 5-HT2A and 5HT7), have been 

shown to depend on membrane cholesterol130–132. Molecular dynamics simulations demonstrate 

that membrane cholesterol increases the stability of the serotonin-2A receptor (5-HT2A) 

ultimately affecting the binding of various antipsychotic drugs133. Other studies indicate that 

membrane cholesterol can affect the interaction between GPCRs (like many of the 5-HT 

receptors) and their associated G-protein132,134. NMDA and TrkB receptors are found co-

localized within membrane-microdomains, often used as models for MLRs135–138. The level of 

cholesterol can modify receptor activity as demonstrated by cyclodextrin-mediated cholesterol 

depletion from cultured neurons reducing glutamatergic excitotoxicity by decreasing expression 

of NMDA at the membrane139. TrkB activation has been shown to be membrane composition 

dependent, where cholesterol depletion reduced BDNF-induced translocation of TrkB to the 

membrane, impairing neurotransmitter release in cultured neurons and tissue slices138. As the 

majority of RTKs initiate dimerization upon ligand binding, it is likely this process requires the 

reorganization of the local lipid environment, this could in part explain the membrane lipid 

dependence on RTK activity.  

The MLRs of cell membranes have been shown to be involved in AD pathology in 

relation to the toxic mechanisms of Aβ (to be discussed in the next section) and by affecting Aβ 

production 140,141. Aβ is produced in cholesterol-sphingolipid enriched membrane microdomains 

during endocytic recycling142, with reports indicating that cholesterol depletion reduces 



Chapter 1   Morgan Robinson 

15 

 

amyloidogenic processing of APP by the secretases143, although this contradicts an earlier report 

that indicated the opposite144. This is likely because decreased cholesterol reduces trafficking of 

β-site APP cleaving enzyme (or β-secretase), γ-secretase145,146,  and APP to membrane-

microdomains143. This suggests that increased ceramide and cholesterol in the cell membrane 

due to oxidative stress and/or perturbed lipid metabolism may increase amyloidogenic 

processing of APP and Aβ production96, possibly because oxidative stress depletes membrane 

phospholipids through lipid peroxidation85,147. Membrane composition has been implicated in the 

production of Aβ, conversely, Aβ has been shown to affect metabolism of MLR components, 

cholesterol, and sphingolipids, suggesting a potential physiological role for Aβ in lipid 

homeostasis through a counter-regulatory relationship16,143–145,148,149.  

1.4 The Toxic Mechanisms of Amyloid-Β Depend on the Plasma Membrane 

The toxic mechanisms of Aβ are complex and have been shown in separate studies to 

involve apoptotic and necrotic mechanisms that depend on membrane- and receptor-dependent 

processes150,151. The lipid membrane is an important site of Aβ binding and aggregation42, and 

thus membrane composition and MLRs likely affect amyloid toxicity through mechanisms 

involving membrane disruption, calcium dysregulation and oxidative stress140, ultimately 

inducing tau pathology. Non-specific interactions of Aβ with model lipid membranes 

demonstrate a composition-dependent effect on the biophysical properties of the membrane and 

structural defects in the membrane19,20 and these interactions may result in the formation of 

reactive oxygen species (ROS) that damage membrane lipids140. Ultimately, disruption of the 

membrane perturbs signal propagation between neurons and along neural pathways, likely 

occurring well before neuronal cell death. 

1.4.1 Cellular Studies Indicate Membrane Dependent Amyloid-β Toxicity 

Conflicting reports have been published indicating that membrane cholesterol content can 

both enhance and reduce Aβ cytotoxicity, while decreased gangliosides appears to be 

neuroprotective against Aβ 21,22,152–156 . In PC12 and SH-SY5Y cells, Yip et al. reported that a 

60% reduction in membrane cholesterol, achieved by methyl-β cyclodextrin (MβCD) treatment, 

increase in cell death of cells exposed to 22µM of preformed fibrillar Aβ156. In a report by Arispe 

et al., they demonstrated a similar effect in PC12 cells, where cholesterol depletion by 
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cyclodextrin or inhibition of de novo cholesterol metabolism made cells more vulnerable to Aβ, 

while increased cholesterol was neuroprotective155. Other reports however report the opposite, 

that reduction in cholesterol content protects cells against amyloid; for example, Wang et al. 

reported that in PC12 cells cholesterol and ganglioside sialic acid depletion reduced amyloid 

toxicity by limiting GTPase activity154. In mixed neuronal-astrocyte cultures, membrane-

cholesterol positively correlated with both astrocytic and neuronal cell death induced by Aβ 

exposure21. Nicholson et al., in two separate studies, showed that increased membrane 

cholesterol content increased the susceptibility of mature hippocampal neurons to Aβ toxicity 

through mechanisms involving calpain-activated cleavage of tau protein and subsequent collapse 

of neuronal microtubules152,153, and that this occurred alongside changes in the content and 

localization of NMDA receptors at the membrane153. Inhibition of glucosylceramide synthase, 

important for ganglioside biosynthesis, resulted in neuroprotection against Aβ oligomers in vitro 

and in vivo157. A reduction in ganglioside content of MLRs was shown to reduce Aβ oligomer 

recruitment to the MLRs in rat cortical neurons, subsequently preventing lipid peroxidation, 

membrane permeabilization and calcium dysregulation140. The conflicting reports of how 

membrane cholesterol mediates Aβ toxicity underscore a lack of understanding in the 

mechanisms of membrane dependent Aβ neurotoxicity. 

1.4.2 Non-Specific Membrane Interactions in Aβ Toxicity 

The molecular mechanism of Aβ-induced cytotoxicity depends on accumulation at the 

neuronal membranes through non-specific interactions19,20,156,158–161. Studies in model lipid 

systems indicate that Aβ induces defects in lipid membrane structure through a multistep process 

that involves Aβ binding to the membrane increasing membrane disorder and permeability, 

reorganization, conformational and changes of the dynamics of lipid molecules, then the 

formation of Aβ ion channels that perforate the membrane, ultimately disrupting membrane 

potential, ionic and osmotic homeostasis across the cell membrane162–164. These deleterious 

effects of Aβ depend on the identity Aβ peptides and the structure of higher order aggregates, as 

well as membrane composition, structure, and properties19,20,165. Interestingly there are 

differences in the aggregation rates and toxicity of different Aβ isoforms. The most toxic form of 

Aβ is the 42 or 43 amino acid peptides, while Aβ40 is less toxic and aggregates at slower rates. 

Aβ has been shown to directly induce lipid peroxidation in model lipid systems 166, suggesting 
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direct interactions of membrane lipids with Aβ play a role in oxidative stress observed in vitro 

and in vivo. These studies suggest that changes in lipid membrane composition occur in AD and 

may sensitize neuronal membranes to Aβ damage. 

Biophysical studies demonstrate that cholesterol and gangliosides dramatically affect 

amyloid aggregation on model lipid membranes and that this induces severe topographical 

defects, increasing surface roughness, and increases permeability 19,20. Atomic force microscopy 

(AFM) imaging has shown that nanoscale topographical and electrostatic features of cell 

membranes may cause preferential binding of charged Aβ residues and alignment of β-sheets for 

further growth into fibrils20. This was demonstrated when comparing Aβ aggregation on pure 

dioleoyl phosphocholine (DOPC) membranes containing cholesterol with pure DOPC 

membranes alone20. Membrane cholesterol also increases binding of Aβ to the membrane and 

appears to preferentially aggregate on gel-phase domains that are produced from the cholesterol-

induced condensation of lipid molecules161. Other AFM studies indicate that Aβ forms 

multimeric channel-like structures when Aβ is reconstituted into a planar bilayer system, these 

channels were shown to be selective toward calcium ions but were blocked by zinc ions164. This 

information relates the calcium dysregulation observed in vitro and in vivo directly to the 

membrane perforating activity of Aβ.  

The mono-sialic acid containing ganglioside GM1, has been shown to be important for 

oligomeric Aβ binding (but not fibril binding) to the cell membrane which then act as a seed for 

further amyloid binding 159,160,167. The binding capacity of Aβ to model membranes was found to 

be increased with GM1 and cholesterol content, though the binding affinity was unaffected, and 

that binding initiated the transition from α-helix to β-sheet159. The presence of GM1 in the 

membrane increased Aβ binding to model membrane vesicles by a factor of 1.8, which 

corresponded to an increase in membrane permeability of the vesicles by a factor of 2 160. 

Another study by Drolle et al, using the black lipid membrane electrophysiology technique, 

demonstrated in complex neuronal model lipid membranes that mimic healthy and diseased 

neurons that losses in membrane GM1 and sphingolipids (which correlate with AD progression) 

increase susceptibility to Aβ ion currents, an indication of increased membrane permeability and 

damage19. Furthermore, Drolle et al. using AFM performed structural analysis of these healthy 

and diseased neuronal models identifying that those small decreases in GM1 and sphingomyelin 

had pronounced effects on membrane structure and influenced the interaction and penetration of 
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Aβ into the lipid bilayers19. Taken together this suggests that GM1 increases binding of Aβ to the 

membrane, but that insufficient GM1 sensitizes cells to the permeabilizing effect of Aβ possibly 

through loss of MLRs. AFM studies have also revealed a detergent-like effect of Aβ on model 

lipid membranes, where Aβ is suspected to solubilize and destabilize membrane interactions with 

the mica substrate, liberating them from the surface168,169.  

Not only is the outer plasma membrane a target for Aβ, but the mitochondrial membrane 

has been directly linked to oxidative stress and Aβ interactions170–172, with changes in 

mitochondrial lipids in AD173. Lipid peroxidation may be directly induced by Aβ through 

interactions with copper ions, as copper-Aβ complexes can produce H2O2 in the presence of 

reducing agents and O2 166,174, all abundant in the mitochondria. These effects on the 

mitochondria may explain the impaired metabolism and oxidative stress observed in cell studies, 

animal models and AD patients.  

1.4.3 Aβ – Membrane-Receptor Interactions in Alzheimer’s Disease 

Aβ-induced neuronal plasma membrane disruption will inevitably affect signaling 

pathways important for neuron-neuron communication across synapses, due to the high degree of 

membrane surface area across the hundreds of trillions of synaptic clefts in the neocortex and 

hippocampus of the human brain175,176. There are many receptor signaling systems associated 

with dysfunction in Alzheimer’s disease and there is evidence for Aβ interactions with GPCRs, 

neurotrophic factor RTKs, and ion channels118,177–180. Traditionally, AD has been characterized 

by cholinergic dysfunction, with few minimally effective acetylcholinesterase inhibitor drugs 

approved for symptom management in AD 181,182.  Memantine is a potent NMDA receptor 

antagonist that is approved for treatment in moderate and advanced AD, which suggests there is 

evidence of excitotoxic NMDA mechanisms in AD183–185. Serotonin receptor activation has 

recently been shown to restore synaptic function in AD rat models and is associated with age-

related changes in cognitive function186. A variety of important brain growth factor receptors 

have also been shown to be involved in Aβ toxicity such as P75 neurotropic growth factor 

receptor (P75NTR) 187,188 and TrkB receptors117,118,177. Finally, insulin receptor signaling, and 

insulin-degrading enzyme have been found to interact with Aβ and are dysregulated in AD189–191. 

Cholinergic dysfunction is associated with AD and though there are few drugs available 

on the market to improve cholinergic signaling for AD treatment, they are minimally effective 
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181–183. The cholinergic hypothesis of AD suggested that a loss of cholinergic neurons, especially 

the α7 nicotinic acetylcholine receptors (nAChR), and perturbed acetylcholine metabolism in the 

brain was the cause of learning and memory decline in AD patients182,192,193. 

Acetylcholinesterase inhibitors have been approved for use in mild to moderate AD for over 20 

years; they act by increasing the amount of acetylcholine in the brain by preventing acetylcholine 

degradation183. These drugs provide a significant benefit in ameliorating the symptoms of 

cognitive decline for a short time (6 to 12 months) in early AD, although the benefit of long-term 

use is debatable183. The overuse of these drugs in treating AD may be problematic, as many 

patients are kept on acetylcholinesterase inhibitors much longer than is therapeutically beneficial, 

and long-term effects of these drugs are not well-studied183. 

There is good evidence to suggest that NMDA receptor activation is upregulated in AD to 

the point of generating excitotoxicity, which has been related to calcium signaling dysfunction 

and that this is related to the mechanisms of Aβ neurotoxicity39,194. Memantine is a potent 

NMDA receptor antagonist that has been shown to mitigate the symptoms of cognitive decline in 

AD183,195. A recent study has demonstrated that increased NMDA receptor levels in the 

membrane increases Aβ binding to the membrane, suggesting that membrane disruption of Aβ 

can be mediated by NMDA receptor levels in the membrane, which must act as binding sites for 

the toxic aggregates 196. Further studies have shown that various subunits of the NMDA receptor 

can bind Aβ directly 197,198. Aβ also promotes endocytosis of NMDA receptors and in line with 

that observation was shown to reduce NMDA-evoked currents using whole-cell recording197.  

Several GPCRs are known to interact directly with Aβ which modulates their activity. 

One example is the metabotropic glutamate receptor-5 (mGluR5) which has been shown to 

directly bind Aβ in co-immunoprecipitation and competitive binding assays198. Exposure of 

neurons to Aβ may cause mGluR5 to preferentially localize within dendritic spines by reducing 

lateral membrane diffusion of mGluR5 out of the synapse198. This indicates that Aβ accumulated 

at the synaptic membrane modulates receptor trafficking. 

Serotonergic signaling, largely through 5-HT GPCRs, modulates a variety of 

neurotransmitter and neurotropic receptor pathways in neurons. Loss of serotonergic signaling 

has been associated with cognitive decline in aging and AD199. Serotonin signaling has been 

shown to induce changes in cholinergic and glutamatergic signaling122,200–203, as mentioned 
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previously, both of which are implicated in AD. In addition to serotonin modulating 

neurotransmission serotonin receptor activation can also affect the activity of growth factor 

RTKs, including TrkB and PDGF receptors204–206. Activation of 5-HT receptors can have 

neuroprotective benefits against NMDA excitotoxicity in a PDGFβ receptor dependent fashion 

122,200. 

Several neurotrophic growth factor (NGF) receptors are affected by AD and Aβ 

pathology; the most well-known of which is the p75 neurotrophin receptor 

(p75NTR)187,188,207,208, while the TrkB receptor is newly recognized for its potential importance 

in AD118,178,209. Treatment of SH-SY5Y human derived neuroblastoma cell line with Aβ was 

shown to increase membrane levels of the p75NTR receptor208. Aβ has been shown to directly 

interact with the extracellular domain of p75NTR and that neurons that express more p75NTR 

are more susceptible to Aβ toxicity through apoptotic mechanisms and are associated with 

neurite dysfunction187,188. Since P75NTR is a membrane bound protein whose extracellular 

domain binds Aβ, this may increase accumulation on the membrane contributing to the non-

specific mechanisms of Aβ neurotoxicity, though this was not addressed in these studies. The 

p75NTR signaling overlaps with and modulates TrkB receptor activity210. BDNF which activates 

the TrkB receptor has been shown to protective against Aβ, in vitro and in vivo117. Conversely, 

Aβ has been shown to cause dysregulation of TrkB receptors by modifying TrkB isoform 

levels177, reducing the ratio of full-length TrkB to truncated TrkB at the level of mRNA and in a 

calpain-dependent fashion118,178.  

Insulin signaling in the brain has been strongly linked to AD, with some researchers 

suggesting AD could be consider a type 3 diabetes191,211. Aβ competitively interferes with insulin 

and insulin-like growth factor (IGF) receptors and perturbs insulin signaling in that brain211 129 

and is a substrate and competes with insulin for insulin degrading enzyme189,212.  The association 

of impaired insulin signaling in AD may not simply be due to direct Aβ interactions, but may 

also involve inflammation, and lipid dysregulation, which are both linked to brain insulin-

resistance that can occur independent of-, or simultaneously with-, AD pathologies213,214. 

1.4.4 Signal Transduction Pathways Affected by Amyloid-β 

The activation of membrane receptors triggers signal transduction pathways that relay 

information about the cellular environment to the nucleus of cells. Unsurprisingly several 
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proteins in these cell signaling pathways have been implicated in AD and/or associated with Aβ 

toxicity, these include, but are not limited to: ERK1/2, raf-kinase, and phosphatidylethanolamine 

binding protein (PEBP)215,216. These pathways are initiated at the cell membrane, with these 

proteins acting as downstream effectors of the receptor signaling pathways mentioned in the 

previous section. ERK1/2 signaling as been shown to be increased in response to toxic levels of 

Aβ217,218. PEBP has been shown to be decreased in AD mouse models219 and decreased mRNA 

in CA1 region of the AD hippocampus220. PEBP is a cytosolic secondary messenger, and a 

phospholipid binding protein that plays a role in regulating signal transduction from the cell 

membrane acting to inhibit Raf kinase and also acting as a stimulatory protein for hippocampal 

cholinergic signaling221, an important neurotransmitter system for learning and memory.  

1.5 Inflammation and Lipid Metabolic Dysfunction in Alzheimer’s Disease  

The pathogenesis of AD at the earliest stages is not well understood, that is the specific 

cause and effect relationships, although progress has been made. The pathological mechanisms 

of the amyloid cascade, both the production of Aβ from APP and Aβ neurotoxicity, depend on 

membrane structure and composition17,141,222. Thus, a strong case can be made that lipid 

membrane composition and structure may play a role in AD pathogenesis. If this is the case on 

the molecular and cellular level, for it to be clinically relevant there should be evidence at the 

genetic and epidemiological levels. There is such evidence in lipidomic studies which indicate 

differences in brain lipid composition between AD patients and age-matched controls223,224. A 

good candidate for the mechanism of these changes in brain lipid composition is 

neuroinflammation, as this is ubiquitously observed in AD pathology, and inflammation is, in 

part, regulated by lipids and lipid metabolism225,226. Finally, genetic and epidemiological studies 

support the notion that neuroinflammation and perturbed lipid homeostasis are involved in AD 

pathogenesis 18,227. 

1.5.1 Lipidomic Studies of Alzheimer’s Disease  

Changes in brain lipid composition has been observed in AD patients and animal 

models85,223,224.  These changes in brain lipid levels do not speak to the changes at the level of 

specific brain cell types or subcellular structures though some anatomical information is 

available223,224. Overall, the following changes in brain lipid composition have been observed in 

AD patients and animal models, especially in AD sensitive brain regions, for instance: increased 
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ceramide and cholesterol ester levels85,223,224, decreased white matter cholesterol228, depletion of 

polyunsaturated fatty acids and increased saturated fatty acids5,85,229, changes in membrane 

phospholipid content (i.e. phospho-inositol, -choline, -ethanolamine)85,224,230, and in general 

decreases in sphingomyelin and ganglioside levels224,231,232. These changes in lipid composition 

need be considered carefully since brain lipids are found within cell membranes, as much of 

brain lipid content, especially cholesterol, is found within the myelin sheaths formed by 

oligodendrocytes that surround neuronal axons. 

Analysis of brain lipid extracts from autopsy confirmed AD patients indicate increased 

ceramide levels, decreased sphingomyelin, increased cholesterol, and HNE (a marker of lipid 

peroxidation)96. These changes were found in brain areas associated with vulnerability to AD but 

were largely absent in non-vulnerable brain areas96. When looking only at non-AD aged mice 

(25 months) compared to young pups (3 and 6 months) there is an increase in ceramide and 

decrease in sphingomyelin, alongside increased HNE96. This is unsurprising as oxidative stress 

and inflammation are known to increase activity of sphingomyelinases which cleave the 

headgroup of the sphingolipid leaving ceramide in the membrane233. The fact that this was 

observed in non-AD aged mice indicates that these changes in lipid composition can precede and 

can occur independent of Aβ pathology96. Other studies indicate increased lipid peroxidation by-

products and a reduction in unsaturated fatty acids in AD models and AD patients229. These 

changes can be associated with oxidative stress in the brain, and it appears that these changes can 

precede or occur independent of increased Aβ, although Aβ has been shown to cause oxidative 

stress induced lipid composition changes 140,170.  

Several studies have indicated that brain cholesterol content in AD is decreased, likely 

due to loss of myelination228 since cell membranes are expected to become enriched with 

cholesterol because of aging97. Brain white matter contains a large amount of myelin, which 

itself contains 70 to 80% of brain cholesterol234. This may suggest that cholesterol loss in AD 

preferentially occurs within myelin and not necessarily membrane cholesterol, although more 

work is needed in this area. Though lipidomics studies indicate major changes in brain lipids 

with aging and AD, the distribution of lipids amongst the various cell types in the brain, or the 

fraction of lipids within the membranes of each cell type is not well-established and data in this 

area may go a long way to understanding the aging brain. These studies indicate the importance 
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of lipids in AD, but it is hard to draw a causal link between changes in lipids and AD 

pathogenesis. Epidemiological and genetics studies may however provide evidence for the 

causative role for disturbed lipid homeostasis in the initiation of Aβ pathology and thus AD 

pathogenesis.  

1.5.2 Genetic and Epidemiology of Alzheimer’s Disease 

There is a small subset of aggressive AD in the population, accounting for about 5% of 

cases; these are associated with mutations in APP or the presenilin subunits of the γ-secretase 

complex (PSEN1 and PSEN2), called familial AD (FAD) 18,235,236. In FAD, the cause of 

neurodegeneration appears to be directly related to the overproduction of neurotoxic Aβ, either 

because the cleavage site of APP is more susceptible to enzymatic processing, or that the 

secretase activity is greatly enhanced237. Transgenic FAD mice are often used as models for AD 

in  general 238–240, though there are many important distinctions between FAD and the more 

common late onset forms. 

The more prevalent late-onset AD, accounting for 95% of AD cases, have a very similar 

phenotype to FAD with symptoms of impaired learning and progressive memory loss, the 

underlying molecular hallmarks of Aβ and NFTs, although occurring much later in life and 

progressing more slowly18,237. The greatest genetic risk factor for late onset AD is the APOE ε4 

allele, with these individuals developing AD reliably sooner and progressing faster than others 

with other APOE alleles18,241. APOE is the quintessential cholesterol trafficking apolipoprotein 

in the brain242,243. In the last decade, genome wide association studies (GWAS) have identified 

more than 30 genes associated with increased risk for AD24,25,27,244,245. Many of these genetic loci 

are associated with endosomal sorting, cholesterol metabolism and trafficking, immune function, 

protein catabolism, and others that are more directly related to Aβ and tau pathways18,24,25,27. 

Genetic predisposition and/or epigenetic changes induced by lifestyle and environmental factors 

likely combine in some complex interaction to initiate AD cascade, with increasing evidence for 

lipid homeostasis and immune function as primary factors. 

Epidemiological evidence indicates that traumatic brain injury (TBI), systemic infection, 

diet and mental health disorders are linked to risk of developing AD18,129,227,239,246–249. Diets high 

in saturated fat and sugar, sedentary lifestyle and psychosocial stress are common risk factors for 

a variety of metabolic diseases and mental health disorders that are also co-morbidities of 



Chapter 1   Morgan Robinson 

24 

 

Alzheimer’s disease, such as: obesity and type 2 diabetes129,250, along with depression247,248  and 

bipolar disorder249. High-fat diet and high fructose intake are known to cause inflammation-

induced insulin resistance and have been associated with AD239,251–253, while the anti-

inflammatory Mediterranean diet has been shown to reduce risk of AD and thus may be 

neuroprotective254–256. The relationship between lifestyle-induced metabolic syndromes, mental 

health and AD remains unclear but is likely associated with inflammation, oxidative stress, 

perturbed insulin signaling and impaired brain lipid homeostasis.  

1.5.3 Neuroinflammation, Cholesterol and Insulin in Alzheimer’s Disease 

There is an abundance of evidence that neuroinflammation plays a key role in AD, 

occurring alongside many of the co-morbidities discussed earlier. Microglia are resident immune 

effector cells of the brain. Activated microglia are found co-localized with Aβ plaques in both 

AD animal models and human patients257, alongside elevated inflammatory biomarkers in the 

brain and periphery225,226. This is intuitive as Aβ balance in the brain is in large part regulated by 

degradation from microglia and macrophage phagocytosis257–261. Inflammation is also strongly 

related to insulin-resistance in type II diabetes, and this has been shown to disrupt brain 

cholesterol metabolism, linking the observations of impaired insulin signaling and lipid 

metabolism dysregulation to AD 129,262,263. Neuroinflammation appears to act in positive 

feedback with Aβ, where systemic and neuroinflammation causes oxidative stress and perturbed 

lipid metabolism that increases production of Aβ, then the increase in Aβ levels contributes to 

further neuroinflammation and the cycle may run away. A model for this feedback mechanism is 

illustrated graphically in Figure 1.5. 
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Figure 1.5. A feedback model of inflammation, Aβ, and cholesterol homeostasis in the pathogenesis of Alzheimer’s 

disease. Chronic injury and inflammation decrease de novo cholesterol synthesis in brain by acting on insulin. Inflammation 

upregulates ABCA1 cholesterol transporters in microglia, increasing trafficking of ApoE loaded cholesterol from astrocytes to 

microglia increasing TLR sensitivity towards damage associated molecular patterns and sustaining inflammation, in addition 

this reduces available cholesterol for neurons and oligodendrocytes which rely on cholesterol for synaptogenesis and myelin 

formation. Microglia play an important role in synaptic pruning, thus increased microglial activation may tip the balance of 

synaptogenesis and synaptic pruning towards a net loss in synapses. Injury to neurons from inflammation increases Aβ 

production which damages neurons especially through synaptotoxicity decreasing the number of synapses in brain, and which 

further activates microglia triggering positive feedback. Aβ has been shown to decrease cholesterol and sphingolipid production 

in brain, further limiting the cholesterol available for synaptogenesis and myelin, but also acting as a negative regulator of 

microglial activation. Aβ also interferes with insulin signaling in the brain by competing with insulin contributing to these 

overlapping feedback mechanisms. Thus, increases in inflammation causes increased Aβ production which over chronic periods 

of time is a major contributor to AD pathology through lipid mediated mechanisms. 

Proinflammatory cytokines act on brain targets through circumventricular organs by 

diffusion to produce changes in behavior associated with sickness, including weakness, lethargy, 

difficulty concentrating and social withdrawal264. In animals, peripheral injection of exogenous 

LPS, at levels below sepsis induction, induce expression of tumor necrosis factors (TNF) and 

Interleukin(IL)-1 in brain and results in flu-like symptoms and acute behavioral changes which 

cease after treatment264. Animal models of psychosocial stress have indicated that external stress 

induces oxidative stress and depression-like behavior while also increasing production of 

proinflammatory cytokines IL-1, IL-6 and TNF, this subsequently causes a detriment to learning 

and memory with eventual neurodegeneration being observed265. There is a well-known link 

between depression and AD which may occur through mechanisms involving chronic 

inflammation, as it has been observed that patients with severe depression have increased serum 
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proinflammatory biomarkers and the similarities between behavior associated with depression 

and sickness behaviour264. A recent and timely example of this can be seen in Covid-19 patients 

experiencing what has colloquially been labelled “long covid”, which is typically associated 

prolonged respiratory symptoms alongside neurophysiological symptoms of brain fog, 

depression, fatigue, weakness, and impaired concentration which has similarities with AD 

pathology266,267. Or similarly the side effect profile of Covid-19 vaccines, especially the mRNA 

vaccines which induced fever in 13.9% of clinical trial participants268, compared to only 4.8% in 

the Novavax clinical trials269, which is more in line with typical side effects of traditional 

influenza vaccines270. A fever is indicative of a pronounced systemic and neurophysiological 

response from an immunological insult, as fever is triggered by a hypothalamic response. This 

combination of pandemic stress (exacerbated by prolonged lockdowns and economic hardship), 

direct illness from Covid-19, and widespread serious vaccine side effects could thus have far-

reaching consequences on Alzheimer’s disease risk in future. 

Microglia have been increasingly recognized for the role they play in regulating normal 

synaptic function, but in inflammatory conditions may become overactive and detrimental to 

proper synaptic function. Microscopic studies demonstrate that microglia actively probe 

synapses and promote neuroplasticity during brain development271. Precisely what the microglia 

are doing as they probe synapses is not known but early evidence indicates they are able to 

modulate synaptic pruning and synaptogenesis using classical inflammatory signaling involving 

cytokine release and NADPH oxidase activation271. Studies indicate that Aβ can directly activate 

microglia to promote neuroinflammation, as Aβ can act as a ligand for the receptor for advanced 

glycation end-products (RAGE) and the macrophage-colony stimulating factor (M-CSF) 

cytokine receptor272,273. Activated microglia then produce cytokines (TNF-α, IL-1β, IL-6, IL-18) 

and chemokines (IL-8, macrophage inflammatory protein-1α and monocyte chemo-attractant 

protein-1) which further activate microglia and recruit white blood cells across the BBB into the 

brain226. Thus, activation of the neuroimmune system contributes to BBB disruption. 

Mechanisms of microglial sensitization have been proposed to explain how microglia become 

overly sensitized because of chronic neuroinflammation from early life stressors and that this 

increases risk for mental health and neurodegenerative disease later in life274. In this way the 

priming of microglia with repeated bouts of infection and TBI may increase the sensitivity to 

microglia activation and the subsequent response to Aβ and BBB disruption later in life275,276. 



Chapter 1   Morgan Robinson 

27 

 

Cholesterol metabolism in the brain is perturbed by inflammation through reduced insulin 

signaling and insulin-resistance277. Insulin acts on the hypothalamus to regulate lipid metabolism 

in the body and brain277,278, as it activates sterol regulatory element binding proteins that trigger 

the biosynthesis of cholesterol and other lipids 279,280. Cholesterol is synthesized almost entirely 

de novo within the adult brain by astrocytes and oligodendrocytes. Differentiated adult neurons 

lose their ability to produce cholesterol as they mature and rely on trafficking of cholesterol from 

glial cells by ApoE (recall that ApoE isoforms modify AD risk)234,281. Insulin-resistance or 

insulin-depletion in the brains of rodents reduces total synaptic membrane cholesterol which in 

turn limits synaptogenesis, this was demonstrated in both genetic and diet-induced diabetes 

rodent models169. Because immune cell signaling, especially the TLR-4 receptor activation is raft 

dependent124, microglial sensitization can be similarly achieved through increased membrane 

cholesterol content126, and neuronal plasticity requires cholesterol for synaptogenesis, during 

chronic neuroinflammation this may create a situation of insufficient cholesterol to maintain both 

neuronal and microglial processes putting undue stress on synaptic plasticity processes. In 

summary, during inflammation trafficking of cholesterol away from neurons towards microglia 

would limit synaptogenesis of neurons and increase synaptic pruning by microglia which may 

explain the increased sensitivity of neurons to Aβ, and loss of synapses associated with AD. 

Due to the proposed role of cholesterol in AD, clinical studies of cholesterol modifying 

drugs could provide evidence to support or refute this model. Statins are lipid lowering drugs, 

reducing low-density lipoprotein (LDL) containing cholesterol282, used in hypercholesterolemia 

(too much cholesterol in the blood), which is a risk factor for atherosclerotic cardiovascular 

disease (associated with arterial/veinous plaques)283. Statins act by reducing cholesterol 

metabolism by inhibiting β-Hydroxy β-methylglutaryl-CoA (HMG-CoA) reductase activity, this 

enzyme is the rate-limiting step in cholesterol metabolism284. Statin mechanism of actions also 

involve a reduction in vascular and myocardial inflammation, reductions in proinflammatory 

cytokines and C-reactive protein concentrations284,285. It appears that some statins may cause 

mild reversible cognitive impairment at high doses in a subset of patients286,287. Meta-analyses of 

RCTs on statins have also found no effect on cognitive function, though the doses in these RCTs 

was typically lower than what was identified in observational studies to trigger these cognitive 

deficits288. On the contrary some statins have also been associated with a reduction in the risk of 

dementia (as measured by reduction in prevalence)289, for instance a meta-analysis of 
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observational studies suggests a mild protective effect of statins against AD risk290, although 

some studies demonstrate no effect291. However, RCTs of statins in AD patients failed to 

demonstrate any benefit to cognition, although patients with elevated lipid levels were excluded 

from this study and presumptively these patients would have the greatest benefit292. This may 

indicate that reduction of AD risk would be effective if used earlier in life as a preventative 

measure, as compared to a treatment for positive diagnosis of AD later in life. In head-to-head 

comparisons, lipophilic and fungal-derived statins were associated with increased AD incidence 

compared to hydrophilic statins which did not modify disease risk293. In addition, significantly 

higher rate of cognitive  performance deficits was reported by patients using more lipophilic 

statins compared to hydrophilic statins294. Lipophilic statins would have greater BBB permeation 

potential and thus would decrease brain levels of cholesterol more than hydrophilic statins, with 

the reduction in brain cholesterol from more lipophilic statins reducing myelination and 

cholesterol required for synaptic pruning. Thus, statin type, timing of statin use, 

hypercholesteremia and inflammatory status may explain the paradoxical effects of statins on the 

brain. 

1.6 Conclusion 

In AD, the lipid membrane is central to Aβ pathology, both production and toxicity. 

There are many genetic and epidemiological factors related to lipid and cholesterol metabolism 

that are mediators of AD risk including: ApoE isoforms and other genes identified in GWAS, 

lifestyle factors and disease co-morbidities that disrupt lipid metabolism and cause oxidative 

stress and lipid peroxidation. Inflammation is partially regulated by lipid mediators, and chronic 

inflammation is expected to be involved in AD pathogenesis and progression. Both lipid 

metabolism disruption and inflammation can contribute to increasing Aβ production and 

susceptibility to Aβ toxicity. Subsequently, Aβ causes inflammation and also perturbs lipid 

metabolism. This is a positive feedback system with the result being ever increasing 

inflammation, oxidative stress, metabolic dysfunction and Aβ accumulation. By the time 

symptoms have manifested in AD substantial loss of synapses has already occurred, and it is 

likely too late to reverse those losses, more so in the later stages of disease. If this hypothesis is 

correct, it may be necessary to target all three major systems in tandem with anti-inflammatory, 

antioxidant and Aβ targeted drugs, while removing dietary and lifestyle risk factors, prior to 
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onset of symptoms. This requires superior diagnostics to predict individuals at risk of AD prior 

to the onset of symptoms, possibly even decades before symptoms manifest and reversing the 

chronic inflammatory and metabolic dysfunction prior to the triggering of the Aβ accumulation 

feedback loop.  

 The molecular mechanisms of neuronal toxicity in AD involve contributions from each 

of these features (inflammation, lipid metabolic dysfunction, oxidative stress and Aβ), however 

the details are not clear. One of the main open questions is whether membrane structural damage 

or membrane receptor signaling is more consequential in the toxic mechanisms of Aβ, and 

moreover if lipid membrane composition modifies the primacy of these two interactions. 

Because the molecular mechanisms have not be fully elucidated, it is not yet clear which aspects 

are most important to target for disease prevention and treatment. The combinations of small 

molecules, growth factors, brain lipid composition and Aβ reduction that is necessary to prevent 

or cure the disease is not known. Lipid membrane function in physiology is often overlooked in 

favor of a focus on the central dogma of molecular biology: DNA, RNA and proteins as the 

primary mediators of biology function. Though the central dogma is of primary importance, it 

alone is insufficient to explain physiology, mechanisms of disease and life more generally, and 

thus the fundamental role of lipid membranes in compartmentalizing biological phenomena 

cannot be overlooked.  

There are many outstanding big questions in AD research. The failure of Aβ directed 

therapeutics has made some question the central amyloid cascade hypothesis, however, Aβ 

accumulation during AD pathogenesis and the toxicity of soluble oligomers cannot be refuted. 

Therefore, the question that remains to be answered is whether or not Aβ is the primary cause or 

a secondary downstream insult. Moreover, questions remain as to what conditions make the 

brain sensitive to Aβ accumulation, some of these pertaining to the lipid membrane, oxidative 

stress and inflammation have been addressed in this introduction. That being said, the specific 

cellular and molecular mechanism of Aβ toxicity pertaining to specific interactions with 

membrane receptors or non-specific interactions with lipid bilayers remain to be fully elucidated. 

The questions that need to be answered include: 

1. What factors make cells more susceptible to Aβ?  

2. Are non-specific interactions of Aβ with the lipid bilayer or specific receptor 

interactions more important for toxicity?  
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3. Finally, is it possible to design experiments to distinguish between these two 

seemingly distinct pathways (specific vs. non-specific)? 

In this thesis, the effects of melatonin, lipid membrane cholesterol composition and Aβ 

interactions with the lipid membrane will be elucidated at two levels: first, on the nanoscale, 

using AFM to study non-specific interacts on membrane biophysical structure and properties; 

and second, in HT22 cell culture to study the metabolic health, morphology and specific growth 

factor receptor signaling of neuronal cells. In the first part, new contributions to scientific 

knowledge presented here include: furthering the understanding of melatonin interactions with 

the lipid membrane using AFM; presenting the use of a new application of HS-AFM to the study 

of lipid membrane protein interactions. In the second part, a series of experiments on the 

cholesterol-dependent mechanisms of Aβ toxicity in HT22 cells is presented for the first time, 

including MTT cell viability assays, cell morphology, AFM of live HT22 cells for the first time; 

in addition, cell signaling data shows that RTK receptor signaling disruption is not the dominant 

mechanisms of cell toxicity, rather other receptors, or membrane damage is. 
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Chapter 2: Theory of Methods 

2.1 Lipid Membrane Biophysics 

2.1.1 Lipid Preparation for Solution and Topographical Experiments 

The lipid membrane is a basic bilayer structure with hydrophilic headgroups on either 

side of a hydrophobic core of acyl tails. Because of this structure hydrophilic headgroups interact 

to form multilamellar structures at high concentration of lipids, (Figure 2.1). Unilamellar vesicles 

(also called liposomes) are prepared in a simple process of hydrating dried lipids in water or 

buffer and adding energy to break the resulting large multilamellar vesicles into smaller 

unilamellar vesicles, these can then be used for solution-based studies such as scattering 

experiments or fused to a support surface for topographical studies such as AFM (Figure 2.1). 

Broadly, the most popular methods for producing unilamellar vesicles from a polydisperse 

solution of multilamellar vesicles (MLVs) are sonication and extrusion295. Sonication is a 

method by which ultrasonic sound waves are passed through a sample in a water bath, these 

ultrasonic sound waves can deposit enormous local energy at the nanoscopic level within water 

as constructive interference of these waves vibrating through the medium occurs. This breaks 

large vesicles into smaller vesicles. Due to the intensity of the ultrasonic waves, rest cycles 

between bouts of sonication are required, a typical scheme is to sonicate 10 minutes, then let rest 

with gentle stirring for 10 minutes, repeating this cycle until the solution transitions from a 

cloudy/opaque solution to a clear/translucent solution. The time for sonication can vary from 1 to 

8 hours depending on the lipids, buffer, and strength of the sonicator. Typically, sonication 

produces very small unilamellar vesicles between 30 and 50 nm in diameter295,296, though reports 

of vesicles around 150nm have been reported297. Likely this variation is due to the length of 

sonication, where increased sonication times results in smaller vesicles, and lower 

polydispersity298. Extrusion is another method for producing unilamellar vesicle solution. Here 

the multilamellar solution is passed repeated through a filter under pressure, the more times the 

lipid are passed through the filter the greater the monodispersity of liposomes and the less 

contamination with MLVs. These filters typically have pore sizes between 50 and 100nm and 

produce vesicles approximately the size of the pore filter used. For studies with supported lipid 

bilayers, the vesicle solution is added to freshly cleaved mica or other hydrophilic substrate, 
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where vesicle fusion occurs. The vesicles collide with the surface, adsorb, rupture, and spread on 

the surface. These processes are lipid composition, temperature, pH, and concentration depend. 

 

Figure 2.1. Vesicle fusion for producing supported lipid bilayers for surface analysis. Lipids are mixed in solvent; solvent is 

removed by evaporation forming dried multilamellar lipid cakes on the sample container; multilamellar vesicles are produced by 

hydrating the lipid film; then multilamellar solution is sonicated or extruded multiple times to produce a unilamellar vesicle 

solution which can be used for solution-based studies or applied to a solid substrate to form a supported lipid bilayer for 

topographical analysis. 

2.1.2 Atomic Force Microscopy 

The AFM is a powerful tool for characterizing the nanoscale structure of molecules, 

molecular systems and living cells, as well as measuring the mechanical properties biological 

systems from lipid bilayers, to living cells and as a means to measure molecule-molecule 

interactions, all under physiological conditions299–301,66,302. AFM is a mechanical microscope that 

operates by scanning an atomically sharp probe tip in physical contact with a sample across its 

surface, line-by-line in a raster pattern299, generating a topographical image by means of 

mechanical interaction with the surface (Figure 2.2)303. The probe tip is mounted onto a 

mechanical lever that bends under the contact forces from the surface according to Hooke’s law. 

If the force is kept constant by the AFM feedback system, in the case of contact mode or the 

RMS amplitude of cantilever oscillation during tapping mode imaging, then the height profile of 

each line will be extracted as the AFM feedback must move up and down to compensate for 

forces on the probe that correspond to vertical features of the sample surface. The voltage 

applied to the piezo-electric actuator necessary to move the AFM probe up and down can be 

calibrated and converted into a distance measurement to extract the height. This intrinsic 

interaction between the probe and the sample surface can be destructive, therefore optimization 
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of experimental conditions to minimize interaction forces is required, for instance cantilever 

spring constant, probe material, sample preparation, contact force and feedback settings. 

 

Figure 2.2. Atomic force microscopy is a mechanical microscope with an atomically sharp probe tip attached to a 

flexible cantilever that bends according to Hooke’s law. Interaction forces of the probe tip with the sample surface are detected 

by a photodiode detector that measures cantilever bending. A feedback system controls the height of the probe above the surface 

with a mechanoelectrical piezo actuator by maintaining a set cantilever bending corresponding to the force setpoint. 

2.1.3 Atomic Force Spectroscopy and Lipid Membrane Breakthrough Forces 

Atomic force spectroscopy (AFS) is an operational mode of the atomic force microscope 

that operates strictly in the z-direction to directly measure interaction forces between the probe 

tip and the sample surface, rather than being scanned laterally to generate an image. Atomic 

force spectroscopy nanoindentation experiments can be used to study a diverse range of 

materials and biological systems. Nanoindentation experiments measure elastic modulus of 

materials during indentation and adhesive forces between the probe tip and sample surface 

during retraction.  

When applied to lipid bilayers in solution force spectroscopy can be used to break 

through the membrane, the amount of force required is called the breakthrough force. This 

technique allows one to determine the local properties of membrane regions that can be 

correlated with the topography if an image is acquired of the area that is being probed. The 

breakthrough force of the membrane correlates with the integrity and permeability of the 

membrane. A typical breakthrough force curve is represented schematically in Figure 2.3. The 
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breakthrough force is defined as the peak force prior to the breakthrough event (B). The bilayer 

thickness is defined as the difference between the Tip-Sample separation at the membrane 

contact point (A) and the surface of the mica substrate (C). The contact region of the force curve 

is defined by the point where the force first begins to increase upon contact with the top of the 

bilayer and the point at which the probe ruptures the membrane, this contact region can be fit to a 

model to calculate the elastic modulus of the membrane, a measure of membrane 

fluidity/stiffness. The Tip-Sample separation length of the contact region is the indentation 

depth. On the retraction portion of the curve adhesion between the probe and the membrane can 

be extracted, membrane adhesion is an important feature for binding of molecules to the lipid 

bilayer. 

 

Figure 2.3. Atomic force spectroscopy for lipid bilayer breakthrough forces. Left: Force Plot A: Contact Point; B: 

Breakthrough Event; C: Mica contact point; D: Peak Adhesion Force; E: Area under the retract curve is the work of adhesion; 

F: Hertz/Sneddon indentation model fit. Right: Lipid bilayer breakthrough force representation. 

2.2 Molecular and Cellular Biology 

2.2.1 Cell Lines vs Primary Cultures 

Cell culture provides a high throughput and efficient means of studying molecular and 

cellular processes in physiology, pathophysiology, and pharmacology. These cell culture models 

represent a reductionist model for studies of cell signaling, toxicity, metabolism, growth, 

proliferation, and differentiation. Cell culture can model the vast diversity of cell types and 

states, including different subtypes and disease states and even to study cell type interactions in 
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co-cultures. Most mammalian cells are adherent, meaning they require a solid support upon 

which to adhere and grow, though there are exceptions, such as blood cells and cells with certain 

cancerous phenotypes. These solid supports must be treated in such a way as to permit cell 

adhesion, which requires a charged or hydrophilic surface upon which to adhere. More sensitive 

cells may require more advanced biochemical modification with molecular supports such as, 

poly-lysine, collagen, or fibronectin. The solid support upon which cells are plated affect their 

growth and cell properties such as cell stiffness, strength of cellular adhesion and many others.  

In general, there are two classes of cell culture: primary cells that are isolated and plated 

directly from animal tissues; and cell lines that are derived from tissues and immortalized to be 

passaged and replated dozens of times. Primary cultures are harvested directly from living 

organisms, dissociated from their native organs, separated from cell types that are not of interest, 

and then plated into suitable media on appropriately prepared tissue culture plates. These cells 

exhibit phenotype closer to their parental cells in vivo than cell lines, however they are difficult 

to isolate, requiring specialized skills and training to work with and highly susceptible to damage 

during routine culturing. In contrast cell lines are immortalized, being able to replicate 

indefinitely, so are more robust but often lose important characteristics of the native unmodified 

cells due to genetic mutations that are incurred during immortalization and gain properties that 

are not representative of the cell type, most obviously, the ability to replicate indefinitely. The 

difference between primary cells and cell lines can be highlighted by looking at neuronal cells. 

Primary neuronal cultures exhibit complex neuronal electrophysiological properties including 

supporting action potentials and even more complex phenomena such as long-term potentiation 

(LTP), a critical correlative feature of learning and memory. In contrast, neuronal-derived cell 

lines including HT22, PC12, SH-SY5Y cells are scantly used in electrophysiology studies 

because of their lack of electrical activity. The advantages of cell lines are that they can be 

passaged dozens of times, and for all intents and purposes, passaged indefinitely. This makes 

them a more cost-effective alternative to primary tissues and prevents the sacrifice of animals 

which is an important ethical consideration for biological research. In addition, cell lines grow 

much faster improving the efficiency of experimentation by making them higher throughput. 

2.2.2 HT22 Hippocampal Cells 

The HT22 neural cell line was sub-cloned from a previous cell line, the HT-4 cells which 

were derived from primary hippocampal cells of mouse origin304. The original HT-4 cell line was 
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immortalized using a temperature sensitive SV40 T-antigen viral vector which when grown at 

nonpermissive temperatures exhibits neural cell markers such as expression and secretion of 

NGF, exhibit cholinergic properties, and express functional NMDA receptors, while not 

expressing glial differentiation markers305–307. HT-22 cells have enhanced sensitivity to 

glutamate, which makes it useful for studies of ischemic stroke, and have been verified to 

express functional NMDA receptors304,308. HT-22 cells also maintain the cholinergic properties 

of their HT-4 parent cell line, expressing acetylcholine receptor, transporters, and choline 

acetyltransferase309. In addition, HT-22 cells are sensitive to glutamate and Aβ making them 

suitable to studying AD mechanisms310,311. 

2.2.3 MTT Cell Viability Assay 

MTT-assays are a powerful method for studying the metabolic capacity of cells in vitro, 

this correlates with the number of cells and the efficiency of their mitochondria within a 

population of cells. Cells are fed 3-(4,5-diMethylThiazol-2-yl)-2,5-diphenylTetrazolium 

bromide (MTT), a molecule that is metabolized by mitochondrial reductase into the product 

(formazan) to be detected by absorbance using a standard plate reader, this reaction and 

experimental outline is shown below (Figure 2.4). This general strategy can be used to study 

different metabolic pathways in cells by changing the metabolic substrate fed to cells, although 

depending on the metabolic pathway in question other secondary detection reagents may be 

necessary. 
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Figure 2.4. MTT cell viability assay. Cells are fed yellow MTT reagent which is converted to purple Formazan product 

by mitochondrial metabolism. Greater metabolic activity correlates with Formazan production, this can be due to an increase in 

cell count, or a relative increase in metabolic activity relating to mitochondrial health.  

2.2.4 Phase Contrast Optical Microscopy 

Phase contrast optical microscopy principles were developed by Frits Zernike who won 

the Nobel prize in physics for his work. Prior to the invention of phase contrast optical 

microscopy, thin transparent specimens could not be imaged with good image contrast because 

the human eye and camera films are only sensitive to changes in light intensity and to a lesser 

extent frequency neither of which are strongly affected by transparent samples. However, thin 

transparent samples decrease the phase of diffracted light compared to the direct undeviated 

incident light, slowing it down depending on the thickness and refractive index of the transparent 

object, approximately by a factor of ¼. This phase shift can be used to generate contrast by using 

optical devices that create constructive interference between the thin samples and the undeviated 

light, then removing most of the background with a grey light filter, so that amplitude absorbing 

objects appear dark over the background312. The ~1/4 phase shift is not sufficient to cause a 
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substantial change in light amplitude through interference over the direct light background, 

however if the phase difference was ½ there would be greater interference of the diffracted light 

yielding improvements in contrast. By using a phase plate that increases the phase difference of 

the direct undeviated light by ¼, phase differences between the incident light and the sample 

near ½, effectively allowing destructive interference of light amplitude absorbing objectives, 

which appear dark over the background312. This increase in light amplitude (intensity), due to 

phase interference also results in constructive interference creating halo artifacts in the image at 

the boundaries between the sample and the direct undeviated background light. 

New quantitative phase imaging approaches have been developed that utilize well-

defined monochromatic lasers and digital cameras to accurately measure the phase shifts in the 

light at each pixel, and through holographic principles algorithms reconstruct the path lengths 

allowing for true quantitative 3D images, that can provide cell volume and mass data313. Cell 

volume and mass data is important for measuring growth rates and changes in cell morphology, 

which, at its most fundamental level, is the change in mass from one region of the cell (protein, 

lipid, and nutrients) to another region of the cell. This can provide biophysical quantification of 

cell metabolism that is more accurate than simply measuring surface area in the plane of the 

tissue culture plate314,315. 

2.2.5 Fluorescence Microscopy 

In fluorescence microscopy, illumination light absorbed by fluorophores within the 

sample excites them causing the emission of light shifted to a longer wavelength. This emitted 

light from the fluorophore can be isolated with optical filters allowing the fluorophore to be 

imaged separately from the rest of the incident light on the sample. In widefield epifluorescence, 

the most basic form of fluorescence microscopy, the excitation wavelength at the sample is 

achieved with high-powered Zenon Arc lamps, or newer high-powered LEDs. The incident light 

passes through an excitation filter which selects a single wavelength of light upon which to 

illuminate the sample. This filter wavelength is chosen to excite the fluorophore. A dichromatic 

beam splitter after the excitation filter sends the excitation wavelength light through the objective 

to the sample and which is reflected back toward the incident light source instead of traveling to 

the detector while the emitted light is permitted by the beam splitter. Thus, the dichroic beam 

splitter permits only the emitted light from the fluorophore to travel to the detector or camera. 

With this approach one fluorophore is imaged at a time, meaning filter cubes need to be switched 
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each time, however by using multiple fluorophores colocalization experiments can be performed 

to identify interactions between proteins within the cells. 

Fluorophores for all kinds of different applications have been developed with different 

delivery strategies to identify molecules and their location within cells and tissues. Small 

molecule fluorescent dyes that bind specific molecules are a popular means of visualizing 

structures within cells, however they tend to be cytotoxic thus are not useful for live cell 

imaging, such as DAPI (for nucleic acids), phalloidin (for Actin). Another common method for 

fluorescence microscopy is immunocytochemistry which makes use of fluorescently labelled 

antibodies raised against the target of interest, this allows for the quantification and localization 

of the target protein. In immunocytochemistry, cells are permeabilized with detergent, treated 

with antibody and fixed, which does not allow for in situ live cell imaging, and this biochemical 

processing could affect the proteins of interest. One of the most popular approaches makes use of 

molecular genetic engineering to label proteins with green fluorescent protein (GFP) by splicing 

the gene for GFP to one end of the protein of interest. However, with this approach GFP 

conjugation can interfere with the functionality of these proteins, although this can be used with 

live cells given that GFP is non-toxic. Membrane permeable small molecule fluorophores are 

also widely used for a variety of applications in situ including ion sensitive dyes and voltage 

sensitive dyes for studying electronic properties of cells. Hydrophobic fluorophores have also 

proven useful for studying phase separation in giant unilamellar vesicles, or labelling membrane 

microdomains within living cells, with the caveat that small concentrations of these molecules 

can have an impact on lipid phase diagrams.  

2.2.6 Gel Electrophoresis and Western Blotting 

Identification and quantification of specific proteins and their activation state within a 

sample is necessary to understand biological processes. For this purpose, polyacrylamide gel 

electrophoresis (PAGE) is used to separate proteins by their molecular weight which can then be 

identified by Western blot with chemiluminescent or fluorescent label-conjugated antibodies 

(Figure 2.5). PAGE works by running proteins through pores in a gel made of an acrylamide 

polymer network in the presence of sodium dodecyl sulfate (SDS), in all buffers and the gel. The 

samples containing proteins of interest are pipetted into the loading/stacking gel. The proteins 

become charged as the SDS, an anionic surfactant that aids in denaturation of proteins, binds to 

hydrophobic regions, this adds negative charge to the protein. An electric field is applied to the 
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gel which causes the negatively charged proteins to move under an electromotive force. The gel 

acts as a resistor to the flow of proteins. The rate of protein movement through the gel depends 

on the pore size of the acrylamide network. The relative rate at which different proteins move 

through the gel depends primarily on the size of the protein, as SDS concentrations are extremely 

high dominating over the intrinsic charge of the proteins, due to most proteins having a near net 

neutral charge. In effect, low molecular weight proteins will travel faster, and move further down 

the gel compared to the higher molecular weight proteins, separating the proteins in the sample 

by their size. A ladder, or size marker, is typically used to help in the identification of proteins 

(first lane on Figure 2.5). 

 

Figure 2.5. Western blot has two primary stages first proteins in a sample are separated by weight using SDS-PAGE then second 

the proteins are transferred to a polymer membrane (nitrocellulose or PVDF) where specific proteins are identified using 

chemiluminescent or fluorescent labelled antibody in the immunoblotting (Western Blot) stage, with brighter signal indicating 

higher levels of signal. A protein ladder containing stained proteins of known molecular weight is typically included in gel 

electrophoresis to aid in identification of different proteins. 

2.2.7 Lipid Extraction and Lipidomics 

The Folch method for lipid extraction is a solvent/solvent separation method where 

hydrophobic lipids are separated from the hydrophilic components of the sample through the two 

phases: water and solvent. In the Folch method, cell or tissue homogenate is mixed at a 1:20 (by 

volume) ratio in 2:1 chloroform/methanol solution (v/v). This is then washed with 0.2 

equivalents of 0.9% NaCl solution. This results in a two-phase system with the top phase is 

mostly water and methanol which contains polar compounds, and bottom phase is mostly 

chloroform with non-polar lipid compounds. Phospholipids, sterols, and glycerides would end up 

in the bottom solvent phase, while there would be a mixture of highly polar lipids, like 

gangliosides, in each phase. 
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Lipidomic profiling of the gross extracts from cells and tissues informs the effects of lipid 

metabolism during physiological and disease processes. There are different methods to identify 

and quantify lipid composition using a variety of methods including biochemical assays, liquid 

chromatography, and NMR. Biochemical assays can be used to detect specific lipids in a sample 

and are particularly useful for measuring broad classes of lipids, such as sphingolipids or 

cholesterol. The cholesterol oxidase assay is a popular assay for quantifying total cholesterol and 

cholesterol esters. Lipid extracts are treated with cholesterol oxidase and/or cholesterol esterase 

which produces H2O2 in stoichiometric quantities that can be detected with the use of 

commercial detection reagents such as AMPLEX Red plus horse radish peroxidase. NMR is also 

a useful strategy for quantifying characteristics of lipid profiles such as the degree of 

saturated/unsaturated fatty acids within a sample. The most recent advances in lipidomics rely on 

spectroscopy combined with chromatography, such as liquid chromatography coupled mass 

spectroscopy (LC/MS), gas chromatography MS (GC/MS), and LC tandem MS (LC/MS/MS). 

This allows more detailed lipidomic data to be extracted from a sample even down to the fatty 

acid and even its position on the glycerol backbone. 
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Chapter 3: The Effects of Melatonin on the Structure and Breakthrough 

Forces of Phase Separated Supported Lipid Bilayers by Atomic Force 

Microscopy 

3.1 Introduction 

Melatonin is an important hormone that is best known its role in regulating circadian 

rhythms in mammals316,317. Melatonin levels decrease with age and even more profoundly with 

the progression of Alzheimer’s disease (AD) compared to age-matched controls, noting that 

melatonin level decline precedes symptomatic disease and that AD is associated with sleep 

disturbances318,319. Currently, there is no cure for AD and novel therapeutics to slow disease 

progression have been controversial, highlighting the need for deeper understanding of basic AD 

mechanisms and therapeutics52,320. AD is characterized by the aggregation of extracellular 

amyloid-β (Aβ) plaques and intracellular neurofibrillary tangles of aggregated tau protein321. 

Amyloid aggregation has long been known to disrupt lipid bilayer function by inducing 

membrane defects, increasing membrane permeability, and disrupting membrane-receptor 

signaling and membrane potentials19,20,164,167,322. This disruption of the lipid structures by 

amyloid then results in disrupted cellular metabolism, oxidative stress, and lipid peroxidation87. 

Here lipid membrane composition and small molecules that can protect the membrane could be 

important for their effects on membrane structure, properties and protection from Aβ damage. 

For example, in complex model membrane systems that mimic healthy, and disease neuronal 

membranes developed in Drolle et al. 2017, lipid composition associated with advancing AD 

increased susceptibility of the membranes to Aβ damage19. There it was shown that membrane 

damage resulting from decreases in sphingolipids in model membranes were associated with 

nanodomain structure and interactions with Aβ at the structural level19. For this reason, the 

restoring or preventing deleterious membrane nanodomain structure could be important in the 

mechanisms of Aβ. 

Melatonin is useful for reducing the AD-related sleep disturbances, but is not effective in 

slowing or improving learning and memory in symptomatic AD, though its role as a preventative 

therapy before symptoms is yet to be tested thoroughly318. Melatonin has been shown to improve 

learning and memory in rodent models of AD and has been shown to protect cultured neurons 
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and cell lines from Aβ toxicity240,323–326. The protective effect of melatonin was shown to be 

independent of melatonin receptor activation325, as melatonin ligands with no antioxidant activity 

were unable to protect cells from Aβ. This suggests that non-specific properties of melatonin are 

responsible for its protective effects, such as its antioxidant, anti-Aβ aggregation, or perhaps its 

effect on membrane structure and properties240,323,324,327–329. The effect of melatonin on the 

nanoscale domains may explain its protective effect. 

Melatonin is amphipathic (logP ~ 1.6, with a maximum aqueous solubility of 400μM), as 

such it can partition into hydrophobic compartments within cells such as lipid droplets and 

bilayers; this has been confirmed by several studies that indicate melatonin can incorporate into 

phospholipid systems including micelles, bilayers and multilamellar lipid layers 330–335. The 

ability of melatonin to partition into lipid bilayers has been shown to influence the properties of 

lipid bilayers, decreasing membrane thicknesses, increasing membrane compressibility and 

fluidity100,104,333,336. Molecular Dynamics (MD) simulations of melatonin with lipid bilayers 

suggest that melatonin partitions preferentially into the region of the lipid bilayer between the 

headgroup and fatty acid tails, while NMR and IR spectroscopy has shown preference for lipid 

headgroups in inverted micelle systems330,333. Melatonin has also been shown to counteract the 

stiffness that cholesterol induces in lipid membranes336. More recently, the effects of melatonin 

on complex lipid models composed of three or more lipid types have been studied that reveal 

melatonin influences phase separation and membrane microdomain structures, these studies were 

done with neutron scattering and NMR methods which do not reveal the structure of the 

nanodomains directly331,335. In summary, most of these studies involve studying only a single 

lipid model and have not explored the effects of melatonin on the nanoscale domains. In this 

chapter, the effects of melatonin on the structure of nanodomains using AFM for the first time 

will be presented, then the structure of the lipid membrane will be correlated with the 

nanomechanical properties such as breakthrough forces and bilayer thickness. Although more 

complex 5 component models have been developed earlier in Leonenko's lab (Drolle et al, 

2017)19, the domain structure in these membranes is very complex and the domain size is very 

small. Thus, in order to address the role of domains in melatonin action, in this work we selected 

a simpler 3 component lipid model which shows characteristic nanodomains and suitable to 

follow their changes upon melatonin insertion.  
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3.2 Materials and Methods 

3.2.1 Materials 

Cholesterol, powder. Sigma Grade ≥99%. 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC, powder. >99% (TLC)). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, powder. 

>99% (TLC)). Chloroform for HPLC, ≥99.8%, amylene stabilized MilliQ ultrapure water 

(deionized to a resistivity of 18.2 MΩ·cm). Milli-Q water (resistivity > 18.4 MΩ.cm). N-acetyl-

5-methoxytryptamine (Melatonin, powder, ≥98% TLC). 

3.2.2 Vesicle Fusion 

Sonication was used to create a homogenous vesicle solution suitable for deposition. 

Briefly, DOPC/DPPC/Chol were solubilized in chloroform then mixed to make a weight ratio of 

2:2:1. Chloroform was evaporated under a dry nitrogen stream to produce a thin film of 

multilamellar lipid bilayers. The lipid films were then hydrated with MilliQ water to a 1.0 mg/ml 

solution. The hydrated lipid solution was processed through multiple rounds of sonication and 

magnetic stirring at 10-minute intervals, for 2 cycles past the point where small uniform vesicles 

(SUVs) are formed as indicated by solution clarity, about 9 to 12 cycles or 3 to 4 hours. This 

SUV solution was then added to freshly cleaved mica in a JPK liquid cell and left to incubate at 

room temperature for 1 - 2 hours to produce a SLB. The SLB was then rinsed gently with 3 ml of 

MilliQ water, maintaining hydration throughout. After imaging and force spectroscopy 

measurements on control DPPC/DOPC/cholesterol bilayers 400µM solution was then added to 

the liquid cell for two hours of incubation followed by imaging and AFS procedures were 

repeated to compare with controls. 

3.2.3 Atomic Force Microscopy 

Atomic force microscopy images were collected using intermittent contact mode in liquid 

(JPK Nanowizard II). AFM tip was loaded on an electrostatic discharge (ESD) mat. Triangular 

AFM probes with a high resonant frequency and low cantilever stiffness (nominal frequency: 50 

kHz, and spring constant: 0.3 N/m) were used, qp-BioT/AC AFM tips from Nanosensors (radius 

< 10nm). The optical microscope was used to locate a marked position on mica substrate (on the 

bottom side of the mica) — this allows the same local region to be imaged/probed before and 

after melatonin incubation to prevent variability associated with large scale sample variation ~ 
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than 100µm × 100µm. The sample is then left to reach thermal equilibrium on the AFM stage, 5-

15 minutes. The AFM probe was engaged to approach the surface, and feedback controls were 

optimized with integral and proportional gains, resonant frequency, and photodiode signal. For 

statistics, scans of three different regions (4x4 µm each) per sample to ensure sufficient variance 

in membrane topology/morphology and verify the reproducibility of the membrane features 

before breakthrough forces using AFS were done. To analyze images minimal processing was 

done in JPK Data Processing software such as interpolating line defects, polynomial plane/line-

fitting, and/or low pass filtering (no greater than 10 nm smoothing in slow and fast scan 

directions). Image statistics were computed using JPK Data Processing software such as surface 

roughness, 1D raw data histograms, and arbitrary line cross sections. 

3.2.4 Force Spectroscopy 

We used the standard calibration of the spring constant with the thermal noise method, 

and the contact region of the extend curve to calibrate the sensitivity337. These values are verified 

at the end of the experiment day on a clean piece of mica, with variation of approximately 1%. 

After calibration, AFS measurements were performed. During these measurements, the probe is 

lowered to the surface, upon contact with the surface tip-sample interaction is recorded to create 

a graph of the vertical deflection of the cantilever bending on one axis (this corresponds to the 

force on the probe via the sensitivity measurement), while vertical position above the sample is 

recorded on the other (see Figure 2.3 for representative plot). In each of the imaged regions, 

extension and retraction force curves were collected — 500-900 points. A retract and extend 

speed of 1 µm/s is used throughout.  

The resulting extension force curves were first parsed with JPK data processing software, 

discarding non-standard curves. A linear fit is subtracted from the baseline offset of the vertical 

deflection, next a linear fit along the straight regime of the section from contact to breakthrough 

point, this accounts for contact-point offset of the vertical tip-position. Lastly, height correction 

due to cantilever bending is done by cantilever deflection subtraction from the piezo height. JPK 

software was used to compute the elastic modulus of the contact region of the force curve. 

Sneddon/Hertz model for a parabolic indenter was used and is appropriate based on qp-BioT tip 

geometry and indentation depths that are comparable to our tip radius. This reasoning stands 

because in softer materials the initial parabolic shape has a small contribution to total contact 
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area and thus the tip can be approximated to be conical in shape. Adhesive forces and work of 

adhesion were extracted from the retract curves using JPK/SPM data processing software. In-

house breakthrough force script was used to extract breakthrough force, indentation depth, and 

bilayer thickness, points A, B and C on Figure 2.3. 

Breakthrough force, indentation depth, bilayer thickness and elastic modulus statistics 

such as means, standard deviations were calculated and tested by 1-Way ANOVA to assess 

statistical significance. The resulting histograms of the nanomechanical parameters were also 

plotted and fit to bimodal gaussian distributions, these distributions were compared using most 

probable values (location of the histogram fit peak), and the proportion of the area under the 

distribution fit using Origin Pro 2021 multipeak fit analysis. 

3.3 Results and Discussion  

3.3.1 Atomic Force Microscopy  

When a multicomponent lipid bilayer is phase separated, wherein one component is in the 

gel phase and the other in a fluid phase, the gel or liquid ordered(LO) phase lipids protrude above 

the liquid disordered (LD) more fluid domains, resulting in variable bilayer thickness on the scale 

of approximately 0.5-2 nm depending on the lipid model (Figure 3.1)74,331,338. This distinction 

appears because of differing lipid melting temperatures and a hydrophobic mismatch of phases 

which has an unfavorable energy state, causing domain formation—thereby reducing 

hydrocarbon surface area exposure to hydration layers of water74. Cholesterol content is enriched 

in the LO domains and is proportional to lateral ordered domain size63,339. DOPC has a transition 

temperature at -16.5℃, leaving it in a LD phase at room temperature, while DPPC has a 

transition temperature at 41.3℃ giving it a LO state at room temperature63. For all experiments in 

this study DPPC/DOPC/Cholesterol at a weight ratio of 40:40:20 (~1:1:1 molar ratio) was used. 

This model was chosen because of the well-established phase separation and known miscibility 

transition temperature of 29°C from Veatch et al., (2003)63. In Figure 3.1, incomplete bilayer 

coverage on mica is shown with cross section of the lipid bilayer revealing a bilayer height of 

between 5.5 to 6.4 nm and domain heights between 0.6 to 0.9 nm. 
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Figure 3.1. Incomplete coverage for DOPC/DPPC/Chol Bilayer, with bilayer and domain cross section. Bilayer 

thickness is 5.5 to 6.4nm, with difference between ordered and disordered domains of ~0.6 to 0.9 nm, 4×4 µm image. 

After exposure to melatonin the model membrane undergoes striking visual changes 

illustrated in Figure 3.2 in ~ 45% of independent lipid experiments (4 out of 9 experiments). In 

the other 5 out of 9 experiments, little (2) to no changes (3) in membrane surface structure were 

observed. Therefore, only images with dramatic changes and excellent image quality were 

analyzed rigorously. The control shows a phase separated lipid bilayer structure with nano and 

microscale lateral heterogeneity, taller LO domains in gold and lower LD domains in dark brown 

(Figure 3.2). 1D data histograms from the raw image data were produced for each image to 

extract height differences between domains and domain surface area extent shown in Figure 3.3. 

The first peak is the most probable plane leveled height corresponding to the disordered 

membrane regions, while the second peak is the most probable plane leveled height 

corresponding to the ordered membrane regions. Domain height differences were extracted by 

taking the difference between the most probable heights between gaussian peak fits on the 1D 

histogram plots. Domain extent was measured by the area under each gaussian peak fit and 

represented as a ratio of disorder to order area (AD/AO). The mean height difference between the 

ordered and disordered domains for Control DPPC/DOPC/Cholesterol membrane was 0.63 ± 

0.09 nm, which was not statistically different from DPPC/DOPC/Cholesterol with melatonin 

which had a height difference of 0.62 ± 0.07 nm (n = 4, N = 12). The lack of effect on the height 

difference between the two domains could indicate either equivalent incorporation of melatonin 

into each phase, or if accumulation of melatonin is preferential in one domain region, then there 

must be rearrangement of lipids between the different phases to offset any effect on the height 
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differences. 

 

Figure 3.2. Atomic force microscopy images of melatonin effect on DOPC/DPPC/Cholesterol membrane (40:40:20): 

Left – control; Right – after 2-hour 400µM melatonin incubation, image scale 4 µm x 4µm, cross sections shown in blue on 

image. 

The most striking effect on the membrane after melatonin incorporation was the 

significant loss of surface area in LO domains to surrounding LD domains (Figure 3.2 above). The 

area ratio (AD/AO) before melatonin incubation was 0.74 ± 0.15 (or 42.2 ± 4.8 % disorder region 

per image) and after melatonin was 1.26 ± 0.27 (or 55.2 ± 5.2 % disorder per image) p < 0.001. 

This agrees with several studies that suggest melatonin increases membrane disorder, fluidity 

and decrease in bilayer thickness by melatonin, in contrast to cholesterol which tends towards the 

opposite effects, thus resulting in higher percentage of LD domain coverage104,333,335,336,340. 

Whether there is more incorporation of melatonin into the disordered domains of the bilayer or 

ordered domains is less clear from these images. There appears to be additional increase of LD 

regions within the centers of LO domains which indicates that melatonin can localize within the 

zones of highest cholesterol concentration, this likely involves competitive process that have 

previously been suggested from NMR studies, Langmuir compression isotherms and molecular 
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dynamics simulations where melatonin has been shown to oppose the effect of cholesterol on the 

compressibility and phase transitions of cholesterol containing membranes 335,336,340. The 

possibility of melatonin incorporation and competition with cholesterol domains can occur 

because of hydrophobic effects driving melatonin into the bilayer, there is an overlap in lipid 

affinity, where melatonin interactions predominant with the lipid headgroups competing for 

hydrogen bonding with cholesterol340. Melatonin has also been shown to stabilize nano and 

micro scale domains and induce phase transitions by increasing relative disorder of domains 

enriched in unsaturated lipid tails331 – this was suggested to be due to preferential interactions 

with the unsaturated lipid POPC in a similar POPC/DPPC/Cholesterol system by NMR335. This 

may in part explain the resulting increase in LD bilayer regions observed here, though it cannot 

be ruled out that equal amounts of melatonin are in each phase based on this work.  

 

 

Figure 3.3. Representative 1D histogram of height data in DPPC/DOPC/Cholesterol membrane control and after melatonin 

incubation for 2h at 400µM with Gaussian Bimodal Distribution Fit. The estimation of extent of each domain is represented by 

the area under each corresponding peak fit, first peak for disordered (LD) and second peak for ordered (LO). The results of the 

surface area ratio and height difference n = 4; (N=12); Melatonin increases surface area of the LD phase over the control by 

30.6 % ***p < 0.001, T-test. 

3.3.2 Atomic Force Spectroscopy – Breakthrough Forces 

Atomic force spectroscopy (AFS) is a unique nanotechnology tool for molecular and 

cellular biology as well as material sciences, that can allow for nanomechanical mapping of a 
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sample. In biological applications AFS is used to measure single molecule protein-protein 

interactions311,341, cell-cell interactions342, and the mechanical properties of biofilms and living 

cells343. The mechanical properties of lipid bilayers can also be studied with nanoscale precision 

allowing the measurement of the breakthrough force, bilayer thicknesses, elastic modulus and 

adhesion forces344,345. When AFS measurements are made after imaging a region of interest 

mechanical information can then be correlated with the topographical map. These membrane 

mechanical properties depend, not only on the material properties of the membrane, but also on 

the cantilever and probe properties in particular the cantilever spring constant, and probe 

geometry345. The breakthrough force data of SLB provides several important parameters of the 

nanomechanical properties of lipid bilayers that relate to- or correlate with- important biological 

phenomena such as membrane stability/integrity, permeability, fluidity, and adhesive properties. 

For example, a reduction in membrane thickness with increasing cholesterol content in DOPC 

bilayers correlates with decrease in membrane permeability346. Also, the elastic modulus of lipid 

bilayers is often used as a measure of membrane fluidity. Figure 3.4 shows a representative lipid 

bilayer breakthrough force curve and illustration of the AFM bilayer system. 

It is frequently observed that even small variations in temperature, lipid ratio, and tip 

radius can present challenges in terms of increasing sample to sample variability of the final 

supported membranes 66,344,347,348. The importance of a measuring out precise and consistent lipid 

ratio during preparation is paramount as morphology of phases is heavily dependent on 

cholesterol content and small variations in cholesterol can lead to large changes in nanoscale 

topography339. To ensure proper sample preparation and vesicle fusion into a complete 

symmetric bilayer with large-scale homogeneity, considerations about the structure of lipids at 

time of deposition, pH and ionic strength of solution, electrostatic interactions, and surface 

properties of the support are important347,348.  

The choice of AFM tip and cantilever and the variation in tip geometry will influence the 

quality and consistency of the data. For imaging applications in liquid, the cantilever needs to 

have a sufficiently high resonant frequency but with low Q characteristics, which affects the 

force resolution and is related to the optimal force constant. The force constant is also important 

to achieve reasonable deflection when indenting samples for force spectroscopy. The larger the 

tip radius, the smaller the maximum stresses on the material in the area, therefore reducing 

probability of inducing plastic deformation of the membrane structure345. It is important to pay 
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attention to the sample deformation in soft samples, since tip-sample contact geometry can 

change with increasing penetration, though for SLBs the indentation region is between 1.5 – 2.5 

nm so that for very sharp probes little changes would be expected. In addition, a probe with a 

larger radius will be less discriminant at the tip-sample interface between LO and LD domains, 

which may be a consideration for very small domains, or for very large probe tips. Additionally, 

limitations in obtaining a precise value for the elastic modulus lie in accurately determining each 

domain’s Poisson ratio, which was assumed to be 0.5 for both phases in this study as is common 

for bilayer measurements), though it may be expected that there are small differences of less than 

5% here between ordered and disordered domains. Changes in tip geometry during AFS 

measurements due to high contact forces causing blunting or the adsorption of organic molecules 

onto the tip may change tip geometry and interaction with the bilayer, as time progresses during 

an experiment there is an increased likelihood of damage or contamination to the probe. Because 

of the experimental design here, the influence of melatonin was measured on the same sample 

and similar region as controls, thus it is expected that there is increased risk of changes to the tip 

for melatonin vs control. Generally increasing the tip/sample contact area would be expected to 

cause an apparent increase in the breakthrough forces and would overestimate the elastic 

modulus, while bilayer thickness would not be expected to change with tip 

damage/contamination and indentation depth would be also less sensitive to changes. Moreover, 

AFS measurements at the boundary between the ordered and disordered phases may generate 

additional sources of error as the tip sample contact area in these locations would be asymmetric 

and may not fit the assumption of the Sneddon parabolic indenter model.  

Breakthrough force analysis of the samples wherein visual changes from melatonin were 

evident are summarized in Table 3.1 where the means of the breakthrough force, bilayer 

thickness, indentation depth, elastic modulus, adhesion force and work of adhesion for n = 3 

independent atomic force spectroscopy sample preparations with N=2100 total force curves per 

sample condition (each for control and melatonin). One of the independent experiments was 

excluded due to non-physical mechanical parameters, which could have been due to probe 

damage or AFM calibration error. Statistical significance was assessed between the membranes 

before and after melatonin incorporation for the global means. Then statistical significance was 

applied separately to the best bimodal gaussian fits for the nanomechanical parameter 

distributions and the most probable nanomechanical parameters for the disordered and ordered 
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domains where extracted. This captures both the effects of melatonin on the general bilayer 

properties and each set of domains separately. Because of the small size of the domains 

following melatonin treatment, the force volume analysis did not allow us to distinguish between 

LO and LD domains therefore force curves were averaged between domains, representing a 

technical limitation of analyzing nanodomains. 

 

Table 3.1. The nanomechanical effects of melatonin on phase separated DPPC/DOPC/Chol membrane, mean ± SD, 

*p<0.05. 

 Extend Curve Retract Curve 

 

Breakthrough 

Force 

(nN) 

Bilayer 

Thickness 

(nm) 

Indentation 

Depth 

(nm) 

Elastic 

Modulus 

(MPa) 

Adhesive 

Force 

(nN) 

Work of 

Adhesion 

(10-17 J) 

Control 4.4 ± 2.7 6.2 ± 0.1 2.07 ± 0.20 249 ± 132 3.7 ± 2.6 2.8 ± 2.4 

Melatonin 4.1 ± 2.2 5.9 ± 0.1 1.77 ± 0.19 228 ± 112 3.2 ± 2.2 1.9 ± 1.6 

% Difference 3.8 ± 9.8% *2.7 ± 0.5% *14.5 ± 5.7% 5.4 ± 6% 16 ± 12% *31 ± 13% 

 

The average breakthrough force value trended towards a reduction however the result 

was not statistically significant across the three independent samples, in 2/3 independent 

experiments breakthrough force was reduced by ~ 10% whereas in 1/3 experiments breakthrough 

force was increased by ~10%. When looking more closely at the distribution of breakthrough 

forces (Figure 3.4), melatonin causes an increase in the difference between the ordered and 

disorder phases, implying melatonin is reducing the overlap in the force required to rupture each 

of the membrane phases; this can be seen that the control distribution fits a single gaussian curve 

whereas with melatonin present a bimodal gaussian distribution is apparent. In a sense melatonin 

increases the contrast between domains in terms of the breakthrough forces, this is analogous to 

what was previously observed in NMR experiments of POPC/DPPC/Cholesterol containing 

membranes335. 

The average overall bilayer thickness was significantly reduced by 2.7 ± 0.5%, although 

the reduction was not statistically significant for each domain separately. From previous neutron 

scattering work, it was shown that melatonin decreases the thicknesses and increases chain 

disorder in DPPC and DOPC membranes, in contrast to cholesterol which has the effect of 
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increasing chain order and thickening the membrane 333. In this previous work, DOPC 

membranes with 9% and 28% melatonin the bilayer thicknesses were reduced from 5.13 nm to 

5.01 and 4.91 nm respectively (2.3% and 4.3% difference), while for DPPC bilayer thicknesses 

were decreased from 5.63 nm to 5.5 and 4.9 nm (2.3% and 13%)333, this suggests a greater effect 

of melatonin on the DPPC lipid bilayer, likely due to DOPC bilayer having greater chain 

disorder and more room laterally for melatonin to occupy without influencing bilayer properties. 

This correlates with the trends that were observed in this AFM/AFS study, where bilayer 

thickness of the disordered phase (enriched with DOPC), decreased by only 1% compared to 

3.8% for the ordered domains (enriched with DPPC). So, it seems the ordered domains are more 

influenced by melatonin, but the amounts of melatonin in each phase remain unclear. 

A similar trend between indentation depth and bilayer thickness was observed, where 

melatonin reduced the indentation depth of the probe tip in the membrane across the entirety of 

the membrane 14.5 ± 5.7% (p<0.05). The bimodal distribution fits however were not 

significantly different in their most probable peak fits (in part due to inter-sample variability), 

but also implying equivalent decrease in indentation depth across each domain, 9.1 ± 9.1% for 

the disordered domain, and 17.7 ± 13.8% for the ordered domains. Thus, melatonin thins and 

decreases penetration depth into the lipid bilayer. 

Finally, with the elastic modulus there was not a statistically significant effect of 

melatonin exposure for the global mean, however a statistically significant decrease of 14.6 ± 

2.8% in the most probable elastic modulus of the disordered membrane region was measured. 

This suggests that melatonin is softening the disordered membrane domains to a greater extent 

than the ordered domains, this may also be attributed to the increase in the proportion of 

disordered membrane domain coverage. As has been shown in previous work Melatonin has an 

inverse relationship to cholesterol in terms of its effects on area per lipid molecule and 

compressibility of lipid membranes — melatonin increases the area per lipid and elastic 

compressibility and cholesterol decreases these parameters333,336. Based on these new data this is 

confirmed that melatonin has an effect to increase membrane fluidity, with contributing factors 

from the increase in proportion of disordered membrane phases and the increase in the elastic 

modulus of the disordered membrane phase. 
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Figure 3.4. Histogram of nanomechanical properties of bilayer from breakthrough force plots: bilayer thicknesses, 

breakthrough forces, indentation depth and elastic modulus. Histograms were the mean shifted average of n=3 independent 

samples, total of N=2100 force curves. In general, melatonin decreased bilayer thickness, breakthrough forces, indentation 

depths and the elastic modulus of the disordered phases. 
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Adhesion is a very important property for membrane function especially in the context of 

AD, where Aβ is known to bind to and disrupt membrane structure. It has been observed that Aβ 

can bind preferentially to LO or LD phase domains depending on the lipid model and perhaps 

aggregation state of Aβ161, and that lipid rafts and membrane microdomains (which are often 

modeled biophysically as ordered gel phase domains), play a critical role in the mechanisms of 

Aβ production, aggregation and toxicity17,141. From the adhesion data, histograms shown in 

Figure 3.5 above, these data indicate that melatonin reduces the work of adhesion by 31.1 ± 

13.4% (p<0.05), and trends towards reducing the adhesive forces (16.2 ± 12.5%, though not 

significant) between the probe tip and the lipid bilayer. This may imply that a membrane 

saturated with melatonin would be less susceptible to Aβ binding and thus less susceptibility to 

Aβ toxicity. At melatonin concentrations between 0.1 to 1.0 millimolar, melatonin molecules 

have been shown to incorporate into the lipid membrane and increases membrane fluidity; with 

molecular dynamics simulations suggesting that the melatonin orients parallel to lipid tails in the 

headgroup region100,333,336. In previous NMR experiments using a three-component 

POPC/DPPC/Cholesterol system, it was found that perdeuterated POPC tails were more 

susceptible to transitioning into a phase coexistence with the addition of melatonin than the same 

model comprised of fully deuterated DPPC, suggesting a greater interaction between the more 

disordered asymmetrically unsaturated lipid and melatonin. Taken together with the results here, 

specifically that LD membrane regions have significantly lower elastic modulus after melatonin 

exposure, it adds more evidence to the idea that these disordered regions are indeed more 

susceptible to influence from melatonin, which appears to occur with other small amphiphilic 

Figure 3.5. Histogram of adhesion force and work of adhesion. Both distributions are significantly shifted to the left indicating 

that melatonin reduces adhesive forces between the lipid membrane and the AFM probe. 
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molecules, both endogenous signaling molecules (like neurotransmitters), pharmaceutical 

compounds and drugs347,349,350. 

The effect of melatonin to increase the extent of the LD domains of lipid bilayers by AFM 

is similar to an effect observed for serotonin in a report by Dey et al. (2021)350. In that report, 

serotonin was observed to cause disordering of ordered domains in a lipid bilayer composed of 

DOPC, sphingomyelin and cholesterol at a 2:2:1 ratio. Visually similar to what is reported here 

for 45% of samples prepared from powder. Notably they also reported a decrease in the bilayer 

indentation force, which was not significant in our study, though the trend was in the same 

direction. DOPC has two unsaturated fatty acid tails and thus is highly susceptible to oxidation, 

which can trigger a chain reaction of lipid peroxidation that can travel within the plane of the 

membrane. The variability in the effects of melatonin may be influenced by temperature (which 

was not carefully controlled), and/or changes in lipid composition as a result of oxidation.  

3.4 Conclusion  

In this work the effects of melatonin on the domain structure of complex phase separated 

lipid bilayers was studied by AFM and AFS breakthrough forces for the first time. The 

composition of our lipid model is simple compared to biological neuronal membranes (which are 

composed of many hundreds of different lipids), but more complex than models frequently seen 

in literature which are commonly composed of one or two lipid types. The DOPC/DPPC/Chol 

model has the added complexity of phase segregation into LO and LD phases in ambient 

conditions. Cholesterol affects fluidity and mechanical stiffness of membranes as well as the 

lateral domain structure. These are important factors in cholesterol dependent cellular processes 

and have been implicated in AD pathology and Aβ toxicity. The interaction of melatonin and 

other small molecules with cholesterol containing membranes is thus important for furthering our 

understanding of cell processes.  

Based on these preliminary data, the inconsistency in the effect of melatonin on the SLBs 

may point to issues in sample preparation from dry powder or controlling for environmental 

factors like temperature. Sometimes we observed these changes, in 4 out of 9 experiments, while 

only minor changes were detected in 2 out of 9, and the remaining 3 no discernable changes were 

found. This effect could be due to lipids prepared from dry powder which may be more 

susceptible to oxidative damage, as they require an additional processing step (weighing) and are 
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directly exposed to air, unlike for instance lipids that come dissolved in chloroform from the 

manufacturer. Phase separation behavior is highly sensitive to changes in lipid composition and 

when near to a lipid melting temperature, are sensitive to temperature. It is known that these 

models have miscibility transition temperatures near 29 C, and similar to ice melting in water, 

the closer to this transition temperature the more sensitive the structure of lipids are to small 

changes in temperature. Moreover, lipids, especially unsaturated fatty acids like DOPC and 

cholesterol to a lesser extent, are susceptible to peroxidation and oxidation respectively. Once 

peroxidation of the fatty acid tail is initiated a chain reaction of peroxyl radicals can propagate 

laterally through the membrane and cause membrane damage. This effectively changes the 

composition of the lipid bilayer and thus the mechanisms of interaction with melatonin. Analytic 

biochemistry using GC/MS or LC/MS/MS could be used to identify if this is occurring, however 

this expertise was not possible during these experiments. This work needs confirmation by 

repeating these experiments. 

In this chapter, stark changes in model phospholipid membranes following exposure to 

high concentrations melatonin for short exposure duration are reported. Typical peak melatonin 

concentrations in serum are approximately 100pg/ml, or ~ 0.43nM351 , though local 

concentrations in the pineal gland and surrounding brain regions near the pineal recess would be 

expected to be much higher and the fraction dissolved in the lipid compartments such as the cell 

membrane higher than hydrophilic cerebral spinal fluid and blood. The data presented in this 

chapter contributes to a greater understanding of the influence of melatonin on phospholipid 

bilayers, specifically regarding its interaction with phospholipid bilayers and the effects thereof. 

For the first time it has been shown that the addition of melatonin from the aqueous phase visibly 

changed the topographical structure of a phase separated lipid bilayer, decreasing surface area of 

LO domains due to melatonin incorporation into both phases along with an apparent displacement 

of cholesterol from the LO phase. In terms of the biophysical properties of the lipid bilayer, the 

topographical changes correlate with a decrease in membrane thickness, increase in the number 

of breakthrough forces in the disordered force regime. Melatonin also reduced the work and 

force of adhesion of the probe to the membrane. This decrease in cholesterol associated effects 

may be involved in the protective effects of melatonin against Aβ toxicity by reducing the extent 

of membrane microdomains which have been reported to act as seeds for amyloid oligomer 

binding and aggregation in addition to the reduction of adhesion to the lipid bilayer. 
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Chapter 4: Contact Mode High-Speed AFM of Phase Separated Lipid 

Bilayers to Study Melatonin and Amyloid-β Interactions 

4.1 Introduction 

 The cell membrane is a critical interface in biology which serves not only to 

define the extent of the cell, but also serves to compartmentalize communication and interaction 

both within the cell and between the cell and the environment. The lipid membrane provides a 

structure for supporting membrane bound receptor proteins and thus facilitating specific 

receptor-ligand interactions as well as receptor trafficking which is important for receptor 

signaling pathways and disease processes352,353. In addition, the lipid bilayer is directly involved 

in less specific interactions that are important for physiological processes including: changes in 

lipid membrane composition (enrichment with cholesterol, phospholipids and polyunsaturated 

fatty acids), interactions of small molecules and the non-specific binding of peptides and 

proteins354–356. Peptide and protein binding to lipid membranes occur for a variety of purposes, 

one example is pore forming anti-microbial proteins (AMP) which bind to the membrane, 

oligomerize and produce topographical defects and/or pores which damage the membrane, 

depolarize the cell and disrupt osmotic pressure within the cell resulting in cellular toxicity357–361. 

In Alzheimer’s disease, amyloid-β (Aβ) binds to the neuronal cell membranes causing cellular 

toxicity by damaging the cell membrane and interfering with neuron signalling362–365. 

Interestingly, new research indicates Aβ may serve as an anti-microbial peptide as an important 

physiological function showing protection against microbial infections in animal models and 

being upregulated during cutaneous wound repair 366–368. 

Atomic force microscopy (AFM) is the essential tool in nanoscience especially for 

analysis of biological samples that requires nanoscale spatial precision however traditionally it is 

limited by low imaging rates – on the order of minutes – therefore dynamic process cannot be 

imaged303,369. AFM generates topographical images by means of mechanical interaction with the 

surface. Forces between an atomically sharpened probe and the sample surface cause a 

proportional bending of a micrometer sized cantilever upon which the tip is attached. In contact 

mode, maintenance of constant tip sample forces by adjusting the height of the tip relative to the 
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sample as the probe scans over the surface provides a topographical map of the sample. An in-

house contact mode HS-AFM system that can produce images at video rates has been developed 

previously. This system not only allows for capturing millisecond dynamic changes in 

topography but also to generate large scale topographical images with extremely high spatial 

resolution within much shorter time periods than standard AFM370,371. It has been previously 

demonstrated that this HS-AFM technology can be used for imaging biological samples and 

capturing processes despite high contact forces with the surface, for instance collagen372, DNA in 

ambient and liquid conditions373 as well as the dissolution of tooth enamel from citric acid374. 

The tip is in contact at a sustained non-zero force as the tip travels at high velocities over the 

surface thus there is a possibility of the HS-AFM causing damage to the sample or in some way 

interfering with the interaction of interest. For the first time in this chapter, it has been reported 

that lipid membranes and peptide lipid membrane interactions important for the mechanisms and 

treatment of diseases can be captured despite the extremely soft nature of lipid membranes and 

reveal differing interaction mechanisms between Aβ monomers and oligomers with model lipid 

bilayers of varying cholesterol composition. 

4.2 Methods and Materials 

4.2.1 Complex Lipid Bilayer/Amyloid-β Preparation 

DPPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) purchased from 

Sigma Aldrich, Cholesterol and dioleoyl-sn-glycero-3-phosphocholine (DOPC) purchased from 

Avanti Polar Lipids, and Sphingomyelin and GM1 Ganglioside sodium salt from bovine brain 

purchased from Santa Cruz Biotechnology. Each lipid was dissolved in chloroform at a 

concentration of 1mg/ml mixed at various ratios then evaporated under dry N2 gas. Lipid 

mixtures in chloroform were left overnight to evaporate producing a multilamellar thin film of 

mixed lipid layers. The thin films were then suspended in ultrapure water to 0.5mg/ml and a 

SUV solution for vesicle fusion was produced using the sonication method. Vesicle solutions 

were made one day prior to use, stored in the fridge overnight and then run through two cycles of 

15 min sonication followed by 15 min of stirring immediately prior to vesicle fusion onto freshly 

cleaved mica substrate. Aβ(1-42) ultrapure, HFIP treated, (rPeptide) was prepared in monomeric 

and oligomeric form following protocols previously described375. Monomeric Aβ was prepared 

immediately prior to injection at 100µM in ultrapure water, 20uL of this solution is added to the 
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200uL liquid droplet for a final concentration of approximately 10 µM. Aβ oligomers were 

incubated overnight at 4°C at least 18 hours at 100 µM in ultrapure water, then injected into the 

liquid cell to a final concentration of 10 µM. 

4.2.2 HS-AFM  

A modified version of a previously described HS-AFM system373,374 was constructed in-

house and mounted onto a Dimension 3100 AFM which allows for standard and HS-AFM 

operation, see Figure 4.1. The HS-AFM is a stage scanner with dual sets of flexure bars driven 

by piezoelectric actuators in both the fast and slow scan directions to generate motion in the x-y 

plane with the applied voltages defining the scan window size, and the frequency parameters set 

according to the desired frame rate. The window scan size was calibrated by moving the 

Dimension piezo tube a known distance in the x and y directions while tracking a prominent 

feature on the AFM movie. The cantilever was mounted onto the Dimension scan tube set to 

move in a 1 × 1 nm at 1 Hz line rate effectively providing negligible motion in the x-y plane 

while still allowing the scan tube to provide control over the z movement using the Dimension 

feedback and controller system. A constant cantilever deflection was maintained by the 

Dimension feedback. The HS-AFM controller (written in-house using LabView) applies a 

sinusoidal voltage to drive the scan stage, both fast and slow scan axes with the frequency 

parameters set according to the desired frame rate. In-house written data collection software 

takes the magnitude of the cantilever bending from the Dimension photodiode as the stationary 

probe sits in contact with the surface via the standard optical lever method – data is then 

linearized to account for the sinusoidal motion of the scan stage. MLCT cantilevers with nominal 

spring constants of 0.01 N/m purchased from Bruker were used in all cases for both standard and 

HS-AFM contact mode imaging. 
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Figure 4.1. HS-AFM dual axis flexure scan stage. Sinusoidal AC voltage drive signals applied are to the piezo from 

the AFM controller. The amplitude of the sin waves determines the frame/image size, while the frequency governs the frame rate. 

4.3 Results and Discussion 

4.3.1 Comparison of Standard AFM and HS-AFM on Lipid Membranes 

Complex lipid mixtures are often used to study the organization and biophysical 

properties of lipid membranes that possess micro- and nano-domains, typically model 

membranes composed of 3 or more lipids are considered complex. Here, complex mixtures 

composed of 5 different lipid species: mainly, equimolar DPPC and POPC (69 - 73 % by mole), 

with cholesterol (18% by mole), sphingomyelin (6 – 10% by mole) and gangliosides (>3% by 

mole). These complex model lipid systems were used previously as biomimetic Alzheimer’s 

disease membranes showing how changes in lipid membrane composition (gangliosides and 

sphingomyelins), render lipid bilayers susceptible to Aβ toxicity19. Standard AFM image of one 

of these model membranes is shown below along with a HS-AFM image of the same membrane, 

same region in Figure 4.2. Calibration of HS-AFM XY scale can be done one of two ways; the 

first is to directly compare identical features under standard and high-speed operation provided a 

standard image is taken before. Alternatively, under high-speed operation the scan tube can be 

translated by a set distance across the surface, the resulting translation can be seen and measured 

by tracking features on the HS-AFM. The scale bar on the HS-AFM image was generated using 

the second technique. There are small discrepancies between measuring distances in this way as 

compared to the x-y scale generated from the Dimension under standard operation. Calibration of 

the z scale using this modified dimension HS-AFM system is less trivial, since the HS-AFM 
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image is generated by taking the deflection signals and plotting them, there is no feedback 

system with which to calibrate the scale. One way is to compare two identical features captured 

under standard and high-speed operation and calibrate them this way, otherwise force curves on 

the samples can be taken and the feedback/deflection signals can be extracted to calibrate the 

cantilever sensitivity. This method of calibrating sample sensitivity may be affected by sample 

deformation, though for lipid bilayers the bilayer thickness is quite small, so that after the probe 

breaks through the bilayer to the mica subsurface, this part of the contact curve should be 

suitably hard to get a good approximation of the cantilever sensitivity. 

To compare the images taken under high speed and standard operation Figure 4.2 below 

shows a side-by-side comparison of the same region of a complex lipid membrane. It appears 

there is non-linear distortion of the HS-AFM image when comparing to the standard speed; it 

appears as though there is compression along the fast scan axis in addition to a clockwise 

skewing of the image. Although the tip trajectory over the scan stage is much more complex than 

these two simple transformations and additional motion of the cantilever tip in the z direction 

need to be accounted for to perfectly map standard AFM images to the HS-AFM frames. 

Regardless of this distortion HS-AFM imaging resolution is still excellent compared to standard 

AFM. Though there appears to be greater overall image noise this is highly variable and depends 

more on tip and sample quality. One advantage is that there is less line-to-line mismatches 

aberrations and AFM artefacts, which keeps image processing time down.  
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Figure 4.2. Side-by-side comparison of lipid bilayers under HS-AFM (left pane) and standard AFM (right pane). 

HS-AFM scale calibrated from the standard AFM image. Profile indicated on the Standard AFM image higher ordered domains 

(correspond to cholesterol, sphingomyelin and ganglioside enrichment),  are 1.2  – 1.6 nm above the disordered domains. 

4.3.2 Stability of Lipid Membranes During HS-AFM 

To test the stability of the membrane under prolonged HS-AFM imaging several areas of 

a complex membrane at a continuous 2 fps were imaged (Figure 4.3 & 4.4). The stability of the 

complex membranes during HS-AFM imaging was highly variable but in general the length of 

incubation time greatly increased the stability of the supported lipid bilayer on the surface. 

Figure 4.3 shows HS-AFM imaging immediately after preparing the complex lipid membrane at 

a constant 2 fps for ~2 minutes (120 AFM frames), after which time significant damage to the 

membrane was observed as the higher ordered domain lipids appear to be swept away. Damage 

to the membrane was more apparent at the edges of the scan region, where the velocity of the 

probe is lowest, and the acceleration is at a maximum. As the probe scans across the surface at 
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high-speed hydrodynamic lift off of the probe tip above the hyper-confined ice-like ultrastructure 

of the 1nm water layer above the surface is the best explanation for how high contact forces and 

speeds of the AFM probe tip during high-speed scanning prevents damage to the surface – albeit 

not completely – as is the case here. At slower speeds, near the edges of the scan window, the 

effect of hydrodynamic lift off would be minimized and the probe may come into momentary 

contact with the lipids, below the confined water layer. Then when the probe picks up speed, 

heading back toward the middle of the frame, the probe would lift higher above the surface as 

hydrodynamic lift off increases. 

 

Figure 4.3. Instability of complex neuronal model membrane imaged with HS-AFM continuously for 2 minutes 

continuously at 2 fps. It appears the higher domains are being swept away over the course of the 2-minute scan time with the 

most pronounced effects disruption at the edges of both the slow and fast scan directions where the lateral AFM probe tip 

velocity goes to a minimum and the acceleration is at a maximum. 

Figure 4.4 shows ten frames over a period of 52 minutes on a different area of the same 

membrane as Figure 4.3, but 2 hours later. There is some drift due to the height adjustment of 

Dimension scan tube under feedback however it can clearly be seen that high resolution HS-

AFM movies of the membrane are very stable over very long scan times. There are no noticeable 

changes in the lateral domain arrangement or topographical height. The improvement in stability 

was greatly improved even after 30 to 60 minutes of additional adsorption time (membrane 

stable over 30 minutes), then increased gradually with longer adsorption times to stability 

upwards of 1 hour, although it cannot be ruled out that changes in temperature and variation in 

mica substrate properties that can affect membrane absorption on the surface. Reducing tip 

sample contact time and thus total energy applied to the surface by taking snapshots of the 

surface or moving the AFM scan window, should greatly reduce any damage of the surface 

induced by HS-AFM imaging at the expense of lower time scale resolution. 
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Figure 4.4. Stability of the complex lipid bilayer after additional 4 hours. Membrane stable over very long scan times 

upwards of 52 minutes are possible at 2 fps, a total of 6240 frames. Some drift of the image frame occurs due to small changes in 

force feedback adjustments by the AFM but no changes in lateral domain structure or height changes are caused by the high-

speed AFM, scan size ~2 µm × 2 µm. 

4.3.3 The Effect of Melatonin on Complex Neuronal Membranes 

During scanning melatonin was added to the liquid droplet to a final concentration of 

400µM – the maximum predicted solubility for melatonin in water (Figure 4.5). At time 0 

minutes melatonin was added to the fluid droplet and multiple imaging regions were scanned 

over this time. Melatonin appears to open regions of disorder within these higher more ordered 

domain regions, breaking up the membrane, red box in Figure 4.5. These higher domains 

correspond to more densely packed cholesterol enriched regions and would also contain 

sphingomyelin and gangliosides for which cholesterol is known to interact with to induce the 

formation of ordered domain and membrane lipid rafts376,377. This disruptive effect of melatonin 

is likely a combination of melatonin binding to the membrane microdomain, intercalation into 

the membrane and then lateral domain rearrangement of the lipid bilayer membrane 

microdomains. The increase in membrane disordered regions is consistent with the fluidizing 

effects of melatonin100,104,335. The effects of HS-AFM imaging on the lipid bilayer cannot be 

excluded and is likely responsible for accelerating the lateral rearrangement. This is supported by 

the observation that the large intact ordered membrane domain at frame 30:00 (Figure 4.5, red 
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box), has been exposed to melatonin for that duration of time, and although the structure prior to 

HS-AFM imaging cannot be determined, after this large domain enters the HS-AFM scan 

window the large domain appears to begin breaking up within a few hundred HS-AFM frames, 

increasing proportion of disordered regions over the 18 minutes shown. This effect of melatonin 

is similar to the effects reported in Chapter 3, where the disordered/fluid phase is expanded and 

effects reported in the literature for serotonin – a related indole neurotransmitter350. It cannot be 

ruled out that the energy being input into the lipid bilayer by the HS-AFM imaging could be 

accelerating the process of ordered domain separation. 

 

 

Figure 4.5: Effect of melatonin on lateral rearrangement of the ordered lipid membrane domains over minute-long 

time scales due to melatonin and HS-AFM imaging. 

4.3.4 The Effect of Amyloid-β Injection on HS-AFM Imaging During Scanning 

The addition of Aβ to the lipid membrane during imaging is shown in Figure 4.6. The 

membrane was very stable under HS-AFM imaging over 2400 AFM frames prior to the addition 

of amyloid. The addition of amyloid to the flow cell often caused a temporary loss of stability 

and significant drift due to the manual injection procedure which is very difficult to perform 

without disturbing the HS-AFM, therefore, imaging the same region before, during and after 

injection is not always practically possible. It was frequently observed that Aβ injection during 

scanning resulted in disruption of the HS-AFM video capture, which could result in image 
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distortion, imaging failure and damage to the membrane within the scan window, upon the 

amyloid reaching the scan area. In the experiment shown in Figure 4.6, Aβ appears to destabilize 

the membrane, or the tip-membrane interaction, and it appears that the higher more densely 

packed lipid domains seem to be most affected – see Figure 4.6. Similar disruptions in HS-AFM 

imaging occurred during other trials where Aβ was added during scanning. After about 4 minutes 

of HS-AFM scanning the image contrast between ordered and disordered domains was 

dramatically reduced compared to before Aβ injection. HS-AFM image roughness dramatically 

increased within 5 to 10 frames after Aβ solution diffused across the scan window. Very shortly 

(~2-3 seconds), after the 4-minute time point imaging failed completely. This clearly highlights 

the importance of tip-sample interactions as it scans across the surface of lipid bilayer and cannot 

be neglected, regardless this damaging effect is only observed when Aβ is added to the liquid 

cell; control injections of water do not result in any long-term disruption of the membrane during 

high-speed scanning (not shown).  

There are various potential explanations for the behavior: Aβ could be disrupting the 

surface and the HS-AFM sweeps the lipids within the vicinity away, Aβ could also be binding 

and aggregating on the tip causing it to become more adhesive disrupting not only the membrane 

but also the forces between the tip and the surface. This could be due to a combination of 

amyloid binding directly to the membrane and/or amyloid aggregating on the tip of the probe and 

affecting tip-sample forces. If amyloid is aggregating on the tip, it could be expected to cause 

some adhesion between the probe and the membrane as the HS-AFM scans across the surface. If 

so, then the dimension feedback system would have to compensate for these additional forces to 

satisfy the force setpoint which could cause the AFM to lift off the surface or to be driven deeper 

into the surface. On the other hand, if the feedback system over or under compensates than this 

too could disrupt HS-AFM imaging, image quality and/or complete imaging failure. Overall, this 

increase in tip lipid bilayer interactions induced by sticky aggregation prone Aβ appears to 

disrupt HS-AFM imaging and may increase chances of damage to the lipid bilayer.  
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Figure 4.6: Destabilization of HS-AFM imaging upon addition of Aβ. Membrane region was scanned continuously at 2 frames 

per second for 20 minutes, Aβ was added during scanning at t = 0. Beginning around 35 seconds, a dramatic increase in 

membrane roughness is observed, domain structures appear to be disrupted uniformly. With time this disruption is more 

pronounced as at 4 minutes, shortly after imaging fails completely. 

4.3.5 The Effect of Amyloid-β on DOPC/DPPC/Chol Lipid Bilayers 

In this study two different phase separated lipid bilayer models were used to study the 

effects of different aggregation states of Aβ (monomer and oligomer), on interactions with lipid 

bilayers. Here membrane vesicles were formed and then allowed to self-assemble into supported 

lipid bilayers where control images were taken with HS-AFM system and then these lipid 

bilayers were treated with 10µM Aβ (either monomer or oligomer), for 1 hour before being 

rinsed and then imaged again. Sample homogeneity across very large ~ 2 - 4 mm areas was 

determined by manual moving the scan stage with the course adjust. For data collection, the HS-

AFM scan window size was tuned to be about 3.5 x 3.5 µm then the scan window was set to 

raster across 10 steps in each x and y direction (for 100 frames), in 2 µm step sizes over 3 

different regions on each membrane. One powerful advantage of HS-AFM imaging is that within 

one or two frames of imaging it can be determined whether a good lipid bilayer is formed, and an 

assessment of large-scale sample homogeneity can be determined within only a matter of 1 or 2 

minutes, thus making troubleshooting poor sample preparation very effective.  

Figure 4.7 shows several frames stitched together of DOPC/DPPC/Cholesterol containing 

lipid bilayers at 1:1:1 and 2:2:1 molar ratio, with cross sections showing differences in domain 

heights between 0.7 and 1.0 nm for both membranes. These height differences correspond to the 

two distinct phases of these membranes, the disordered phase enriched in unsaturated 

phospholipids, and the ordered phase – enriched in cholesterol and unsaturated lipids. 

Membranes with lower cholesterol concentration (2:2:1), tended to have more narrow domains 

that were interconnected across large scan areas, whereas high cholesterol membranes tended to 
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have more isolated domains, although this effect was variable, and likely depends on fluctuations 

in ambient temperature and small variations in lipid ratios from sample to sample.  

 

Figure 4.7. The structure of DOPC/DPPC/Cholesterol lipid bilayers at different molar ratios of 1:1:1 (left) and 2:2:1 

(right) with cross sections displayed, domain heights for both 0.7 to 1.0 nm. 

After acquiring control images of these two membrane models, Aβ as unaggregated 

monomers or pre-aggregated oligomers were added and imaged. It is observed that as the HS-

AFM scan window moves to a new scan region containing Aβ aggregates on the surface, some 

of these taller aggregates are swept off or possibly pressed into the lipid bilayer by the AFM 

probe. This could be due to differences in binding affinity of the taller aggregates on the surface 

or due to greater shear forces at larger heights from the AFM probe as it scans at high speed over 

taller image features on the surface. This leaves behind stable aggregates that are more strongly 

bound to the ordered domain lipid bilayer surface which are stable under high-speed scanning for 

at least 100s of HS-AFM frames. 
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Figure 4.8 shows low concentration cholesterol membranes treated with Aβ prepared in 

monomeric form. Variability in lipid membrane domain structure prior to Aβ exposure was 

frequently observed for reasons mentioned previously: i.e., temperature, and small differences in 

stoichiometry of lipids. It was observed that Aβ monomers bind preferentially to the ordered 

membrane microdomains, taller domains, producing structures that protruded above the lower 

disordered membrane phase by 1.8 ± 0.3 nm after 2 hours and 2.2 ± 0.2 nm after 8 hours. Aβ 

incubation for 2 hours on lipid bilayers produced less tightly bound Aβ aggregates on the 

surface. After 8 hours, Aβ monomer and lipids appear to organize into very stable multi-layered 

domains, of 0.9 and 2.2 nm above the disordered lipid phase. At the 2-hour timepoint the RMS 

roughness of the Aβ region on the membrane was increased by 43 ± 18%, then after 8 hours this 

increased to 70 ± 16%. The increase in surface roughness with time is likely due to the increased 

height of Aβ aggregates on the ordered domains in the 8-hour timepoint. 

 

Figure 4.8. Low cholesterol lipid bilayers treated with monomeric prepared Aβ for 2 hours and 8 hours. Aggregates 

preferentially bind to ordered membrane microdomains and are initially unstable, able to be swept off the surface of the lipid 

bilayer by HS-AFM imaging (2019-05-16), after 8 hours aggregates form stable multilayers on ordered domains. 
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We observe several different morphologies of Aβ monomers on high cholesterol 

containing membranes, it is observed that Aβ monomers bind to ordered membrane domains, 

which are most apparent at the boundaries of the domains (Figure 4.9). This leaves what appears 

to be a pore-like structure which depends on the size of the ordered domain. More detailed frame 

by frame analysis of the pore-like structure reveals 4 to 5 globular aggregates arranged in a ring. 

This similar morphology of ion channels was detected previously, though in a different lipid 

model system and different Aβ preparation using proteoliposome deposition, where Aβ was 

mixed with the lipids in organic solvent, left to evaporate and produce a thin film and then 

resuspended into a supported lipid bilayer378. This proteoliposome system is much less 

physiologically relevant than the protocol used here, as Aβ is expected to deposit onto cell 

membranes from the extracellular space. Ordered domain heights are approximately 0.9 ± 0.1 nm 

above the disordered phase with Aβ monomers protruding to 1.8 ± 0.3 nm above the disordered 

phase, for this Aβ-lipid membrane complex. Aβ aggregates on the lipid membrane surface 

increased membrane surface RMS roughness by 63 ± 15% and 64 ± 12% for the ordered domain 

aggregates and the small pore structures, respectively. 
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Figure 4.9. High cholesterol lipid bilayers treated with unaggregated Aβ monomers. Aβ preferentially binds to ordered 

domains(left), in some instances forming what appear to be small pore-like structures (right). 

Low cholesterol lipid bilayers treated with preformed oligomeric Aβ exhibited unique 

membrane interactions (Figure 4.10), first the oligomers did not appear to exhibit preferential 

binding to the ordered membrane phases, Aβ oligomers bound to the disordered and ordered 

domains indiscriminately resulting in disruption to both phases of the lipid bilayer, inducing 

holes alongside the protruding Aβ oligomers in clusters. The height of the tallest oligomers 

above the disordered phase was 1.5nm with minimum heights below the plane levelled mean, 

indicative of holes in the membrane. These aggregates had increased surface roughness, by 16 ± 

9 %, which was the lowest roughness among all the groups. This is likely due to the aggregates 

penetrating deeper into the disordered phases of the lipid bilayer, rather than sitting atop the 

ordered phases. 
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Figure 4.10. Low cholesterol lipid bilayer treated with preformed Aβ oligomers. Aβ oligomers bind indiscriminately 

to membrane, with no apparent preference for ordered or disordered domains. Aβ oligomers appear to penetrate the membrane 

creating patches with multiple perforations. Increase in membrane surface roughness is observed in regions where Aβ oligomers 

have bound to and disrupted membrane topography. 

High cholesterol lipid bilayers exposed to Aβ oligomers also exhibited more obvious 

damage to the lipid bilayers in the form of holes more than monomeric Aβ, as in the case of low 

cholesterol membranes (Figure 4.11). There are two different types of interaction mechanisms 

observed for Aβ oligomers with high cholesterol membranes. First, binding and aggregation onto 

the ordered domains like in the case of monomers sitting about 1.8 nm above the membrane 

surface. Second, there was also a distinct formation of large and deep holes in the membrane, 

penetrating as much as 2.1 nm below the ordered phase. This type of extraction of the lipids from 

the membrane surface by amyloid is likely due to some solubilization like effects that have been 

reported previously168. It may be difficult to say for certain whether the measurement of these 

holes is accurate due to the speed of the HS-AFM probe over the surface and the hydrodynamic 

lift-off effect, and the lifetime of the confinement-induced structured water may allow the probe 
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to not penetrate the full depth of the bilayer thickness. Typically, bilayer thickness is reported to 

be at minimum 5 nm, therefore the 2.1 nm depth of the hole could be indicating removal of only 

the top leaflet. Regardless, the damage to the membrane is apparent, and distinct compared to all 

other conditions tested here. Surface roughness analysis does not reveal a difference between the 

two conditions compare 41 ± 17 % and 40 ± 27 increase in RMS surface roughness of the Aβ 

aggregates, complete roughness analysis for all conditions is listed in section 4.5: Supplementary 

Material. 

 

Figure 4.11. High cholesterol membranes treated with preformed Aβ oligomers. Two primary interaction mechanisms 

occurred, one where amyloid bound to the top of the membrane, preferentially on ordered domains forming semi stable 

structures, and one in which amyloid bound to the membrane and generated holes in the surface, with a central structure at 

similar height as the ordered membrane domain. 

Low and high cholesterol lipid bilayers treated with Aβ monomers and oligomers exhibit 

different membrane interactions with some common trends across treatment conditions. In all 

cases Aβ increased surface roughness, (both mean and RMS), as well as increases in height on 

all the AFM images. Preferential binding of Aβ monomers and oligomers to high cholesterol 
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ordered lipid domains was observed most cases, except for low cholesterol membranes treated 

with oligomers. In both low and high cholesterol membranes Aβ monomers bound to ordered 

domains and formed aggregates on top of the membrane, in comparison Aβ oligomers were 

observed to penetrate the membrane and form holes in the lipid bilayer. Aβ oligomers are known 

to be more toxic than monomers, this difference in toxicity could be due to the differences 

observed in this HS-AFM study, that oligomers are more likely to penetrate and form holes in 

the membrane, whereas monomers simply bind to the membrane surface and not able to 

penetrate the membrane. The surface roughness did not correlate with penetration into the 

membrane, but with the greater height difference (Δh) and therefore may not be a good measure 

of membrane damage. 

4.4 Conclusion 

In this chapter, the use of contact mode HS-AFM for studying lipid bilayers and protein 

membrane interactions is presented for the first time. Typical AFM experiments are long and 

arduous to collect data, when a single high-resolution image often takes upwards of 20 minute to 

gather, then process and analyze. The ability to gather images of comparable quality on the 

orders of seconds means that projects have the potential to be sped up by several orders of 

magnitude. Overall, the results here show that it is possible to constantly image an extremely soft 

sample under constant high-speed scanning to study peptide-lipid and lipid-small molecule 

interactions. 

Constant contact HS-AFM imaging of soft biological samples membranes exhibits 

destructiveness to poorly fused lipid bilayers. The constant contact high speed scanning was also 

observed to induce mixing of the lipid bilayer components reducing ordered domain visibility. 

However, nondestructive high-quality imaging of the lipid bilayer was also shown to be highly 

reproducible, provided sufficient bilayer fusion has occurred. Non-destructive HS-AFM imaging 

relies on interesting probe-sample dynamics during high-speed scanning: hydrodynamic lift-off 

of the probe tip and super-lubricity of the ultra-confined water structure trapped between the tip 

and the sample have been proposed explanations. HS-AFM is a relatively non-destructive 

method for imaging soft bilayers comparable image quality to standard contact AFM mode in 

liquid. It is possible to limit the effects of the tip over longer-term imaging by taking snapshots 

and not undergoing constant imaging or scanning over multiple areas spending a short period of 
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time at each location – although these strategies would lower the time resolution of HS-AFM 

imaging. Newer HS-AFM systems that use laser doppler and do not have active feedback 

systems may also be superior for imaging peptide lipid interactions, as the probe height can be 

kept constant and the force on the surface controlled by height, rather than in feedback system 

which is sensitive to fluctuations in forces during scanning. The ability to image dynamic 

membrane processes on second level timescales, as well as collecting several orders of 

magnitude more data has exciting applications.  

This work contributes to the understanding of different interaction mechanisms that can 

occur between Aβ and lipid membranes. Aβ monomers tended toward binding on top of ordered 

lipid membrane domains in both low and high cholesterol cases. Whereas Aβ oligomers bound to 

both domains and often resulted in perforations in the lipid bilayer. In the low cholesterol case, 

the perforations were smaller and surrounded by Aβ aggregates while in the high cholesterol case 

the holes generated were much larger indicative of a detergent-like effect solubilizing the 

membrane. There were large differences in the interaction mechanisms, as indicated by the 

differences in surface topographies, between the different cholesterol levels and the aggregation 

state of Aβ, and within repeated experiments. These differences exhibit time-dependencies and 

thus rates of molecular diffusion and proteo-lipid organization are likely important in Aβ 

toxicity. Oligomers are far more likely to penetrate the membrane and form holes in the bilayer 

than monomers, possibly explaining the enhanced toxicity of oligomers compared to monomers. 

4.5 Supplementary Material 

Table 4.1. Roughness analysis for low cholesterol membranes treated with Aβ monomers for 2-hour and 8-hour incubation times. 

Frame Surface 2-hour 2-hour 8-hour 8-hour 

 Full Frame Aβ Full Frame Aβ 

Mean Roughness 385 ± 42 551 ± 79 359 ± 42 646 ± 73 

RMS Roughness 483 ± 51 688 ± 91 467 ± 51 794 ± 81 

% Difference Ra - 43 ± 18 % - 80 ± 16 % 

% Diff. RMS - 42 ± 17 % - 70 ± 15 % 

Line Profile     

 Ordered Domain Aβ Ordered Domain Aβ 

Mean Roughness 380 ± 66 583 ± 125 386 ± 95 736 ± 223 

RMS Roughness 416 ± 68 685 ± 140 436 ± 102 857 ± 235 

% Difference Ra - 53 ± 27 % - 91 ± 40 % 

% Diff RMS - 64 ± 26 % - 96 ± 36 % 

Background (Ra) 140 ± 79 - 114 ± 27 - 

Background (RMS) 169 ± 91 - 141 ± 30 - 
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Table 4.2. Roughness analysis for high cholesterol membranes treated with Aβ monomers that aggregate on ordered domains 

and form pores.  

Frame Surface On Domains On Domains Pores Pores 

 Full Frame A-β Full Frame A-β 

Mean Roughness 388 ± 25 635 ± 87 359 ± 42 646 ± 73 

RMS Roughness 483 ± 32 755 ± 93 467 ± 51 794 ± 81 

% Difference Ra - 56 ± 14 - 49 ± 14 

% Diff. RMS - 63 ± 15 - 64 ± 12 

Line Profile     

 Ordered Domain Aβ Ordered Domain Aβ 

Mean Roughness 363 ± 61 675 ± 98 386 ± 45 569 ± 41 

RMS Roughness 405 ± 64 758 ± 103 426 ± 43 664 ± 43 

% Difference Ra - 86 ± 22 - 48 ± 13 

% Diff. RMS - 87 ± 21 - 48 ± 14 

Background (Ra) 167 ± 36 - 126 ± 21 - 

Background (RMS) 208 ± 44 - 155 ± 20 - 

 

Table 4.3. Low cholesterol membranes treated with Aβ Oligomers on disordered domains. 

Frame Surface   

 Full Frame Aβ 

Mean Roughness 451 ± 31 522 ± 32 

RMS Roughness 354 ± 24 406 ± 26 

% Difference Ra - 16 ± 9 
% Diff. RMS - 15 ± 9 
Line Profile    

 Ordered Domain Aβ 

Mean Roughness 334 ± 64 414 ± 63 

RMS Roughness 380 ± 62 513 ± 77 

% Difference Ra - 24 ± 24 

% Diff. RMS - 35 ± 16 

Background (Ra) 143 ± 43 - 
Background (RMS) 177 ± 52 - 
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Table 4.4. High cholesterol membranes treated with Aβ oligomers morphology includes aggregates on ordered domains and hole 

formation. 

Frame Surface On Domains On Domains Holes Holes 

 Full Frame Aβ Full Frame Aβ 

Mean Roughness 403 ± 40 569 ± 79 349 ± 41 489 ± 119 

RMS Roughness 508 ± 49 727 ± 98 440 ± 52 631 ± 169 

% Difference Ra - 43 ± 17 - 43 ± 29 
% Difference RMS - 41 ± 17 - 40 ± 27 
Line Profile     
 Domain Aβ Domain Aβ 

Mean Roughness 359 ± 52 518 ± 116 350 ± 67 582 ± 189 

RMS Roughness 375 ± 49 631 ± 131 385 ± 64 701 ± 219 

% Difference Ra - 61 ± 28 - 66 ± 38 

% Diff. RMS - 68 ± 24 - 82 ± 35 

Background (Ra) 141 ± 34 - 121 ± 27 - 

Background (RMS) 174 ± 43 - 144 ± 29 - 
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Chapter 5: The Effects of Cholesterol and Melatonin on Amyloid-β 

Toxicity in HT22 Cells 

5.1 Introduction 

 The lipid membrane is an often-overlooked aspect of normal cell physiology and 

disease pathology; one area where it has been shown to be of particular importance is in brain 

function and Alzheimer’s disease (AD)360. In the pathogenesis of AD, Amyloid-β (Aβ) 

progressively accumulates in brain regions necessary for learning and memory resulting in 

progressive brain atrophy379. The production of Aβ from the amyloid precursor protein (APP) is 

initiated by membrane-associated enzymes, β- and γ-secretases, the presenilin subunits which are 

known to have genetic link to early onset familiar AD18,237. The production of Aβ is cholesterol 

dependent with a positive correlation between cholesterol levels and recruitment of presenilin 1 

and 2 (PSEN1 and PSEN2) to the lipid bilayer where APP is cleaved143,146.  Aβ also appears to 

exhibit toxic effects that are cholesterol dependent, where increased cholesterol content appears 

to increase susceptibility of cells to Aβ toxicity, however there have been conflicting reports in 

this area21,152,153. 

Cholesterol strongly affects cell membrane properties from a biophysical point of view, 

including membrane fluidity, permeability, and membrane nanoscale structure (as demonstrated 

in previous chapter)65,357,380. These membrane properties affect receptor signaling pathways 

through mechanisms involving membrane protein conformational dynamics, protein recycling, 

trafficking, and distribution124,381. In model systems, cholesterol interacts with other membrane 

phospholipids and sphingolipids condensing them into phase-separated membrane 

microdomains, with cholesterol and sphingomyelins enriched in these ordered membrane phases 

(shown in Chapter 3 and 4)63,73. These different membrane phases have been proposed to form 

membrane lipid rafts (MLRs) which compartmentalize different membrane receptor signaling 

structures that act as an anchor for the cytoskeleton to the lipid membrane and facilitate dynamic 

membrane processes such as endosome/vesicle formation and fusion 382,383. This may be 

particularly important in brain, the most cholesterol abundant organ in the body234.  

As mentioned in Chapter 3, melatonin has been shown to be protective against Aβ 

toxicity in several cell and animal models of AD240,323–325,327, although the mechanisms do not 
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appear to be mediated by melatonin receptors325. Therefore, non-specific mechanisms such as 

their influence on lipid membrane properties and structure, or through antioxidant mechanisms 

have been suggested108.  

The structure and function of the lipid bilayer is essential for normal physiology. Aβ 

damage to the membrane is a part of disease pathogenesis involving mechanisms such as 

oxidative stress and increased membrane permeability362,365. The initial events that lead to 

amyloid overproduction and accumulation are not precisely clear, but much evidence points to 

changes in brain lipid composition such as in the association with metabolic diseases or due to 

aging129. Aβ in different aggregation states binds to the lipid membrane producing topographical 

defects which result in structural changes to the lipid membrane that can increase membrane 

permeability, cause depolarization of the membrane and eventually oxidative stress – overall 

resulting cellular toxicity158,357–361. The binding of Aβ to neuronal cell membranes interferes with 

neuron signaling, whether through direct binding of Aβ to membrane receptors, or again 

indirectly through non-specific binding and disruption to the lipid membrane itself39,196,384. In 

this chapter, cell viability data of HT22 cells that have been depleted of cholesterol by treatment 

with methyl-β-cyclodextrin (MβCD), or treated with melatonin, and exposed to monomeric and 

oligomeric Aβ is presented. 

5.2 Methods and Materials 

5.2.1 Cell Culture 

HT22 cells were cultured in DMEM/F12 media (Hyclone) supplemented with FBS 

(Hyclone), pen/strep (Gibco) at 37°C at 5% CO2 in a humidified environment. Cells were plated 

into 96- or 6-well BioLite cell culture treated plates (Fisher Scientific) at a cell density of 

100,000 cells/ml, incubated for 20 to 24 hours to become 50-60% confluent. Once this 

confluency was achieved, cell culture media was exchanged to differentiation media composed 

of Neurobasal media (phenol-red free, Gibco), supplemented with N-2 (containing human 

transferrin, insulin, progesterone, putrescine, and selenite, Gibco), and L-glutamine (2mM). Cells 

were left to differentiate for 24 hours. Then, cells were treated with 0.5% methyl-β cyclodextrin 

(BioReagent for cell culture, Sigma Aldrich) for 1 h to remove cholesterol. Cell culture media 

was then replaced with fresh differentiation media and treated with Aβ in different aggregation 
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states across a range of concentrations from 0.5 to 10 µM for 24 hours before cholesterol or cell 

viability analysis. 

5.2.2 Amyloid-β Preparation and AFM Aβ Structural Analysis. 

Recombinant Amyloid-β 1-42 (HFIP, rPeptide) was prepared in monomeric or 

oligomeric forms according to a modified version of protocols by Stine et al., 385 similar to 

previous studies 38,311. Briefly, 1 mg lyophilized Aβ was dissolved in 1 ml HFIP, and 100 µg was 

aliquoted into microcentrifuge tubes where HFIP was left to evaporated under anhydrous 

vacuum for 24 hours, before being moved to -20 °C freezer until needed on the day of treatment. 

To produce monomeric Aβ, on treatment day, 100 µg Aβ was dissolved in 4.17 µl DMSO (5 mM 

solution), sonicated for 10 min, then diluted to 100 µM in supplemented neurobasal media. For 

Oligomeric Aβ, monomeric solution is prepared as above and then incubated overnight in the 

fridge at 4°C for 24 hours. 

To characterize the structure of Aβ monomers and oligomers, solutions were diluted in 

MilliQ water (18.2 MΩ) to 10 µM. Solutions were pipetted onto freshly cleaved mica substrate 

and left to incubate for 10 to 15 minutes. Aβ solution on mica was then rinsed with equivalent 

volume of MilliQ water 2 or 3 times, then samples were dried and placed into clean petri dishes 

for later imaging. Imaging was performed using JPK Nanowizard II, in tapping mode using 

VESP probes (Bruker). 

5.2.3 Cholesterol Oxidase Assay 

Fluorometric Amplex Red Cholesterol Assay Kit (ThermoFisher) was used to measure 

cholesterol content of HT22 cells, with modifications for cell culture applications (Figure 5.1). 

Cells were plated into 6-well plates. After treatment, cells were washed with 1ml ice-cold PBS. 

500 µL of reaction buffer (according to manufacturer’s instructions), was added to each well, a 

cell scrapper was used to remove cells, homogenized through high gauge (0.22) needle, then 

transferred to microcentrifuge tube by pipet. Samples were boiled for 10 minutes to inactivate 

cellular cholesterol esterase and other enzymes that might interfere with Amplex detection 

reagent. Reaction reagents were prepared according to manufacturer’s instructions (Amplex Red, 

HRP, cholesterol oxidase) and loaded into 96-well plates. Homogenates were transferred into 

reaction reagent solution in 96 well plate, placed in incubator for 30 minutes at 37°C, then read 
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in plate reader at 530 to 560 nm excitation and 587nm emission. BSA protein assay was used to 

control for difference. 

 

Figure 5.1. Cholesterol oxidase assay for validating cholesterol depletion. Cells endogenous oxidase activity is inactivated by 

heating at 95 C for 10 minutes. Cholesterol Oxidase and Esterase is added to the sample producing hydrogen peroxide as a 

byproduct of cholesterol metabolism. This is then detected by the use of AMPLEX Red detection reagent. 

5.2.4 MTT Assay 

MTT assay was used to measure Aβ toxicity after cholesterol removal or melatonin 

treatment. After Aβ treatment, cell culture media was exchanged for supplemented neurobasal 

media containing 0.5 mg/ml MTT solution, then cell culture plates were returned to 37°C at 5% 

CO2 in a humidified environment for 3 to 4 hours. After incubation, cells were lysed and 

formazan product within cells was solubilized using a solution of acidified 90% isopropanol, 

10% Triton X-100. Absorbance measurements were then made at 570 and 690 nm, with the 690 

nm background signal subtracted from the 570 nm signal for data analysis. 

5.3 Results and Discussion 

5.3.1 Amyloid Monomer and Oligomer Structure by AFM 

The atomic force microscope (AFM) is a powerful tool for characterizing the nanoscale 

structure of molecules, molecular systems and living cells, as well as measuring the mechanical 

properties of biological systems from lipid bilayers, to living cells and as a means to measure 

molecule-molecule interactions, all under physiological conditions299–301,66,302. AFM was used to 

characterize the aggregation state of Aβ which has confirmed that preparations contained no 

fibrils in any of our images. Typical AFM imaging studies of amyloid aggregation use buffers or 

MilliQ water for dispensing the amyloid onto mica substrates. However, in this cell culture study 

amyloid was prepared in media which contains high concentrations of small molecules, such as 

sugars, amino acids, vitamins, minerals, and larger biological molecules, 0.127mM Transferrin 
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and 0.086mM insulin full chain present in the N-2 supplement. These media components may 

interact with and become included into the amyloid aggregates, which could affect aggregation 

rates and structures, in addition to media components absorbing onto the mica surface. Indeed, it 

was observed that there was higher-than-normal background on the mica surface in the AFM 

images compared to what is typical for amyloid structural studies using AFM. This higher-than-

normal background may obscure amyloid monomers absorbed on the mica surface, increasing 

the lower limit of the Aβ size distribution, and increasing the effective Aβ particle size. 

Regardless of these difficulties, monomeric Aβ had typical particle sizes of 0.5 – 4 nm, whereas 

Aβ oligomers had larger particle sizes and higher variability ranging from 2 to 15 nm, with some 

protofibrils detected, representative images shown in Figure 5.2. A total of n = 6 independent Aβ 

oligomer preparations with N=24 images and a total of n = 4 monomeric preparations with N=11 

images were collected.  

  

 

Figure 5.2. AFM images of monomeric and oligomeric amyloid-β on mica. (left) Monomeric Aβ had typical particle size of 0.5 

– 1.5 nm, (right) whereas Aβ oligomers were much larger with particle sizes ranging from 2 to 12 nm. 
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5.3.2 Effect of Aβ42 on Cholesterol Metabolism 

MβCD is very commonly used to sequester cholesterol from lipid bilayers in molecular 

and cellular studies. The methylated pore of the cyclodextrin has sufficient size and 

hydrophobicity to capture cholesterol molecules. MβCD is often used to model the effects of 

membrane lipid raft disruption and the cholesterol dependence of membrane-receptor signaling, 

for instance being shown to lower the levels, and modify the trafficking, of NMDA receptors in 

neurons preventing ischemic injury139. This is important as NMDA receptors appear to act as a 

binding site for Aβ at neuronal membranes, and because cholesterol reduction is implicated in 

Aβ toxicity as mentioned in the introduction363, as well NMDA receptors may act as binding 

sites for initiating Aβ aggregation on lipid membranes196.  

In this report, 0.5% MΒCD treatment for 1 hour was sufficient to cause a reduction in 

cholesterol levels immediately following cholesterol sequestration to 52 ± 9 % of control levels. 

Cholesterol content of neurons increased slightly to 57 ± 4 % at 8 hours and had mostly returned 

to normal control levels (90 ± 20 %) after 24 hours, though large variance was observed at this 

longer time point (Figure 5.3). There was no statistically significant difference in the levels of 

cholesterol or the rate of cholesterol recovery when HT22 cells were treated with Aβ (Figure 5.3) 

by two-way ANOVA with Tukey’s multiple comparison to control cholesterol levels (α=0.05). 

The level of cholesterol reduction achieved by MΒCD immediately following treatment is 

similar to what has been reported in other studies139,386. Another method that has been used to 

study the effects of cellular cholesterol in cell culture and animal models is with statins. Statins 

are a class of pharmaceutical that inhibit HMG-CoA reductase activity, this is the rate limiting 

enzyme in cholesterol biosynthesis. However reduction of HMG-CoA to mevalonic acid also 

impairs the production of isoprenoids which are a diverse and complex class of molecules that 

are involved in a large set of physiological processes and are implicated in a wide variety of 

disorders, including AD282,387,388. Therefore, the use of statins to maintain lower levels of 

cholesterol throughout the duration of these 24-hour experiments would create confounding 

effects that would make it difficult to ascertain the role of membrane cholesterol specifically. 

With that said, there are still likely confounding effects of such a pronounced cholesterol 

recovery in the HT22 cells because cell viability experiments were performed at the 24-hour 

timepoint. 
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Figure 5.3:  Cholesterol content of HT22 cells after treatment with MβCD and Aβ oligomers after 8 and 24 hours. MβCD 

reduced cholesterol content of cells by 50% immediately following treatment. Two-way ANOVA with Tukey’s multiple 

comparisons reveals a time dependent recovery of cholesterol in all cases, p<0.05*,0.01**,0.005***,0.001****, n = 5. Mean ± 

SEM shown. 

Aβ, APP and the secretases that process APP have been shown to affect cholesterol and 

sphingomyelin metabolism as demonstrated in a presenilin knockout embryonic mouse model 

wherein Aβ40 was shown to reduce HMG-CoA reductase activity in, while Aβ42 did not affect 

cholesterol biosynthesis148. The authors of that paper suggest one of the roles of APP and its 

processing into Aβ is to act in a regulatory feedback loop on lipid metabolism, further linking the 

importance of lipids, lipid metabolism to the Aβ cascade in Alzheimer’s disease pathogenesis. 

However, that report used embryonic mouse cells, whereas HT22 cells used in these experiments 

is an immortalized cell line with cancerous phenotype that would not be present in the embryonic 

mouse model. 

5.3.3 The Effect of Cholesterol Reduction on Amyloid-β Toxicity. 

The protocols to produce different aggregation states of Aβ in this work were adapted 

from Stine et al. 2011, in that paper Aβ toxicity was screened in N2A cells with preformed 

oligomers exhibiting a reduction in cell viability to 50% of control at a concentration of 0.1 µM, 

whereas unaggregated Aβ only reduced cell viability to around 90% at 0.1 µM over 24 hour 
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treatment385. The lower toxicity of monomer Aβ, compared to oligomer Aβ, has also been 

reported in other studies, however the difference in toxicity between the two species depends on 

the cell type41,389,390. The lower toxicity of monomers was not observed for the preparations used 

here on HT22 cells, where unaggregated monomeric and oligomeric Aβ exhibited nearly 

identical dose response curves with an IC50 of 2.5 µM and 2.3 µM for monomers and oligomers, 

respectively shown in Figure 5.4 (monomers: n = 4 – p < 0.005; oligomers: n=7 – p < 0.05). This 

is most likely due to substantial aggregation over the 24-hour 37 °C treatment period and the 

high sensitivity of HT22 cells to Aβ toxicity. This study indicates that for incubation times 

greater than 24 hours in HT22 cells are probably too long to properly assess differences in 

monomer vs oligomer Aβ toxicity by MTT assay. 

Cholesterol depletion was protective against both forms of Aβ. A two-way ANOVA (n=4 

for monomers and n=7 for oligomers) with cholesterol content and amyloid treatment are the two 

factors was performed. There was no interaction between cholesterol content and amyloid 

toxicity. The main effect of cholesterol reduction was a statistically significant reduction in 

toxicity against both monomeric and oligomeric Aβ by approximately 10 ± 2 % in each case, this 

effect was most notable at 2.5 μM for monomeric Aβ and 1.0μM for oligomeric Aβ, by Tukey’s 

multiple comparisons (p<0.05* for both Aβ species). This is at a low end compared to previous 

neuroprotective studies in HT22 cells. Other Aβ toxicity studies that utilized HT22 cells found 

reductions in cell viability caused by 5.0 µM Aβ to be between 50 to 60 % of control 310,311. This 

is in line with our study here, where both monomeric and oligomeric Aβ (at 5.0 µM) caused 

reductions in cell viability of 56 ± 3 % and 52 ± 11 %, respectively. In Wu et al. they show that 

treatment with 100 and 500 µM nicotine caused recovery from 5.0 µM Aβ toxicity by 10 to 20 

%, in a dose-dependent response in HT22 cells. As well, it was shown previously that SG 

pseudopeptide aggregation inhibitors prevented toxicity from 5.0 µM Aβ oligomers by 15 to 

18% at 1:1 and 1:2 ratio of Aβ to inhibitor, also in HT22 cells311. 
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Figure 5.4. Cell viability following application of increasing Aβ monomers and oligomers to HT22 cells with normal and 

depleted cholesterol levels. Two-way ANOVA found no interaction between cholesterol depletion and amyloid. A Statistically 

significant effect was found in the main effects showing cholesterol depletion has a mild protective effect compared to normal 

cholesterol for both oligomers and monomers (n=4 for monomers, n=7 for oligomers). Plotted as mean + SEM.  

Previous reports have identified important aspects of the impact that cholesterol has on 

the cellular pathology of Aβ-induced neuronal dysfunction21,22,152–154,391. Abramov et al. 2011 

showed that amyloid toxicity was enhanced in astrocyte/neuronal co-cultures that were enriched 

in cholesterol21. They observed that cholesterol content was higher in astrocytes than neurons, 

and that astrocytes were more susceptible to increased calcium flux in astrocytes. They also 

showed that the presence of cholesterol increased amyloid-induced calcium permeability in 

unilamellar liposomes, thus demonstrating on the molecular and cellular level that cholesterol 

was facilitating amyloid-induced membrane calcium permeability. This study also evaluated the 

proportion of dead cells finding that despite astrocytes having greater calcium permeability and 

membrane cholesterol, neurons had far higher cell death, and that cell death of each cell type 

increased after cholesterol enrichment.  

5.3.4 The Effect of Melatonin on Amyloid-β Oligomer Toxicity 

Melatonin is a small molecule that has been shown to protect against in vitro Aβ toxicity 

in SH-SY5Y cells (human neuroblastoma), primary mouse hippocampal neurons, and rat 

astroglioma c6 cells324,325,392. Since this protection is not necessarily dependent on melatonin 

receptors, there is a possibility of membrane-dependent effects of melatonin neuroprotection 

against Aβ. In this study of HT22 cells, control HT22 cells treated with 2.5 µM and 5.0 µM Aβ 

had reductions in cell viability to 69.1 % and 57.9 % of control (Figure 5.5). Overall, melatonin 

was found to be protective against Aβ toxicity (two-way ANOVA). No interaction between 
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melatonin treatment and Aβ was found. Melatonin at 10 µM was observed to increase cell 

viability to 87.4 % and 79.1 % following 2.5 µM and 5.0 µM Aβ treatment (p<0.05* for both 

concentrations by two-way ANOVA with Tukey’s multiple comparisons – Figure 5.5). That is 

an approximate 18 and 22 % increase in cell viability after treatment with Melatonin. However, 

at 8.0 µM Aβ there was no statistically significant difference between control and melatonin 

treated cells, implying a limitation in the potential benefit (two-way ANOVA with Tukey’s 

multiple comparisons, n=5, p < 0.001). Compared to previous reports, this protective effect is 

high, comparable to 500 µM nicotine, and 10 µM SG inhibitor in HT22 cells, and significantly 

higher than cholesterol reduction observed in this chapter 310,311.  

 

Figure 5.5. Cell viability of cells treated with 10 µM melatonin and Aβ oligomers. Two-way ANOVA with Tukey’s multiple 

comparison did not find an interaction but did detect a significant protective effect of melatonin in the main effect (n=5). Plotted 

as mean + SEM. 

There are several proposed protective mechanisms of melatonin against Aβ. Melatonin 

has two endogenous receptors that are expressed in neurons, however a previous report has 

shown that the neuroprotection by melatonin is independent of receptor activation325. As 

mentioned previously, Aβ triggers oxidative stress in cells as part of its toxic mechanisms, and 

since melatonin is a potent antioxidant, it may protect mitochondria from oxidative stress 

impaired MTT metabolism. These protective effects of melatonin on the lipid bilayer may be of 

particular importance it has been shown to prevent initiation of lipid peroxidation by localizing 

near the headgroup region of lipid bilayers105,332,356,393 and scavenge free radicals from the 

cytosol and extracellular fluid, thereby preventing or slowing oxidative stress. In addition, 
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melatonin may affect structural properties of lipid bilayers that prevent amyloid from binding, 

inserting, or causing defects in the membrane, however concentrations of melatonin required to 

achieve significant changes in lipid biophysical properties may be larger than what was 

evaluated here, for instance small increases in fluidity – as measured by monolayer 

compressibility, were observed in monolayer studies of DPPC at 100 µM, ten times larger than 

the concentration tested here. The influence of cholesterol on the nanostructure of lipid bilayers 

(observed in chapter 4), is far greater than that of melatonin (Chapter 3), yet the effect of 

melatonin to reduce Aβ toxicity is much greater, this would suggest that the membrane structure 

dependent effects of cholesterol and melatonin on Aβ toxicity is low. Thus, antioxidant 

properties of melatonin are a more likely source of its protective effect against Aβ. Nonetheless, 

it is also important to note that these combined effects of melatonin as a membrane-protective 

antioxidant and regulator of membrane properties and structure could be complimentary. 

5.4 Conclusion 

AFM analysis was used to assess the structure of Aβ aggregates to correlate with toxicity 

to cholesterol depleted and melatonin treated HT22 cells finding that unaggregated Aβ 

monomers were slightly smaller than preformed oligomers. Aβ oligomers did not affect 

cholesterol levels or cholesterol recovery from MΒCD sequestration from HT22 cells. 

Unaggregated Aβ, assumed to be predominantly monomeric when cells were first treated, was 

not significantly less toxic than preformed Aβ oligomers in terms of the IC50, despite having 

smaller size distribution. This is likely due to substantial aggregation over the 24-hour treatment 

period. Cholesterol reduction and melatonin were both protective against amyloid toxicity as 

assessed by the IC50, with cholesterol reducing Aβ toxicity by a factor of 2, and melatonin by a 

factor of 3. Compared to other studies of Aβ toxicity in HT22 cells cholesterol depletion had a 

low protective effect, while melatonin had a much stronger protective effect. 
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Chapter 6: The Effects of Cholesterol and Amyloid-β Toxicity on HT22 

Cell Morphology by Phase Contrast and AFM 

6.1 Introduction 

Alzheimer’s disease (AD) is characterized clinically by progressive impairment in 

learning and memory which correlates with neurodegeneration in the central nervous system 

(CNS). The hippocampus and entorhinal cortex are affected in earlier disease stages as these are 

the most susceptible brain regions to AD pathology379. Later in disease progression more 

degeneration of the cerebral cortex is observed which correlates with further long-term memory 

loss, impairments in normal activities of daily life, sleep disturbances and inability to process and 

utilize language13,28. The extensive loss of grey matter is preceded by morphological changes at 

the cellular level where synaptic density of dendritic spines is reduced, effectively decreasing the 

number of connections between neurons394–396. In AD, the synapses connecting axonal terminals 

and dendritic spines are lost through a variety of processes involving the accumulation of 

amyloid-β (Aβ) and damage to the neuronal membrane394, oxidative stress, 

hyperphosphorylation of tau protein and collapse of the cytoskeleton, alongside inflammation, 

and metabolic dysfunction. Many of these molecular and cellular mechanisms involve the cell 

membrane, for instance cytoskeletal protein anchoring to the cell membrane, oxidative stress 

causing lipid peroxidation. Thus, the effects of membrane cholesterol and Aβ on the lipid 

membrane could affect neuronal cell morphology (through cell adhesion and cytoskeleton), 

which could be important for understanding the cholesterol dependence of Aβ toxicity. 

Cell volume and mass data are important for measuring growth rates and changes in cell 

morphology due to disease states. Volumetric morphology changes occur when mass within one 

region of the cell (protein, lipid, and nutrients) move to another, this can provide biophysical 

quantification of cell metabolism and cell migration that is more accurate then measuring surface 

area in the plane of the tissue culture plate314,315. Phase contrast optical microscopy is a widely 

available method for doing basic morphological characterization of 2D cell culture systems. The 

phase shift introduced by thin transparent samples is used to generate constructive interference 

between the thin samples and the incident light, then background light is removed, so that 

amplitude absorbing objects appear dark over the background 312. This increase in light 

amplitude (intensity) due to constructive interference creates optical effects that are not 
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representative of the true sample thickness, producing halo artifacts at interfacial boundaries 

within the sample, thus true 3D quantitative imaging using basic phase contrast is not possible. 

New quantitative phase imaging approaches have been developed that utilize a laser wavefront to 

accurately measure the phase shifts caused by the sample at each pixel, and through holographic 

principles reconstruct the path lengths allowing for true quantitative 3D images that can provide 

cell volume and mass data313. These types of quantitative 3D phase imaging are powerful but 

require specialized optical systems that are not widely available, therefore methods to extract 2D 

quantitative information regarding cell culture are especially useful for smaller and less well-

equipped labs.  

One means of overcoming this inability to gather 3D live cell morphology from optical 

methods is with the atomic force microscope 397. AFM can be combined with basic optical 

microscopy and AFM has far greater resolution than quantitative phase imaging allowing for 

visualization of surface topology rather than simply cell volume and density, in addition AFM 

can be used to probe cellular mechanics such as Young’s modulus, though it suffers from being 

lower throughput 299–301,66,302. AFM has been used to characterize the nanoscale structure and 

properties of living neuronal growth cones, yielding height profiles and elastic modulus of 

different regions of the neuron growth cone398. The effects of fresh and globular Aβ oligomers 

on cultured endothelial cells has also been explored by AFM where morphology changes within 

as early as 30 minutes following treatment, where cells appear to contract their cytoskeleton 

under AFM imaging effects which the authors attribute to Aβ ion channels399. A force 

spectroscopy study with AFM showed that 5 µM Aβ42 greatly increased the stiffness of both 

N2A and HT22 cells after only 30 minutes of treatment, this effect was attributed to increases in 

osmotic pressure and incorporation of Aβ peptides into the cell membrane causing membrane 

stiffness to increase400. A similar AFM and force spectroscopy study in aging primary culture 

models yielded opposite effect, with Aβ decreasing cell membrane stiffness in aged cells with 

depleted cholesterol over similarly short time scales 400,401. The difference in these two studies 

could be related to the choice of cell line vs primary cell culture, the choice of probe, and/or 

force spectroscopy force regime used. The effects of Aβ in chronic cell culture models, rather 

than acute models, has not been explored by AFM imaging in live cell culture. 

In this study, phase contrast optical microscopy and simple image processing techniques 

were used in combination with atomic force microscopy to characterize 2D and 3D 
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morphological effects of cholesterol and Aβ on HT22 cells. This chapter shows that it is useful to 

combine 2D analysis of phase contrast imaging with complimentary nanoscale imaging 

technique to generate descriptive 3D information of HT22 cells and reveal the effects of Aβ 

toxicity on live cells. Phase contrast microscope images of HT22 cell populations, with normal 

and reduced cholesterol, treated with 1 µM and 5 µM Aβ were analyzed using ImageJ software 

to extract relative quantitative changes in cell contact area, perimeter, and circularity in the plane 

of the cell culture dish. Next, AFM was used to characterize HT22 cell morphology on the single 

cell level providing a descriptive characterization of how phase contrast microscopy images 

relate to the 3D volume of cells and how Aβ induces different changes in HT22 cell morphology 

with nanoscale resolution.  

6.2 Methods and Materials 

6.2.1 Cell Culture 

HT22 cells were cultured in the same fashion as to Chapter 4, plated in 6-well BioLite 

cell culture treated plates (Fisher Scientific) at a cell density of 100,000 cells/ml, incubated for 

20 to 24 hours to become 50-60% confluent in full growth media. Once this confluency was 

achieved, cell culture media was exchanged to supplemented Neurobasal differentiation media 

for 24 hours. Cells were then treated with 0.5% methyl-β cyclodextrin (BioReagent for cell 

culture, Sigma Aldrich) for 1 h to remove cholesterol, then fresh differentiation media was 

exchanged containing media, or Aβ in different aggregation states at 1 and 5 µM for 24 hours 

before microscopy. After microscopy, cells were harvested for protein signaling analysis in 

Chapter 6. 

6.2.2 Amyloid-β Preparation and AFM Aβ Structural Analysis 

Recombinant Amyloid-β 1-42 (HFIP, rPeptide) was prepared in monomeric or 

oligomeric forms according to the modified version of protocols by Stine et al., 385 as in Chapter 

4, details for preparation and structural characterization of Aβ monomers and oligomers are 

described there. 

6.2.3 Phase Contrast Optical Microscopy 

After treatment, cells were imaged using Olympus IX51 compound inverted optical 

microscope at 4x and 10x magnification using identical lighting, contrast, and camera settings. 
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For both monomers and oligomers, n = 6 independent plates across multiple passage numbers 

were imaged, with N=2 wells per passage for a total of N = 12 images analyzed.  

For image quantification, raw data was imported into ImageJ, converted into 8-bit grey 

scale, contrast enhancement of 5% (including histogram normalization) for each image was 

applied. Threshold was set manually for each image to minimize background image artifacts 

(caused by shadows from condensation in the plate lids, differences in cell culture plate plastic, 

particulate within media), typical thresholds spanned 63 to 70 arbitrary units, varying no more 

than 10%. Noise was then reduced using the “Despeckle” feature. The ImageJ “Analyze 

Particle” feature was used with Shape Descriptors, Area, and Perimeter selected to identify cells 

and extract cell features. A size threshold in the “Analyze Particle” menu was set to 125 µm2 and 

175 µm2. 

6.2.4 Combined Phase Contrast Optical/Atomic Force Microscopy 

After treatment HT22 cells were maintained at 37 °C until ready for imaging. JPK 

Nanowizard II AFM (JPK life sciences), mounted on Olympus IX71 equipped with 40x LCAch 

N objective was used for phase contrast microscopy. MLCT AFM probes were used for contact 

mode imaging cantilever nominal spring constant k = 0.01 N/m, nominal tip radius 20nm. 

QPBio-AC probes (Nanosensors) cantilever nominal spring constant of k = 0.1 N/m, resonant 

frequency of 50 kHz was used for tapping mode imaging.  

6.3 Results and Discussion 

6.3.1 Phase Contrast Optical Microscopy 

As mentioned in the introduction of this chapter, traditional phase contrast optical 

microscopy does not allow for true quantitative 3D imaging of cells, that the value of each pixel 

in a sample does not correspond to the path length the light traversed through the sample. 

However, quantification in the 2D sample plane, or the footprint, of certain features in the 

sample is possible within the limitations imposed by physical sample, microscope resolution, the 

pixel density of the camera, and the specific parameters of the image processing and analysis 

algorithm314. These approaches have been shown to work adequately for subconfluent cultures 

where overlapping cells do not interfere with the boundary region between cells that can obscure 

contrast. If cells are overconfluent under or over counting of cells and obscuring of their 

morphology in the plane of the dish can be obscured.  
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In this study, phase contrast images were processed to produce a shadow or footprint of 

the cell on the tissue culture dish, to do this contrast was maximized, and threshold was set to 

extreme values making only the strongest light absorbing regions within the field of view visible 

(Figure 6.1 middle frame), this removes the background, and light halos around cells. The 

resulting image is biased towards the cell body, which contains the densest most light absorbing 

part of the cell, dominated by the nuclear region. Cell morphology of HT22 cells depends on cell 

density and position of the cell relative to other cells within the monolayer. A cell surrounded by 

other cells tends to have smaller and more circular morphology (Figure 6.1 top panel blue 

arrows), in contrast cells on the periphery of a cluster tend to have lower circularity and are 

elongated (Figure 6.1 top panel green arrows). This suggests that there is a cell density 

dependent effect on cell morphology. This is likely due to growth of overlapping HT22 cells and 

contact inhibition induced by the surrounding cells, i.e. inhibition of cell growth and migration of 

cells within a cluster and of continued cell migration of cells on the periphery of a cell cluster. A 

lack of contrast between cells within a dense cell cluster, especially for cells undergoing cell 

division is also apparent.  

 

Figure 6.1. Method for performing image processing and quantification. Phase contrast image was converted to 8-bit 

greyscale, contrast was enhanced, then ImageJ particle analyzer was used to count cells and compute cell measurements 

including cell area, perimeter, and circularity. 
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The method of image processing used in this study of removing background and 

enhancing contrast, and threshold detection using built in ImageJ tools is not perfect at 

identifying cells. In Figure 6.1, the three red arrows on the left in the “Control” images and two 

arrows on the “5 µM Aβ Oligomers” image indicate a region of the sample containing two or 

three cells that were misidentified as a single cell. This is an example of how over confluent 

cultures can be difficult to assess using automated cell counting in phase contrast optical 

microscope images. Another flaw in the cell detection algorithm occurs where identifying a cell 

is not possible, this can be seen in the control image of Figure 6.1 indicated by the four red 

arrows on the right of the images. Based on the size of the footprint of this region it would be 

expected to count at least three or four different cells, however the contrast of the boundaries 

between the cells is not sufficiently high to detect a difference over background, and only one of 

the four is observed. The boundary between these cells is not clear in the raw unprocessed image, 

the nuclear material within this mass of cells is distributed uniformly and no well-defined nuclear 

envelope can be seen suggesting these cells may be undergoing cell division. By lowering the 

threshold for the particle size, it is possible to identify an additional cell in this region, but the 

boundary between cells within this cluster still remain obscured, Figure 6.2 below shows a 

comparison between a 125 µm2 and 175 µm2 particle size threshold. Despite these limitations in 

automating quantification of cell morphology, interesting effects on morphology were able to be 

quantified. 

 

Figure 6.2. Particle size detection threshold is important for identifying cells. Control cells shown from Figure 6.1 above, left 

pane particle size threshold 125 µm2, right pane particle size threshold of 175 µm2. 
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Striking effects of 5 µM Aβ on HT22 cell morphology compared to control cells (Figure 

6.3 A vs. C) were found that are reflected in the image processing and analysis that was 

performed. Control HT22 cells in general have a pyramidal morphology, with smooth boundaries 

and few projections. Following treatment with 5 µM Aβ HT22 cells appear to become 

dilapidated, shriveled, they have more rough boundaries, and long protrusions from the cell body 

appear in cells indicated by red arrows on Figure 6.3, below. The amount of these long 

protrusions is dramatically increased for cells treated with 5 µM Aβ. This is reflected in the 

image quantification where a statistically significant increase in cell area and perimeter (Figure 

6.4), and a decrease in cell circularity were observed only for cells treated with 5.0 μM Aβ 

(Figure 6.5), p<0.05* by two-way ANOVA with Tukey’s multiple comparison to control 

(α<0.05, n=6). The qualitative changes in cell morphology, dilapidated with long thin projections 

from the cell body, correlates with the significant decreases in cell circularity. More detailed 

analysis of individual cell morphology is not possible at 10x magnification but will be discussed 

in the next section related to AFM imaging. In contrast, low concentration (1 µM) Aβ treatment 

caused no obvious effects on HT22 cell morphology visually with a slight increase in cell 

perimeter and area and decrease in circularity, though these differences were not statistically 

significant compared to control (Figure 6.4 and 6.5).  

Cholesterol depleted cells exhibited a slight increase in cell perimeter and area and 

decrease in circularity though not statistically significant two-way ANOVA from normal 

cholesterol groups on the whole. Cholesterol depletion partially restored cell circularity, 

perimeter and area in cells treated with 5μM Aβ, as it was not statistically different from the 

control cells. This indicates that cholesterol depleted cells exhibited less Aβ-induced changes in 

cell morphology and cell damage. This suggests that metabolic improvements, as measured by 

MTT cell viability assay in chapter 5, correlate with cell morphology data. 
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Figure 6.3. Phase contrast optical microscopy of HT22 cells cholesterol depleted and treated with Aβ. A. control, B. 1µM Aβ, 

C. 5µM Aβ, D. Cholesterol-depleted, E. Cholesterol Depleted + 1 µM Aβ, F. Cholesterol Depleted + 5 µM Aβ. Red arrows point 

to neurons containing long cell protrusions. 

 

Figure 6.4. Average cell area and perimeter for cholesterol depleted and Aβ treated HT22 cells comparing low and high 

concentration Aβ and with low cholesterol. Significant changes in cell surface area (left) and cell perimeter (right) were 

observed for HT22 cells treated with 5 µM Aβ (Two-way ANOVA, with Tukey’s multiple comparison to control, p < 0.05*, n=6). 

Mean ± SD plotted. 
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Figure 6.5. Cell circularity for cholesterol depleted and Aβ treated HT22 cells. There was no difference detected between 

control and low cholesterol cells overall however, HT22 cells treated with 5 µM Aβ oligomers had significantly lower cell 

circularity compared to control cells (Two-way ANOVA, p < 0.05* with Tukey’s multiple comparison to control, n=6). Mean ± 

SD.  

These results could be improved by using superior quality imaging multi-well plates, 

higher resolution camera, and higher-powered objectives, and by imaging at lower cell 

confluency. However, in the experiment design used in this series of studies, cells were imaged 

prior to being harvested for cell signaling analysis in Chapter 7. This improves the total amount 

of data generated from a single cell culture experiment, making a more efficient process. In 

principle, each image could be used to directly correlate changes in cellular morphology or cell 

density with cell signaling data in Chapter 7. 

6.3.2 AFM Imaging of HT22 Cells and Aβ-Induced Morphological Changes. 

Live AFM imaging of HT22 cells reveals valuable information about cell morphology. 

Figures 6.6, 6.7 and 6.8 show representative undifferentiated, differentiated, and Aβ-treated 

differentiated HT22 cells, respectively. The important parameters that can extracted from AFM 

height images are cell volume and height profile of different regions of cells. There are two size 

regimes of cell topography, the overall size of the cell, on the order of 1.5 – 4 µm, and the local 

nanoscale topography of the cell surface which includes lipid membrane and cytoskeletal 

features. Imaging both simultaneously is not possible with standard contact mode AFM due to 

the extremely large differences in the scale of the overall cell and these nanoscale features, which 

vary by orders of magnitude. More specifically, optimization of the nanoscale structure of the 



Chapter 6  Morgan Robinson 

 

99 

 

cell would result in feedback parameters that are too sensitive to account for huge changes in 

vertical height, this results in oscillations of the AFM cantilever and probe that can damage cells. 

Therefore, feedback parameters were set to lower gain values and image the largescale structure 

of the cell, at the expense of the AFM height following the nanoscale topography. Adaptive 

feedback AFM imaging technology has been invented which is not available on the JPK 

Nanowizard II, which could allow for overcoming this issue. Even though the height images are 

not able to capture the nanoscale topography of some cells, bending of the cantilever under 

contact force allows for visualization of the actin-myosin cytoskeleton in the deflection images. 

The 3D shading effect occurs as the probe climbs up the cell exerting a greater force (higher 

intensity showing as bright on the image), than when the probe descends the other side of the cell 

(lower intensity showing up darker on the image). Because the membrane is susceptible to 

deformation and penetration, forces must be kept under 1nN. Deformation of the cell under 

contact forces is still inevitable, so the AFM images provide an estimation of cell height under 

force, and a representation of a cell under vertical compression and shear stress.  

Living cells will respond to mechanical stimuli depending on the magnitude, direction, 

and duration of the force and on the type and state of the cell. The cellular response includes 

acute changes, initially the activation of actin-myosin cytoskeleton to resist mechanical 

compression, then changes in cell adhesion and other proteins involved in cell migration to move 

away from mechanical stimuli or shift cellular organelles to reinforce regions of the cell under 

pressure, and activation of volume/pressure regulating ion channels. Chronic changes in gene 

expression of these same systems can occur under sustained forces such as pressure and volume 

regulating ion channel expression (to increase osmotic pressure and resist compression) and 

increased expression of cytoskeletal proteins and mechanical sensing proteins. Cell mechanics 

involve several important subsystems including membrane integrity, osmotic pressure regulation 

(ion channels), and cytoskeleton regulation. Under AFM imaging mechanic stimuli occurs for 15 

to 20 minutes, long enough for some of these changes to occur.  
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Figure 6.6:  AFM/phase contrast optical microscopy overlay images of undifferentiated HT22 cells. A. Optical; B. Height; C. 

Vertical deflection of undifferentiated HT22 cells show different cell morphology types: pyramidal (1 and 4), rectangular (2) and 

during cell division (3). 
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Figure 6.7. AFM/phase contrast optical microscopy overlay images of differentiated HT22 cells. Several different 

morphologies are shown. Differentiated HT22 cells were more likely to exhibit a flattened morphology, spreading along the 

plane of the plate. Cytoskeletal structure of the differentiated neurons had higher contrast on height and vertical deflection 

images. This may be indicative of a reduced rate of cell proliferation. 
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Figure 6.8. AFM/phase contrast optical microscopy overlay images of differentiated HT22 cells treated with Aβ. Cell 1 

exhibits no obvious damage. Cell 2 exhibits cytoskeletal and holes in the membrane. Cell 3 exhibits dilapidated morphology, 

cytoskeleton is clearly visible, cell is detaching from the surface and AFM probe deflection shows very high adhesive forces at 

the peak of the soma. Cell 4 is contracting along the actin filaments likely stimulated by contact between probe and cell. 
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AFM height images of HT22 cells can be analyzed to estimate cell volume and the 

heights of various parts of cells, for instance the cell body, or soma, which contains the nucleus, 

as well as the peripheral regions of the cell. Below in Figure 6.9, shows the height distributions 

at the tallest point of the cell body, containing the nucleus for undifferentiated, differentiated and 

Aβ treated cells. Undifferentiated cells were significantly taller than differentiated cells with a 

much broader distribution of heights, 2.8 ± 0.2 µm compared to 2.1 ± 0.1 µm by standard T-test, 

p<0.05*. This may be due to undifferentiated cells being in different stages of the cell cycle. For 

example, cell 3 in Figure 6.6 shows a very large cell that is undergoing cell division, this cell has 

a height of 4.1 ± 0.1 µm, the next tallest cell in the undifferentiated cell population also had a 

much larger cell footprint and exhibited similar morphology. There were no cells detected in the 

differentiated population that had this large, inflated morphology. The differentiated control cells 

exhibited no significant difference in cell height compared to Aβ-treated differentiated cells 2.1 

± 0.1 compared to 2.1 ± 0.3, standard T-test. The peripheral region of the cells, outside the 

nuclear region, had large variations in the height of the actin-myosin cytoskeletal stress fibers of 

over the regions in between them. In general, the heights of these stress fibers are between 90 

and 220 nm above the surrounding cell surface regardless of the differentiation or Aβ treatment. 

The general cross section of cells is parabolic, where more than 90% of the cell volume is in the 

central region of the cell, a representative cross section and image is shown in Figure 6.9, below. 

The fact that the cytoskeleton is shown with such good contrast on the vertical deflection image 

and that the height change of the stress fibers is quite high implies that the AFM probe is 

compressing the cell, in regions between the actin-myosin cytoskeleton.  
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Figure 6.9. Height profile distributions of HT22 cell somas. Undifferentiated cells had significantly taller cell bodies than 

differentiated cells. No effect of Aβ on the height distribution was detected, though one large outlier in the Aβ treated cells was 

2.5 SD away from the mean (pointed to with an arrow). This cell is amongst the population of dilapidated cells that were difficult 

to image due to impaired cell adhesion (cell shown in Figure 6.11). AFM image with cross section shows a representative 

differentiated HT22 cell with the height profile. T-test comparing Undifferentiated vs Differentiated and Differentiated vs. 

Differentiated + Aβ, p<0.05, n=9 undifferentiated, n=10 differentiated, n=7 differentiated + Aβ. 

Previous AFM studies of the effects of Aβ involved acute treatments of less than 3 hours, 

and/or focused on the effects of Aβ on compressive cellular mechanics399,400. They found 

morphological changes induced by amyloid, especially in the retraction of the cell along the 

actin-myosin cytoskeleton. This may be due to amyloid directly, or a combination of amyloid 

and mechanical stimulation by the probe tip, though control images ascertain that amyloid is 

required for this effect, implying that at a minimum Aβ sensitizes cells to mechanical 

stimulation. In this study, cells were treated with Aβ for 24 hours prior to imaging so that the 

effects of Aβ after longer timescales could be studied. Furthermore, the combination of phase 

contrast optical microscopy and AFM reveal more detailed insight into the effects of Aβ on cell 

morphology that can be correlated with the effects on cell viability (from Chapter 5), and 

receptor tyrosine kinase signaling (in Chapter 7).  

AFM images of HT22 cells treated with Aβ cause several effects on cell morphology. 

First there is a population of cells that have a similar morphology as untreated differentiated 

cells, where it is most likely that Aβ accumulation on these cells was not enough to have any 

detectable effect on cell morphology (Figure 6.8, Cell 1).  
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A second population of cells exposed to Aβ exhibited features of necrotic cell death. The 

phase contrast microscopy and AFM images of Cell 2 is shown zoomed in on figure 6.10. This 

cell has a peak height of 2.3 ± 0.1 nm, well within the range of untreated differentiated cells. The 

peripheral region of the cell has a relatively flat cross section. The outer peripheral region of the 

cell has a height of 55 ± 3 nm above the mica, with the outer cytoskeleton ridge being 118 ± 5 

nm high. Regions of constructive interference (increased light intensity) on the phase contrast 

image (left panel, red arrows) correspond to holes in the cell surface topology on the AFM image 

(right panel, red arrows). These holes are 49 ± 5 nm deep and appear to penetrate to the mica 

surface below. The cytoskeleton of the peripheral cell region, outside the nuclear envelope, 

appears on the phase contrast image as lines of destructive interference, darker, lower signal than 

background, indicating the cytoskeleton is a light absorbing object compared to the cytoplasmic 

regions of the cells. The cytoskeleton is between 110 and 170 nm high above the non-

cytoskeletal regions. If the cell surface is expected to be mostly planar, then these large changes 

in height (from 40 to 50 nm) over the actin-myosin cytoskeleton (100 to 200 nm), imply 

compression of regions between these stress fibers. The compression length between the actin-

myosin stress fibers and the rest of the cell appears to be approximately 55 to 70%. Green arrows 

show where the cytoskeleton ends abruptly and may be an indication of cytoskeletal collapse 

induced by Aβ that could be related to microtubule associated protein tau pathology. Signs of 

cytoskeletal collapse are more obvious on the deflection image Figure 6.10 right panel. This cell 

could be in the earlier stages of transiting to a third morphological phenotype described next. 
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Figure 6.10. An HT22 cell treated with Aβ exhibiting cell membrane and cytoskeletal damage. Left panel is phase contrast 

optical microscopy images, right is AFM contact mode deflection image. Red arrows indicate holes in the membrane. Green 

arrows show where cytoskeleton is damaged, some cytoskeletal features around the periphery of the cell can be seen by phase 

contrast, but on the AFM image the cytoskeleton can be seen more clearly. These features are indicative of necrotic cell death 

mechanisms. 

A third population of cells was observed wherein cells appear dilapidated as mentioned in 

the previous section, these cells have morphological characteristics of apoptosis. The cell in 

Figure 6.11 below has a shriveled/dilapidated morphology, with numerous projections coming 

out of the cell body, with a very bright and large light halo artifact on the phase contrast image. 

The AFM height image reveals a cell that is an outlier in the Aβ treated group at 3.8 µm 

compared to the mean of 2.1 ± 0.6 µm, as illustrated on Figure 6.9 with an arrow. Most cells 

imaged by AFM with this type of morphology were far more loosely bound to the cell culture 

dish. During AFM imaging under forces from the probe tip (vertical and lateral), it was often 

observed that cells exhibiting this morphology would become detached from the dish and unable 

to be imaged. Large motion of the cell during AFM scanning was also observed that can best be 

seen by comparing the trace and retrace of the deflection image, where the cell moved 4.6 µm in 

the fast scan direction. Cytoskeletal features were only observable at the peripheral regions of the 

cell and not of the cell body, this is in part due to motion of the cell under AFM imaging and due 

to changes in cytoskeleton. These features indicate that the cells exhibiting this Aβ induced 

morphology were not as well-adhered to the plate, suggesting that Aβ toxicity involves 

interference with cellular adhesion. Cells of this type appear reminiscent of apoptotic cells, with 

a contracted cell body, and membrane blebbing and spherical cell bodies outside the periphery of 
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the cells (indicated by red arrows in Figure 6.11), and a reduction in cytoskeletal features. These 

cells could be in the later stage of apoptosis having progressed from the previous cell shown in 

Figure 6.10. 

 

Figure 6.11. An HT22 cell treated with Aβ exhibiting dilapidated cell morphology. Optical, Height and Trace/Retrace of HT22 

cell treated with 5 µM Aβ (Cell 3 from Figure 6.8) exhibiting highly dilapidated morphology, observe apoptotic morphological 

features, including cell body shrinkage, membrane blebbing (indicated by red arrows) and low adhesion to the cell culture dish is 

apparent from comparing trace and retrace deflection images, where the cell is dragged by the probe tip by about 4.6 µm. 

6.4 Conclusion 

Phase Contrast optical microscopy was used to evaluate morphological characterization 

of cellular populations of HT22 cells with depleted cholesterol compared to normal cholesterol 
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cells with or without treatment of 1 µM and 5 µM Aβ. A simple method to quantify changes in 

morphology of cellular populations using phase contrast microscopy using ImageJ are used to 

compute cell perimeter, area and sphericity is performed. It was observed that cells treated with 

5µM oligomers exhibited dramatic changes in cellular morphology that indicate a disruption of 

cell adhesion, a tendency towards larger cell areas, perimeters, and a decrease in sphericity. 

These morphological changes were less pronounced in low cholesterol cells, suggesting that the 

mild protective mechanisms of cholesterol depletion detected in Chapter 4 involve maintenance 

of cell cytoskeleton and morphology. Unaggregated Aβ, assumed to be predominantly 

monomeric when cells were first treated, were far less likely to cause severe morphological 

changes in HT22 cells at 5 µM compared to oligomers, data not shown. This may indicate a 

difference in the toxic mechanisms of different Aβ species, whereas there are similar impacts on 

cellular metabolism (from MTT assay results), oligomers are more disruptive in the way of 

triggering apoptotic morphology.  

On the single-cell level AFM analysis was used to assess the effect of Aβ aggregates on 

HT22 structure. There were several unique morphological changes induced by Aβ that suggest 

both necrotic and apoptotic cell death mechanisms. Some cells exhibited damage to the cell 

membrane through the appearance of large holes in cells alongside cytoskeletal disruption – 

indicative of necrosis. More readily detectable by optical microscopy were cells that appeared to 

have contracted cell bodies, disrupted cell adhesion, cell soma height was dramatically increased, 

membrane blebbing and spherical bodies and reduction in cytoskeletal features, which is 

indicative of apoptosis. These features were less prevalent on images of cells with depleted 

cholesterol, suggesting that cholesterol depletion may reduce apoptosis which could explain how 

cholesterol depletion can protect cells from Aβ toxicity.
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Chapter 7: The Effects of Cholesterol and Amyloid-β on RTK Signaling in 

HT22 Cells 

7.1 Introduction 

The lipid bilayer anchors proteins that facilitate information exchange between 

environment and cells, therefore its structure and properties which are affected by lipid 

composition, are important for receptor signaling pathways and contribute to disease 

pathogenesis and progression352,353. Cholesterol is a key component of all mammalian plasma 

membranes and intracellular lipid membranes in the body. This is especially important in the 

central nervous system (CNS)242, the most cholesterol rich system in the body due to the 

presence of oligodendrocytes which form the myelin around axons of neurons, and the extremely 

high number of synapses which require a high proportion of cholesterol to maintain402. Synaptic 

densities containing post-synaptic density-95, NMDA and AMPA receptors are found to highly 

colocalize with cholesterol-enriched detergent resistant membrane microdomains402. These 

cholesterol-enriched membrane microdomains physically support membrane receptors and their 

signaling partners, thus membrane microdomain composition changes or disruption from 

perturbed cholesterol homeostasis and Aβ can affect membrane receptor functionality.  

Several receptor signaling pathways have been shown to be impaired by Aβ, including: 

vascular endothelial growth factor (VEGF) receptor 37,384,403; insulin receptor190,191; NMDA 

receptors, both metabotropic and ionotropic receptors39,196,197; tyrosine receptor kinase B (TrkB) 

receptors, whose ligands are neurotrophin-3 (NT-3) and brain-derived neurotrophic factor 

(BDNF)118,177,404; and platelet-derived growth factor receptor-β (PDGFRβ)38. Many of these 

belong to the class of receptors called receptor tyrosine kinases (RTKs), which are an important 

class of growth factor receptors important during growth and development and for maintenance 

of healthy cells and tissues. With these RTKs the canonical signaling pathway involves 

heterodimerization of the receptors following ligand binding (though exceptions exist), and thus 

rely on being within close proximity with a high degree of probability for activation112. This 

would depend on RTK trafficking to and from the membrane and laterally within the membrane. 

Thus, it would be expected that these receptors would be sensitive to changes in membrane 

microdomain structure induced by alterations in cholesterol and lipid composition and Aβ-

induced damage112. There are two types of PDGF receptors (α and β) that are activated by four 
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growth factors (PDGF-A, -B, -C and -D)405. PDGF forms homodimers, PDGF-AA, -BB and 

heterodimers, PDGF-AB. In general, PDGF-A activates PDGFRα, and PDGF-B activates 

PDGFRβ. PDGF-C and -D were identified more recently and are not as well understood.  

In this chapter, a study of Aβ monomers and oligomers, cholesterol depletion and the 

interaction of these factors on baseline TrkB receptor signaling, as well as the effects on 

baseline, and phosphorylation of PDGFRα by acute PDGF-AA treatment is presented. The 

effects of these treatments were also evaluated on cell viability to study the effects PDGF-AA to 

rescue against Aβ toxicity. These RTKs and several important downstream secondary targets 

important in AD were evaluated including those in the mitogen-associated protein kinase 

pathway (MAPK), namely the extracellular receptor kinase 1 and 2 (ERK1/2)406; the activation 

of phospholipase C-γ1 (PLCγ1) which is a membrane-associated protein that directly associates 

with RTKs407,408; and lastly off-pathway, glycogen-synthase kinase-3β (GSK3β) which is 

involved in Aβ toxicity and tau phosphorylation, both of which are involved in AD 

pathology217,409. The results of these experiments demonstrate that the effects of cholesterol 

reduction have a far greater impact on RTK signaling pathways than Aβ at low and high toxicity 

levels. These results are discussed in relation to relevant literature and data from previous 

chapters on AFM (where membrane disruption by Aβ was assessed), cholesterol metabolism, 

toxicity and imaging studies presented in previous chapters. These data suggest that PDGFRα 

and TrkB signaling are not dominant pathways involved in the protective mechanisms of 

cholesterol depletion, and that other non-specific or receptor mediated pathways are involved. 

7.2 Materials and Methods  

7.2.1 Amyloid-β preparation 

Recombinant Amyloid-β 1-42 (HFIP, rPeptide) was prepared in monomeric or 

oligomeric forms according to a modified version of protocols by Stine et al.,385 as described in 

chapter 4. 

7.2.2 Cell Culture 

HT22 cells were cultured and treated as described in Chapter 5. However, PDGF-AA 

(Cedarlane) was applied acutely for 10 minutes to stimulate cells for Western Blot or was 

applied concurrently with Aβ during 24-hours for MTT assays. For Western Blot, to harvest cells 
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after treatment the 6-well plates were placed on ice, cells were washed with ice cold phosphate 

buffered saline (PBS). Next, 70µL of solubilization buffer (20 mM Tris-HCl at pH 7.5, 150 mM 

NaCl, 1 mM EDTA, 1 mM EGTA, 30 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 

mM sodium orthovanadate), containing Triton X-100 detergent (1%) and HALT protease and 

phosphatase inhibitor (Thermofisher) was added to each plate and cells were detached using a 

cell scraper. Cells were then transferred into chilled microcentrifuge tubes and lysed through a 

cold 22-gauge hypodermic needle at least 20 times. After lysing cells were spun in centrifuge at 

15,000 × g for 20 minutes to separate the supernatant. Supernatant was transferred to a clean cold 

microcentrifuge tube and stored at -20 °C until ready for Western blot. 

7.2.3 MTT Cell Viability Assay and Statistics 

The effect of PDGF-AA and cholesterol depletion to rescue cells from 5 µM Aβ toxicity 

were measured using the MTT assay. In 96 well plates, cells were plated at a density of 10,000 

cells/well than standard differentiation protocol used in Chapter 5 was performed: briefly, plated 

in complete media (DMEM/F12 +10% FBS + 1 % Pen/Strep) for 24 hours, media was 

exchanged for neurobasal + 10% N2 supplement + 2 mM L-Glutamine for 24 hours. Following 

differentiation cholesterol depletion was performed with 1-hour MβCD treatment, cells were 

then treated with either 5 µM Aβ monomers, 25 ng/ml PDGF-AA, or both. Each group was 

treated in triplicates all on one plate. After 24-hours, MTT cell viability assay was performed as 

in Chapter 5.  

7.2.4 BCA Assay, SDS-PAGE and Western Blot 

Total protein concentration was quantified for each sample by bicinchoninic acid (BCA) 

assay (ThermoFisher). Samples were mixed with 3x loading buffer (240 mM Tris-HCl at pH 6.8, 

6% w/v sodium dodecyl sulfate (SDS), 30% v/v glycerol, 0.02% w/v bromophenol blue, 50 mM 

DTT, and 5% v/v β-mercaptoethanol) and boiled for 5 minutes before 15 µg of total protein was 

loaded into 8% or 4 – 16 % gradient polyacrylamide gels for electrophoresis (PAGE). SDS-

PAGE was run on 15-well, 1.5 mm gels with Fisher EZ run pre-stained Rec protein ladder with 2 

control lanes per gel at 70 V for 30 minutes and then at 120 V for 90 – 120 minutes. Running 

buffer composition was 25 mM Tris base, 190 mM glycine, 3.5 mM sodium dodecyl sulfate. 

After SDS-PAGE, protein was transferred to nitrocellulose membranes in chilled transfer buffer 

(25mM Tris-HCl, 190mM Glycine and 20% v/v methanol) for 90 min in constant voltage mode 
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at 100 V, or for 16 hours in constant current mode at 42 – 50 mA such that the resultant voltage 

was ~ 30 V. Membranes were than washed in Milli-Q water before being placed into blocking 

buffer (tris buffered saline 20mM Tris, 150 mM NaCl, pH 7.4 plus 0.1% Tween (TBST)) 

containing either 5% non-fat milk or 5% bovine serum albumin (BSA) for minimum 1 hour at 

room temperature or overnight at 4°C. Membranes were then incubated in primary antibody in 

matching blocking buffer for 1 - 2 hours at room temperature or between 12 and 18 hours at 4°C 

depending on the antibody. After incubation with primary antibody membranes were washed in 

TBST three times for ten minutes under gentle rocking. Secondary antibody was diluted at 1 to 

5000 or 1 to 10000 in blocking buffer and was added to the membranes for 1 hour. Membranes 

were then washed three times for 10 minutes in TBST. Luminata crescendo Western HRP 

substrate (Millipore) for chemiluminescence detection was then added to membrane for 5 

minutes. Membranes were then imaged using iBright FL1500 imaging station (ThermoFisher) 

using the auto-exposure setting, if pixel saturation was observed, reduction in exposure time was 

adjusted manually. The background corrected density was computed using the iBright Analysis 

Software (ThermoFisher) and used for analysis. 

7.2.5 Antibodies  

Anti-phospho-TrkB (Tyr816) Antibody, ABN1381 (Millipore); TrkB Antibody (H-181), 

sc-8316 (Santa Cruz Biotechnology); PDGFR-β Antibody (D-6) (Santa Cruz Biotechnology); 

Phospho-PDGFRB (Tyr1021) Rabbit anti-Human, Mouse, Invitrogen™ (ThermoFisher); 

PDGFRB Rabbit anti-Human, Polyclonal, Invitrogen™; PDGF Receptor α (D1E1E) XP® 

Rabbit mAb 3174 (Cell Signaling); Phospho-PDGF Receptor α (Tyr849)/PDGF Receptor β 

(Tyr857) (C43E9) Rabbit mAb 3170 (Cell Signaling); Phospho-PDGF Receptor α (Tyr754) 

(23B2) Rabbit mAb 2992; Phospho-PDGF Receptor α (Tyr1018) Antibody 4547; Phospho-

p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP® Rabbit mAb 4370 (Cell Signaling); 

p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb (Cell Signaling); PLCγ1 (D9H10) XP® Rabbit 

mAb (Cell Signaling); Phospho-PLCγ1 (Tyr783) Antibody #2821S (Cell Signaling); PLCγ1 

Antibody #2822S (Cell Signaling); GSK-3β (D5C5Z) XP® Rabbit mAb #12456 (Cell 

Signaling); phospho-GSK-3beta (Ser9) (D85E12) XP Rabbit mAb (Cell Signaling);  β-Actin 

Antibody sc-81178 (ACTBD11B7) (Santa Cruz Biotechnology); Goat anti-Mouse IgG (H+L) 

Secondary Antibody, HRP (Thermo Fisher Scientific); Goat anti-Rabbit IgG (H+L) Secondary 

Antibody, HRP (Thermo Fisher Scientific). 
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7.2.6 Experimental Design of Western Blot 

For TrkB signaling data baseline unstimulated HT22 cells were studied, it was not 

possible to quantify total full-length TrkB levels in the HT22 cells, therefore the phosphorylation 

data cannot be interpreted appropriately. Total truncated TrkB was still measured. To study 

PDGFRα signaling both baseline and PDGFAA-stimulated HT22 cells were studied. For 

baseline experiments, following 1-hour MβCD treatment (to deplete cells of cholesterol), cells 

were treated for 24-hours with Aβ, then were imaged and harvested. Stimulated datasets were 

collected in a similar fashion, however, following 24-hour Aβ treatment, cells were treated with 

32 μM PDGFAA for 10 minutes before being harvested. Phosphorylated protein levels were 

measured as a means to quantify protein activation and were first normalized to β-actin and then 

expressed as a ratio to the normalized total protein signal and then to true untreated controls. 

Total protein levels were also normalized to β-actin.  

7.2.7 Statistical Analysis 

For MTT data Two-way ANOVA with Tukey’s multiple comparison (α = 0.05) was 

performed with the main effects being PDGFAA and Aβ treatment, which was run separately for 

low cholesterol and normal cholesterol groups. ANOVA also tested for interactions between 

PDGFAA and Aβ treatment groups and the control for n=5 independent experiments. The data 

were plotted separately on two charts for clarity. The statistical analysis for Western blotting data 

considered baseline and stimulated data separately, two factors were analyzed: cholesterol 

content and Aβ treatment. An ordinary two-way ANOVA, α=0.05, with n=5 independent trials 

was performed to assess effects of each factor (cholesterol and Aβ) and their interaction. 

Multiple comparisons with Tukey’s correction were performed in select datasets where more 

detailed comparisons were of interest.  

7.3 Results and Discussion 

7.3.1 The Interplay Between Cholesterol and Aβ on Baseline TrkB Activity 

TrkB the receptor for BDNF, and to a lesser extent NT-3, is a critical receptor for 

neuronal cell growth, differentiation, and survival410. It is among the class of neurotrophic 

growth factor (NGF) receptors which as RTKs canonically have an extracellular ligand binding 

domain and an intracellular kinase domain that acts on downstream intracellular targets such as 

PLCγ, Akt, and mitogen associated protein kinases (MAPKs) namely, the extracellular receptor 
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kinases 1 and 2 (ERK1/2). However, TrkB receptors also have a more complex expression 

pattern with 3 major isoforms being expressed in humans411. These different isoforms include a 

full length (TrkB-FL) which contains the canonical ligand binding and kinase domains, a 

truncated TrkB (TrkB-T1) that only contains the ligand binding domain and a truncated isoform 

with the ligand- and shc- binding domains (TrkB-T-SHC), although there are other predicted 

isoforms these are less well characterized and less abundant in human neurophysiology. Shc is 

an adaptor protein that recruits different signaling molecules, effectively transducing 

extracellular signals into intracellular ones412. The role of truncated TrkB isoforms is not 

precisely known but may involve acting in competition to negatively regulate TrkB signaling by 

acting to sequester BDNF and neurotrophin-3 (NT-3) or by dimerizing with full length TrkB 

receptors. Activation of TrkB receptors by BDNF requires heterodimerization, so that two TrkB 

receptors must diffuse laterally within the plane of the lipid membrane and form a complex for 

signal cascade to be initiated making membrane microdomain structure and properties important.  

It appears that total TrkB expression was limited in HT-22, with the total TrkB antibody 

only detecting one of the truncated TrkB isoforms (Figure 7.1 – top), this TrkB antibody was 

raised against the extracellular ligand binding domain. TrkB-T1 is expected to have a molecular 

weight around 95 KDa, with TrkB-SHC around 105 KDa. There was a statistically significant 

decrease in truncated TrkB expression following combined cholesterol reduction and Aβ (at both 

1 and 5 μM), Figure 7.2 (two-way ANOVA, α=0.05, n=5). When looking at the immunoblot for 

phospho-TrkB (Figure 7.1 – bottom), the primary antibody raised against the 13 amino acid 

peptides containing the tyrosine phosphorylation site, identified 3 different bands at 135, 120 and 

105 KDa. Because the truncated forms of TrkB do not have the C-terminal kinase domain it is 

not possible for the two smaller bands at 120 and 105 KDa to correspond to phosphorylated 

TrkB at residue 816. Therefore, these bands are likely binding to similar recognition regions of 

another protein, this is not unexpected with phospho-proteins as they often contain similar 

recognition patterns for phosphorylation. The band at 135 KDa likely corresponds to TrkB-FL, 

which is predicted to be approximately 140 KDa.  
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Figure 7.12. Western blot of total TrkB (top) and phospho-TrkB-tyr816 (bottom). Predicted molecular weights for TrkB-FL, 

TrkB-Shc and TrkB-T1 are 140 KDa, 110 KDa and 95 KDa, respectively. Total TrkB antibody only detected TrkB-Shc, while 

phospho-TrkB816 detected a faint band near the expected molecular weight, however there was cross-specificity for an unknown 

highly abundant protein near 120 KDa and another unknown protein with a faint band around 105 KDa. 

There was no significant effect of Aβ at either concentration on TrkB-Shc expression 

levels in the HT22 cells. Sequestration of cholesterol from HT22 cells by methyl-β cyclodextrin 

(MΒCD) in combination with Aβ resulted in some statistically significant changes in TrkB-Shc, 

though the effect sizes were small, and the confidence intervals were quite broad owing to the 

high variability and small number of independent replicates (Figure 7.2). Low cholesterol HT22 

cells treated with 1 and 5 μM Aβ resulted in significant reductions of TrkB-Shc by 46.1 % 

(**p<0.01) and 39.6 % (*p<0.05), respectively by two-way ANOVA with Tukey’s multiple 

comparison (α<0.05). There was a trend towards reduction in low cholesterol no Aβ group, with 

a 33.7 % reduction, which was close to significance. This may imply that membrane disruption 

by MΒCD alone was not significant to reduce TrkB-Shc at the membrane but with the 

combination of reduced cholesterol and Aβ-induced membrane disruption was enough to push 

these reductions into the range of statistical significance. TrkB receptors are membrane-

associated and therefore lower cholesterol levels in neurons would be expected to have less 

membrane microdomains, and thus less regions in the membrane for these proteins to 

anchor138,408. The high expression levels of truncated TrkB over TrkB-FL may greatly influence 
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the lack of neuron-like characteristics of the HT-22 cells if the hypothesis that truncated TrkB 

negatively regulates BDNF activity is correct411, as BDNF signaling is essential for neuronal 

differentiation413.  

 

Figure 7.2. Expression of truncated TrkB-Shc and activation of phospho-TrkB tyrosine 816 levels. Significant reductions in 

TrkB-Shc were detected for low cholesterol groups with multiple comparisons identifying 1 and 5 μM Aβ in particular, two-way 

ANOVA with Tukey’s multiple comparison (*p<0.05, **p<0.01, n=5). No significant effect on absolute pTrkB levels were 

detected though interpretation of this result is null. Mean ± SEM reported. 

Due to the inability of total anti-TrkB antibody to detect full-length TrkB, there was no 

way to report the phosphorylated to total protein ratio, therefore it is not possible to interpret the 

results of the phospho-TrkB-tyrosine 816 western blot experiments properly. As is, there was no 

statistically significant effect of cholesterol reduction or Aβ on the absolute phospho-TrkB-

tyrosine 816 levels. Relatively high variability in the phospho-TrkB levels was observed, 

especially for the low cholesterol 5 μM Aβ group, where in 2 out of 5 independent experiments a 

large increase in receptor phosphorylation was observed, whereas the other 3/5 experiments saw 

slight decreases. This may be further evidence of low baseline levels of TrkB-FL in the HT22 

cells.  

7.3.2 The Interplay Between Cholesterol and Aβ on PDGFRα Signaling 

Platelet-derived growth factor receptor-α (PDGFRα) is an RTK and thus requires 

heterodimerization to activate the canonical signaling cascade (recall Figure 1.4). PDGF-AA 

binds to PDGFRα subunits triggering dimerization and initiating the transduction cascade to 

affect cell growth, differentiation, and survival. PDGFRα is most strongly associated with 
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oligodendrocyte differentiation during early development414–416, however, PDGFRα has been 

detected in mature adult neurons while PDGFRβ has also been shown to have functional activity 

in hippocampal neurons414,417. Type-2 astrocytes and a subpopulation of glial fibrillary acidic 

protein (characteristic of astrocytes), expressing cells in subventricular zone also express 

PDGFRα418. Levels of PDGFRα may decrease in non-neuronal brain cells correlating with a 

decrease in oligodendrocyte progenitor cells during aging414. PDGFRα was chosen as a target for 

study in the HT22 cells as immunoblotting for PDGFRβ with three different antibodies yielded 

negative results, two phospho-PDGFRβ and one total PDGFRβ. Phospho-RTK proteomic assay 

was used to identify baseline levels of active RTKs in the HT22 cells (Figure 7.3). In HT22 cells, 

baseline phosphorylation is observed for ErbB2, the human ortholog is known as human 

epidermal growth factor receptor-2 (HER2) that is implicated in 15 to 30 % of breast cancers. 

This may be a result of the immortalization process the HT22 cells have gone through, which 

give them a cancerous phenotype304,306. The only other RTK with measurable baseline levels of 

phosphorylation in HT22 cells was the PDGFRα. This characteristic of HT22 cells makes it less 

physiologically relevant as a neuronal model for studying RTKs, since it does not express 

detectable basal levels of neuron-specific such as TrkA and TrkB receptors even when 

differentiated. Perhaps, the HT22 cells would be a more useful for studying glial or 

oligodendrocyte RTK signaling, however, the HT22 cells do not express GFAP which is a 

commonly used glial-specific protein, highlighting the limitations of using immortalized cell 

lines for research306. 

 

Figure 7.3. Phospho-RTK profiler assay kit. Differentiated HT22 cells untreated, only PDGFRα and ErbB2 show appreciable 

baseline phosphorylation levels, no PDGFRβ, TrkA or Trk B receptors have measurable levels of baseline phosphorylation. 

Modified with permission from Sean Newbury who performed this experiment. 

Previous work in the Beazely lab identified that Aβ interfered with PDGFβR signaling in 

SH-SY5Y cells, and thus PDGFRα could be an interesting target to study in relation to AD in 
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HT22 cells38. After identifying PDGFRα as an active RTK in the HT22 cells the effects of Aβ 

and cholesterol depletion on baseline PDGFRα signaling followed by PDGF-AA induced 

phosphorylation of PDGFRα and downstream secondary messengers.  

7.3.2.1 Effect of PDGF-AA treatment on MTT Assay 

For MTT assays, HT22 cells were treated for 24 hours concurrently with PDGF-AA (32 

μM) and Aβ (5 μM), with or without cholesterol depletion. PDGF-AA increased cell viability by 

53% over control (Figure 7.4). This could be due to increase in cell count, as PDGF-AA is a 

mitogen and increases cellular proliferation of mesenchymal stem cells, osteoblasts and 

oligodendrocyte precursor cells419. PDGF-AA failed to rescue HT22 cells from 5µM Aβ toxicity, 

shown in Figure 7.5 there was no statistically significant difference between cells treated with 

5µM Aβ alone (55 ± 2%) cell viability and combined PDGF-AA and 5µM Aβ (64 ± 10%). 

Cholesterol depleted cells were unresponsive to PDGF-AA treatment at the level of cell viability 

as tested with the MTT assay (118 ± 19% compared to 119 ± 10%), implying PDGF-AA was not 

able to stimulate proliferation of cholesterol depleted HT22 cells. Cholesterol depleted HT22 

cells were sensitive to Aβ (66 ± 8%), and treatment with PDGAA had no effect on cell viability 

(59 ± 10%). This agrees with previous work in our lab, that indicated PDGF-BB induced 

proliferation of SH-SY5Y cells was impaired by 5µM Aβ38. 

 

 

Figure 7.4. PDGF-AA rescue against 5µM Aβ following 24-hour treatment. Left: PDGF-AA increased cell viability 

by 53% over control (p<0.05) but failed to rescue HT22 cells from Aβ toxicity. Right: cholesterol reduction had no statistically 

significant effect on cell viability and abolished the increase in cell viability caused by PDGFAA. Assessed by Two-way ANOVA 

with Tukey’s multiple comparisons. Mean ± SEM reported (n=5). 
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7.3.2.2 PDGFRα signaling by Western Blotting 

We sought to characterize the effects of Aβ, cholesterol depletion and their interaction on 

PDGFRα signaling by Western blot, measuring total and phosphorylated (phosphor) protein 

levels of PDGFRα, ERK1/2, PLCγ1, and GSK3β. To do so, following differentiation protocol, 

cells were treated with 1 μM Aβ, 5 μM Aβ, or were depleted of cholesterol using MβCD and 

then treated with 1 μM Aβ and 5 μM Aβ before harvesting cells and measuring PDGFRα 

signaling to establish the effect on baseline activity. The same experimental conditions were then 

used but cells were stimulated with a 10 min PDGF-AA treatment prior to harvesting and 

Western blot. Representative blots are shown in the supplementary material in this chapter. 

Many factors may affect the relatively high variance across many different measures between 

each set of experiments including more or less effective cholesterol sequestration from MβCD 

during the oligomer data collection, or for small differences in PDGF-AA exposure times where 

ligand-induced internalization and degradation of PDGFRα may begin to occur112. Following 

activation, RTKs are known to have very large increases in the rate of internalization (namely 

ErbB2 and EGFR)420, and subsequently there is up to a 50-fold increase in degradation420,421. 

With a treatment time of only 10 minutes this was not expected to be significant, however 

different cell types have different rates of receptor turnover, which can depend on the level of 

receptor expression, the concentration of ligand, and variety of other factors that affect receptor 

trafficking including lipid composition420,422. These internalization process may also involve 

cholesterol-dependent mechanisms and is influenced by a number of complex feedback loops 

over short and long time scales, involving downstream effectors such as MAPK, PLCγ, and 

PKA112,420,422. 

When looking at PDGFRα expression there was no statistically significant effect of Aβ at 

any concentration regardless of the baseline levels or levels in response to stimulation from 

PDGFAA. For both baseline and stimulated datasets there was a statistically significant effect 

following cholesterol depletion, where PDGFRα expression was reduced, approximately 40% for 

the baseline levels (Figure 7.5), with the stimulated data had a greater reduction of 61% 

**p<0.01 by two-way ANOVA. There was no interaction detected between Aβ treatment or 

cholesterol reduction in the total level of PDGFRα. The larger decrease in PDGFRα expression 

levels could be a result of ligand-dependent internalization of the receptor, mentioned above. 

Representative blot shown in supplementary material. 
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Figure 7.5. Total PDGFRα expression levels. Left: Baseline levels following 24-hour treatment and Right: 24-hour treatment 

followed by stimulation with PDGFAA for 10 minutes. There was a significant reduction in receptor expression following 

cholesterol depletion by MβCD (two-way ANOVA, p<0.05*) in both cases. No statistically significant effect of Aβ was detected, 

for normal or low cholesterol HT22 cells on expression of PDGFRα nor was an interaction between the Aβ and cholesterol 

detected. Mean ± SEM reported (n=5). 

When looking at PDGFRα activation there was good phosphorylation signal at the 

tyrosine-857 residue, however neither the anti-phospho-PDGRFα Tyr754 nor Tyr1018 

antibodies tested yielded signal. Representative blot shown in the supplementary material at the 

end of this chapter – Figure 7.13). There was no significant effect on baseline phosphorylation of 

HT22 cell PDGFRα in any of the low cholesterol, Aβ treatment, or combination treatment 

groups (Figure 7.6 left) – as assessed by two-way ANOVA, α < 0.05.  

Following PDGF-AA treatment (Figure 7.6 – right) stimulated HT22 cells exhibited an 

increase in PDFGRα activation over control baseline levels by a factor of 2.5 to 6.5 depending 

on cholesterol and Aβ treatment. This was expressed as the as the ratio of phospho-PDFGRα to 

total PDGFRα to account for changes in total receptor levels. In comparing the effects of Aβ 

pretreatment on PDGF-AA stimulation, there was a significant decrease in phosphorylation ratio 

in the normal cholesterol cells treated with 5μM Aβ oligomers by a factor of 2.4 (two-way 

ANOVA, *p<0.05 with Tukey’s multiple comparison). This suggests Aβ is disruptive to 

PDGFRα activation, which correlates with the observation from the MTT data. For all three low 

cholesterol groups there was a significant decrease in phosphorylation compared to cells with 

normal cholesterol levels by a factor of 3.8 to 4 (***p<0.001, ANOVA with Tukey’s multiple 

comparisons). No interaction between cholesterol depleted cells and Aβ treatment was detected, 
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as there was no difference in the effect between low cholesterol treated groups also treated with 

Aβ. Overall, cholesterol reduction by MβCD had a far greater impact on disrupting PDGFRα 

receptor levels and activation than Aβ, although the effects on cell metabolism from cholesterol 

depletion was not significant. PDGFAA is a mitotic growth factor and thus the increase in cell 

viability it caused was likely due to increased proliferation of HT22 cells. PDGFAA failed to 

rescue HT22 cells from Aβ toxicity and cholesterol reduction abolished the effect of proliferative 

PDGFAA on HT22 cells. 

 

Figure 7.6. Phosphorylation of PDGFRα – Tyrosine-849. Left: Baseline, where there was no difference between 

normal and low cholesterol, or with Aβ treatment. Right: Stimulation with PDGFAA caused a 7-fold increase in phospho-Tyr849 

levels which was significantly reduced following 5μM Aβ treatment. Cholesterol depletion caused a dramatic reduction in 

phospho-Tyr849 levels. Two-way ANOVA did not demonstrate an interaction between cholesterol depletion and Aβ (p<0.05*, 

p<0.001***). Mean ± SEM reported (n=5). 

To further elucidate effects of cholesterol depletion, Aβ treatment and their interplay on 

PDGFRα signaling, downstream effector activation in this RTK signaling pathway were 

explored were quantified. The MAPK pathway is an important pathway that regulates all kinds 

of cellular functions, acting as an important signal transduction cascade between extracellular 

growth factor and hormone signals coming in from the environment at the cell membrane into 

changes gene expression for regulating cell and tissue homeostasis. After growth factor induced 

dimerization and RTK activation, Ras, a membrane associated secondary signal, dissociates from 

the kinase, binds to B-Raf, and activates MEK1/2 then ERK1/2405. ERK1/2 then phosphorylates 

transcription factors that bind activator protein-1 transcriptional DNA elements which trigger 

increases in cellular activity, promoting growth, proliferation, and survival. Thus ERK1/2 
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phosphorylation can be used as a measure of downstream RTK activation, though this is 

complicated by redundant pathways from other membrane receptors that influence MAPK 

signaling, and feedback from intracellular pathways. 

In these experiments there was no effect of any of the treatments on the total ERK1/2 

expression levels (Figure 7.7). In general, ERK 1 signal to noise levels were considerably lower 

than ERK 2 (representative blots shown in Figure 7.13 of the supplementary material). This is 

consistent with several Aβ toxicity studies where there was no change in total ERK1/2 levels in 

response to toxic levels of Aβ, across a wide range of concentrations even as high 10μM218,423. 

 

Figure 7.7. Total ERK2 expression levels. No effect of Aβ, cholesterol depletion or PDGFAA stimulation was observed. Mean ± 

SEM reported (n=5). 

Activation of ERK 1/2 was measured by dividing the phospho-ERK Threonine 202/204 

signal by the total ERK signal for both ERK 1 and ERK 2, separately. The trends for ERK1 and 

ERK2 were the same, the data for ERK2 is shown due to the better signal to noise (representative 

blots in Figure 7.13). In the baseline ERK activation there was an interaction detected between 

cholesterol and Aβ by two-way ANOVA (p<0.05*). There was an increase in baseline ERK2 

phosphorylation levels in response to toxic levels of Aβ (5 μM) treatment (Figure 7.9 left), in 

agreement with previous reports of toxic levels of Aβ increasing ERK1/2 activation216. This 

result was significant in the two-way ANOVA with Tukey’s multiple comparison (p<0.05*, 

n=5). Decreased ERK1/2 activation has been shown to correlate with a reduction in Aβ toxicity 
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from previous studies216. This aligns with what was observed here that low cholesterol HT22 

cells treated with 5μM Aβ oligomers had normal levels of ERK1/2 activation not statistically 

different from control, this may be involved in the protective effects of low cholesterol observed 

in Chapter 4. 

The effects of Aβ and cholesterol depletion after treatment with PDGF-AA stimulated 

cells on ERK1/2 activation are shown in Figure 7.8 right. The phospho/total ERK ratio was 

significantly increased for control HT22 cells by a factor of approximately 6.5 ± 2.5. There was 

trend towards decreased ERK activation with increasing Aβ concentration, but the result was not 

statistically significant (two-way ANOVA, n=5), this is in stark contrast to the baseline data 

where an increase was detected at higher Aβ concentration, suggesting an interaction that was 

confirmed by two-way ANOVA. Significant decreases in ERK1/2 phosphorylation were 

detected in all stimulated, low cholesterol HT22 cells, with a compounded effect for low 

cholesterol cells treated with 5μM – Figure 7.8 right (two-way ANOVA with Tukey’s multiple 

comparison to control stimulated cells, p<0.05* and p<0.01**, n=5).  

 

Figure 7.8. ERK1 and ERK2 phosphorylation on baseline (Left) and PDGFAA stimulated (Right) HT22. Left: 5μM Aβ 

oligomers caused an increase in baseline phosphorylation of ERK2, which was abolished in cells with low cholesterol, an 

interaction was detected (*p<0.05). This effect was not observed in cholesterol reduced cells and an interaction between 

cholesterol and Aβ was detected by two-way ANOVA p<0.05. There was a clear and consistent trend of PDGF-AA treatment 

activating downstream ERK2 causing phosphorylation. Unlike in baseline, there was no significant increase in ERK2 activation 

following PDGFAA treatment in the high concentration Aβ group two-way (n=5). ERK1/2 phosphorylation induced by PDGF-

AA was significantly decreased in all low cholesterol groups (two-way ANOVA, Tukey’s multiple comparison p<0.05*), an effect 

further compounded with high Aβ concentration (p<0.01**). Mean ± SEM reported (n=5). 
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Activation of Ras-ERK signaling has been implicated in the pathophysiology of AD with 

neuronal exposure to Aβ42 oligomers enhancing Ras/ERK signaling cascade216,217. This may be 

a counter regulatory factor to increase the chances of cell survival in response to the toxic insult 

of Aβ but could contribute to toxicity if there is sustained overactivation, taxing cellular 

regulatory process involved in cell growth and proliferation that are impaired by the initial Aβ 

insult. In addition, neuroprotective properties of different compounds including agmatine, 

tanshinone II2 and several different neurosteroids and their metabolites, have been shown to 

involve reversal of ERK1/2 and GSK3β activation in neuronal cell lines, primary hippocampal 

cultures and in rodent models in vivo216,218,423,424. The reduction in ERK1/2 signaling from 

cholesterol reduction is correlated with reductions from PDGFRα, however membrane 

cholesterol reduction will undoubtedly affect a whole host of signaling pathways both at the cell 

membrane and intracellularly through membrane-associated proteins that have effects on MAPK 

signaling. These neuroprotective mechanisms may include other membrane receptors, as well as 

Ras and Rho superfamilies which include membrane-dependent GTPases that transduce signals 

from neuronal membrane receptors to downstream intracellular secondary messengers ultimately 

affecting gene expression425. All combined there appears to be a consistent effect of cholesterol 

depletion having a pronounced impact interfering with PDGF-AA signaling that may be 

exacerbated by high concentrations of Aβ oligomers.  

PLCγ is a major downstream effector of many RTKs, with PLCγ1 being expressed in 

neuronal cell types. PLCγ has membrane lipid raft dependent activity in T-lymphocytes which is 

likely generalizable to other cell types and signaling pathways due to the non-specific actions of 

membrane lipid raft disruption408. The effects of cholesterol depletion and Aβ treatment on 

PDGF-AA induced activation of PLCγ1 correlating with activation of PDGFRα and ERK1/2 

signaling, results shown in Figure 7.10. Like other experiments, there was no significant effect of 

any of the treatments on total protein levels in either the baseline or stimulated datasets (Figure 

7.9); for representative blots see Figure 7.13. Activation of PLCγ1 was measured by the 

phosphorylation of tyrosine-783 expressed as a relative ratio over the total PLC γ1 protein level. 

Under baseline conditions there was no effect of any treatment, Aβ or cholesterol depletion on 

phosphoPLCγ1 levels (Figure 7.10 – left). Activation of PLCγ1 by PDGFAA resulted in a 4-fold 

increase in phosphorylation levels over untreated control. Under stimulation from PDGFAA no 

interaction between Aβ or cholesterol depletion was detected by two-way ANOVA. There was 
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no main effect for Aβ in any of the normal cholesterol groups, implying Aβ had no detectable 

effect on PLCγ1 activation. However, the main effect of cholesterol depletion significantly 

reduced the levels of phosphorylation in all low cholesterol groups and was the major source of 

variation across groups (two-way ANOVA, p<0.05*). For all low cholesterol groups there was a 

2-fold reduction in PLCγ1 activation that had higher significance and greater reduction with 

increasing Aβ concentration, shown in Figure 7.10 – right (p<0.05* for low cholesterol, 

p<0.01** for low cholesterol + 1µM Aβ, and 5µM Aβ groups). No interaction was detected 

between Aβ and cholesterol depletion gain, it was observed that cholesterol has a pronounced 

influence on the disruption of PDGF-AA induced activation of RTK signaling pathways that 

may be compounded by high concentration Aβ, as with phospho-ERK data. 

 

Figure 7.9. Total PLC γ1 expression levels are unchanged for baseline and stimulated HT22 cells across all treatment 

conditions. Mean ± SEM reported (n=5). 

 



Chapter 7  Morgan Robinson 

126 

 

 

Figure 7.10. PLCγ1 activation in HT22 cells. (Left) No effect on baseline PLCγ1 activation was detected for any group. (Right) 

Activation is reduced by cholesterol depletion (n=5, p<0.05)), but no statistically significant effect is observed for Aβ. Two-way 

ANOVA (α=0.05) with Tukey’s multiple comparison, p<0.05*, p<0.01**. Mean ± SEM reported (n=5). 

GSK3β is an intracellular kinase that has activity on many different substrates including 

microtubule associated protein tau and it has been implicated in hyperphosphorylation of tau in 

AD217,426–428. GSK3β inhibition has been shown to reduce tau hyperphosphorylation and plaque 

deposition and may be protective against cognitive dysfunction in mice and fly models of 

AD409,429. In the present study there was no statistically significant effect of any treatment on 

total GSK3β protein levels in HT-22 cells (Figure 7.11), for baseline or stimulated data. The 

serine-9/21 phosphorylation site is inhibitory and was expected to be decreased in response to 

Aβ, as suggested by other studies in APP knockdown and AD patient brain analysis217. There 

were no effects observed here of cholesterol depletion or Aβ treatment on baseline GSK3β 

phosphorylation of serine-9 (Figure 7.12 left). A small increase in serine-9 phosphorylation 

occurred with PDGFAA stimulation by 40 to 70% for cells with normal cholesterol (Figure 7.12 

right). The GSK3β activation identified in previous studies was detected in primary neuron 

cultures, and in AD patient brain samples which are more physiologically relevant than 

immortalized HT22 cells. This may represent a shortcoming of the HT22 cells which do not 

recapitulate important neuronal functions that are relevant in the effects of Aβ on the GSK3β 

pathway. 
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Figure 7.131. Total GSK3β expression levels are unchanged for baseline and stimulated HT22 cells across all 

treatment conditions (two-way ANOVA, α=0.05). Mean ± SEM reported (n=5). 

 

Figure 7.12. Effects on phospho-GSK3β-Ser9 levels. Left: no effect on baseline cells. Right: In PDGFAA stimulated cells 

observed a significant decrease in GSK3β Ser-9 phosphorylation levels in low cholesterol groups compared to normal 

cholesterol. No effect of Aβ, or interactions between cholesterol levels and Aβ were detected, by two-way ANOVA, p<0.05*. 

Mean ± SEM reported (n=5). 

7.4 Conclusion  

Cholesterol reduction reduces RTK expression levels, both in truncated TrkB and 

PDGFRα expression levels. Though in some instances this effect was not statistically significant 

it may likely be affected by the rebound in cholesterol levels and robust cholesterol biosynthesis 

in the HT22 cells that was reported in Chapter 4. This feature of active cholesterol biosynthesis 
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is necessary for cell proliferation of immortalized cell lines but is not a feature of mature neurons 

which rely on cholesterol produced and trafficked by glial cells in the brain. Furthermore, 

cholesterol depleted HT22 cells have reduced PDGFRα activation as evidenced by a reduction in 

PDGFRα phosphorylation followed by reduction on downstream ERK1/2 and PLCγ1 

phosphorylation. Aβ alone did not have a statistically significant effect on PDGFRα signaling, 

though a trend towards slight decreases in phosphorylation levels were seen at high 

concentration. In addition, combined Aβ treatment and cholesterol reduction increased the 

probability of observing a statistically significant impairment in PDGFRα signaling and 

increased the effect size following cholesterol sequestration indicating that membrane disruption 

due to Aβ may compound with the effect of cholesterol depletion. Combined, this suggests that 

Aβ may have some small disruptive effects on PDGFRα signaling, but that cholesterol depletion 

does not restore this functionality and thus PDGFRα cannot be involved in the protective 

mechanisms of low cholesterol.  

The protective mechanisms of cholesterol depletion correlate with reductions in truncated 

TrkB expression and with a reduction in PLCγ1, PDGFRα and ERK1/2 phosphorylation levels. 

However, cholesterol depletion results in a reduction in RTK signaling, which generally 

promotes cell survival and growth, and would be more likely to impair cell viability. Moreover, 

the impacts of Aβ on PDGF-AA induced activation of PDGFRα were minimal, though they 

compounded with cholesterol depletion. Overall, this implies that the protective effect of 

cholesterol sequestration is more likely due to different receptor signaling pathways, such as 

glutamatergic or cholinergic pathways, or non-specific binding and cell membrane damage and 

subsequent downstream oxidative stress. 
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7.5 Supplementary Material 

 

Figure 7.13. Representative Western blot images for all the targets presented in this chapter.
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Chapter 8: Ca2+ Fluorescence Microscopy of HT22 cells 

8.1 Introduction 

The work presented in this chapter is preliminary.  

Calcium signaling is crucial for neuronal function, including fundamental cell signaling 

processes and neuron specific functionality especially synaptic transmission and action potential 

propagation along nerve fibers. As such it is no surprise that Aβ has been shown to interfere with 

calcium signaling. Aβ binds to and interferes with NMDA receptors, which are an essential 

ligand gated calcium ion channel activated by glutamate, which along with AMPA receptors 

forms the basis of the majority of excitatory neurotransmission in the CNS. As well there is 

evidence to suggest that Aβ forms calcium selective membrane pores, that can be blocked by 

zinc ions. As such calcium signaling represents an important physiological process to experiment 

within the context of neuronal function. 

Different ways to study calcium signaling include neurophysiological approaches, 

molecular biology methods to measure the downstream effects of Ca2+ ion channel activation, or 

to visualize changes in calcium using calcium-, or voltage-, sensitive fluorescent dyes. One 

common Ca2+ sensitive dye is Fluo-4 which is a Ca2+ chelator that fluoresces when it binds 

calcium. Fluo-4 can be modified with an ester to increase membrane permeability to study the 

intracellular levels of calcium change in response to drug treatments or different physiological 

states. 

8.2 Methods 

8.2.1 Loading Cells with Fluo-4 Ca2+ Sensitive Dye 

Fluo-4 (as AM cell permeable ester) was reconstituted in DMSO with 0.1% Pluronic F-

127 in HBSS to 3μM. Briefly, 44μl of DMSO was used to solubilize 50μg of Fluo-4 which was 

aliquoted to 11 μL and stored frozen at 4°C until day of use (~104μM). On the day of imaging, 

2.25 μL Pluronic was added to 11 μL aliquot of Fluo-4 (AM) in DMSO to produce an 86 μM 

Fluo-4/Pluronic F-127 solution which is then diluted in 3.575mL HBSS to the final 

concentration. To load, cells were first washed with calcium and magnesium containing HBSS 

(Gibco) then treated with Fluo-4 solution and incubated at 37°C 5% CO2 for 30 minutes. Cells 
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were then gently washed twice as long in HBSS supplemented with calcium and magnesium 

prior to imaging.  

8.2.2 Fluorescence Microscopy 

Cells were imaged at 10x magnification on an Olympus IX51 equipped with a FITC/GFP 

filter cube with excitation filter: 470nm, and emission filter: 535nm. The X-Cite 120W mercury 

vapor arc lamp excitation light source was set to 50% power. Images were captured on an 

Olympus DP26 camera, in a low illumination room. Once focused on the cells optical path was 

fixed. Baseline fluorescence signal was captured then HT22 cells were treated with 500 nM 

glutamate or epinephrine and imaged under the same conditions at intervals for 5-, 15-, 30- 

seconds, then 1-, 2-, 3-, 5-, 10-, and 15-minutes post-treatment. Between image acquisition the 

shutter was closed to reduce the effects of photobleaching from excitation of the Fluo-4 

fluorophore. 

8.3 Results 

HT22 cells loaded with Fluo-4 Ca2+ sensitive dye can be used to study calcium signaling 

in response to different treatments. Before and after treatment can be compared by subtracting 

post-treatment images from the baseline image which can then be averaged over to get a change 

in Ca2+ signaling, this change was then expressed in arbitrary units (au) of intensity (0, 255) from 

the image acquisition software. Upon treatment with 500nM glutamate there is an increase in 

fluorescence signal that peaks around 2 minutes to 7.8 au. above the baseline signal, before 

decreasing slowly (Figure 8.1). Controls show a 10% decrease in fluorescence signal over a 15-

minute imaging window which is typical of photobleaching, from 2.5 to 2.3 A.U. It is important 

to note that the change compared to baseline is most likely due to differences in camera noise 

between images, rather than any significant differences in Ca2+ levels within the first 5 seconds 

of image acquisition. The increase in fluorescence due to glutamate treatment is indicative of an 

increase in Ca2+ signaling induced by activation of cationic ion channels, NMDA and/or AMPA. 

HT22 cells are known to exhibit glutamate induced cytotoxicity, and express NR1 subunit of the 

NMDA receptor 308,430. In contrast, epinephrine at 500 nM caused no significant net increase in 

fluorescence signal, Figure 8.2 (1.326 A.U. which was below the baseline of the control). This 

technique could be useful for studying the effects of Aβ and cholesterol depletion on glutamate 
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induced Ca2+ signaling because of the effect of Aβ on NMDA receptors and the ability of Aβ to 

form Ca2+ pores/ion channels.  

 

Figure 8.1. Ca2+ signaling within HT22 cells after 500nM glutamate, reaches peak at approximately 2 minutes. Mean Intensity 

Difference is calculated by subtracting each time point from the baseline expressed in arbitrary units (A.U.). Control image 

sequence shows about 10% fluorescence photobleaching over 15:00 minute image sequence (right). 
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Figure 8.2. Ca2+ signaling within HT22 cells after 500nM epinephrine before treatment (left) and 30 seconds post treatment 

(right). Small increase in signal within some HT22 cells, decrease in other cells. 

8.4 Conclusion 

These preliminary experiments contribute to other aspects of HT22 cell biology and test 

the feasibility of using these methods to study the influence of cholesterol and Aβ on 

neurotransmitter and Ca2+ signaling in HT22 cells. Ca2+ signaling is extremely important in 

excitable cells such as neurons as it is a part of the principal pathway for activation of these cells. 

HT22 cells were not responsive to epinephrine, however they were mildly responsive to 

glutamate over a timescale of minutes, in line with previous characterization of HT22 cells as 

glutamate sensitive. That being said the response to glutamate was not fast/dramatic as in 

primary neurons, where peak glutamate activation and Ca2+ signaling in primary neurons occurs 

on the order of seconds, not minutes. So even though HT22 cells may express functionally active 

NMDA receptors that increase Ca2+ upon exposure to glutamate, the dynamics of receptor 

activation is not representative of primary neuronal cultures or neurons in vivo.
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Chapter 9: Conclusion and Future Directions 

9.1 Conclusion 

The role of the lipid membrane in Alzheimer’s disease has long been recognized as the 

site of Aβ production and critical in pathogenesis but overlooked as a modifiable contributing 

factor in the main paradigm of AD and in Aβ toxicity. This is likely a consequence of the lipid 

membrane in general being viewed in biology as passive structure to support membrane proteins, 

rather than the dynamic structure that is actively involved in regulating membrane proteins. 

Therefore, strategies that emphasize the lipid membrane have not been the focus of therapeutic 

and diagnostic research efforts. The failures of targeting the amyloid cascade directly have 

highlighted that new directions in AD research are needed. One important direction is in looking 

at the membrane as a modifiable and important factor in Aβ toxicity. If the lipid membrane can 

be maintained in a healthy manner, with optimal composition, limiting influences of peroxidative 

and Aβ induced damage, it may be possible to forestall AD pathogenesis. This thesis has 

presented a novel series of studies spanning biomedical nanotechnology (AFM for membrane 

biophysics) and more traditional molecular biology (using cell-based assays, microscopy and 

protein analysis) to assess various aspects of this hypothesis and add to the body of literature that 

indicates the importance of the lipid membrane and its composition in Aβ toxicity.  

In Chapter 3, the effects of melatonin on phase separated lipid bilayers were studied by 

AFM and AFS breakthrough forces for the first time. This study showed that the addition of 

melatonin from the aqueous phase visibly changed the topographical structure of a phase 

separated lipid bilayer, decreasing surface area of LO domains due to melatonin incorporation 

into both phases along with an apparent displacement of cholesterol from the LO phase, in a large 

subset of experiments. In terms of the biophysical properties of the lipid bilayer there was an 

increase in elastic modulus, decrease in indentation depth and bilayer thicknesses, corresponding 

to an increase of the extent of the LD phase, this corresponds to an increase in membrane fluidity 

particularly of the disordered phase, but the overall membrane as well. Melatonin also reduced 

the work and force of adhesion of the probe to the membrane. The interaction of melatonin with 

cholesterol microdomains may be involved in the protective effects of melatonin against Aβ 



Chapter 9  Morgan Robinson 

135 

 

toxicity, by reducing the extent of membrane microdomains that have been reported to act as 

seeds for Aβ oligomer binding and aggregation and by reducing adhesion to the lipid bilayer. 

In Chapter 4, the use of contact mode HS-AFM for studying lipid bilayers and protein 

membrane interactions is presented for the first time. HS-AFM is effective and relatively non-

destructive for imaging soft bilayers with detail that is comparable to standard contact AFM in 

liquid. The ability to image dynamic membrane processes on sub second timescales and over the 

course of few hours as well as collect several orders of magnitude more data in less time has 

exciting applications. These data show that imaging dynamic membrane processes involving 

membrane reorganization are possible with HS-AFM, but that during imaging addition of Aβ – a 

sticky aggregation prone peptide – results in destabilization of tip sample interactions which 

greatly affects imaging quality, but that after addition and rinsing of the sample, Aβ aggregates 

on the surface of the membrane are largely stable. In addition, this imaging data shows several 

different interaction mechanisms of Aβ with model lipid bilayers, including disruption of 

membrane domains, accumulation on ordered domains, and increase in surface roughness and 

hole formation that depend on aggregation state and lipid bilayer composition.  

In Chapter 5, MTT cell viability and cholesterol oxidase assays were performed on HT22 

cells treated with MβCD (to reduce membrane cholesterol) and Aβ prepared in two different 

ways, as unaggregated monomers and as preformed oligomers. It has been shown for the first 

time that Aβ does not affect cholesterol levels or cholesterol recovery following MβCD 

sequestration from HT22 cells. Also, a novel comparison between initially unaggregated Aβ and 

preformed Aβ oligomers yielded no significant difference in toxicity across a range of 

concentrations and in terms of the IC50 following 24-hour exposure to HT22 cells. This is likely 

due to substantial aggregation of the initially unaggregated monomer solution over the 24-hour 

treatment period and the high sensitivity of HT22 cells to Aβ. Cholesterol reduction was mildly 

protective against Aβ monomer toxicity but not oligomer toxicity, while 10µM melatonin was 

much more protective. 

In Chapter 6, optical microscopy combined with AFM imaging reveals important 

information as to the mechanisms of Aβ toxicity based on the changes to HT22 cell morphology. 

A simple method to quantify changes in morphology of cellular populations using phase contrast 

microscopy using ImageJ was used to compute cell perimeter, area and sphericity. It was 

observed that cells treated with 5 µM Aβ oligomers dramatic changed cellular morphology in a 
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manner indicative of disrupted cell adhesion, a tendency towards larger cell areas, perimeters, 

and a decrease in sphericity. These morphological changes were less pronounced in low 

cholesterol cells, suggesting that the protective mechanisms of cholesterol depletion detected in 

Chapter 4 involve maintenance of cell cytoskeleton and morphology. Unaggregated Aβ, assumed 

to be predominantly monomeric when cells were first treated, were less likely to cause severe 

morphological changes in HT22 cells at 5 µM compared to oligomers, despite no significant 

difference in toxicity between preformed Aβ oligomers (shown in Chapter 4). This may indicate 

a difference in the toxic mechanisms of different Aβ species, whereas there are similar impacts 

on cellular metabolism (from MTT assay results), oligomers are more disruptive in the way of 

triggering changes in morphology. On the single-cell level AFM analysis was used to assess the 

effect of Aβ aggregates on individual HT22 cell morphology. There were several unique 

morphological changes induced by Aβ that are suggestive of both necrotic and apoptotic cell 

death mechanisms. Some cells exhibited damage to the cell membrane and cytoskeleton 

indicative of necrosis while other cells appeared to have contracted cell bodies, disrupted cell 

adhesion, membrane blebbing and spherical bodies which is indicative of apoptosis. 

In Chapter 7, cell signaling data of HT22 cells with reduced cholesterol and/or treated 

with Aβ in two different aggregation states then with PDGF-AA growth factor are presented for 

the first time. Cholesterol reduction reduces RTK expression levels, both in truncated TrkB and 

PDGFRα expression levels. Furthermore, cholesterol depleted HT22 cells have reduced 

PDGFRα activation as measured by a reduction in PDGFRα phosphorylation corresponding to a 

decrease in downstream secondary messenger (ERK1/2 and PLCγ1) phosphorylation. Aβ alone 

did not cause a statistically significant effect on PDGFRα signaling, though a trend towards 

slight decreases in many of these protein phosphorylation levels were seen at high concentration 

with Aβ increasing the probability of observing a statistically significant impairment in PDGFRα 

signaling and increased the effect size following cholesterol sequestration suggesting that 

membrane disruption due to Aβ may compound with the effect of cholesterol depletion. 

Moreover, both Aβ and cholesterol reductions impaired the PDGF-AA induced increases in 

HT22 cell viability. Combined this suggests that Aβ may have some small disruptive effects on 

PDGFRα signaling and that cholesterol depletion does not restore this functionality.  

When taken together with AFM, cell viability and microscopy data the protective 

mechanisms of cholesterol depletion are not likely to involve RTKs, but other receptor signaling 
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pathways, or in the prevention of non-specific cell membrane damage. Overall, this 

multidisciplinary series of scientific studies adds important knowledge to a variety of diverse 

scientific fields.  

9.2 Future Directions 

Merging the fields of membrane biophysics with cell and molecular biology in an 

interdisciplinary fashion is a necessary step in developing a more complete understanding 

physiological and disease processes that underlie cell signaling of membrane receptors. The state 

of the lipid bilayer is important in regulating cell membrane proteins, which in turn can affect 

cell signaling, adhesion, morphology, and metabolism. There are several experiments that were 

proposed that would add further insight and clarity into the mechanisms of Aβ toxicity in HT22 

cells for instance to study the high cholesterol case, where cell membrane cholesterol would be 

increased by MβCD loaded with cholesterol. Repeating cell viability, signaling and microscopy 

data for the high cholesterol case would provide better understanding of the cholesterol 

dependence of Aβ toxicity.  

Another set of experiments that would add a good deal of clarification as to the lipid 

membrane specific mechanisms of Aβ toxicity is cellular lipidomic and isolated lipid membrane 

structural analysis. It is unlikely that MβCD would only reduce cholesterol levels, so assessing 

the effects of this treatment on the cellular lipidome may identify other lipids removed by MβCD 

and the response of HT22 cells on lipid metabolism more generally. Performing lipidomic 

analysis on cell membrane microdomains fractions would also be an interesting experiment to 

examine how cholesterol depletion triggers changes in lipid trafficking between domains. These 

microdomain fractions could also be imaged by AFM to study their structure connecting 

Chapters 3 and 4 more directly to Chapters 5 – 7, allowing for direct correlations between 

neuronal function, lipid composition and membrane structure to be performed.  

Although the HT22 cells are an appropriate model for high-throughput experiments, such 

as quick cell toxicity and drug screening for their ease and speed of growth, there are some major 

limitations that should acknowledged, and other approaches suggested for future directions. The 

high proliferation rate of HT22 cells due to their immortalized phenotype imply that they have 

non-neuronal lipid metabolism, with high rates of cholesterol biosynthesis that may confound 

some of the physiological relevance of these studies. In addition, HT22 cells lack expression and 
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activation of relevant neuron specific RTKs making them less useful for studying NGF and 

BDNF signaling. Although HT22 cells have been shown to express functional glutamate 

receptors (confirmed in Chapter 8), they do not have the levels of excitability of neuronal cells. 

Thus, further work in this area should be explored in more physiologically relevant, higher 

impact rodent primary cell culture, or human induced pluripotent stem cell model, both of which 

have more appropriate neuronal characteristics and overcome the limitations of immortalized cell 

lines. 
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