
The Role of Melatonin in Amyloid

Interactions with the Model

Neuronal Membranes

by

Nanqin Mei

A thesis

presented to the University of Waterloo

in fulfillment of the

thesis requirement for the degree of

Doctor of Philosophy

in

Physics (Nanotechnology)

Waterloo, Ontario, Canada, 2023

© Nanqin Mei 2023



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the

Examining Committee is by majority vote.

External Examiner: Drew Marquardt

Associate Professor, Dept. of Chemistry and Biochemistry,

University of Windsor

Supervisor(s): Zoya Leonenko

Professor, Dept. of Physics and Astronomy,

Dept. of Biology,

Waterloo Institute for Nanotechnology,

University of Waterloo

Internal Member: Michel Gingras

Professor, Dept. of Physics and Astronomy,

University of Waterloo

Internal Member: Joe Sanderson

Professor, Dept. of Physics and Astronomy,

University of Waterloo

ii



Internal-External Member: Patricia Nieva

Professor, Dept. of Mechanical and Mechatronics Engineering,

University of Waterloo

iii



Author's Declaration

This thesis consists of material all of which I authored or co-authored: see Statement

of Contributions included in the thesis. This is a true copy of the thesis, including any

required �nal revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

iv



Statement of Contributions

I prepared Chapter 1 independently. Figures 1.1, 1.2, 1.3 and 1.4 in the Introduction

section are cited from other published works and included for illustration.

I led all projects under the guidance of my supervisor, Prof. Zoya Leonenko. Collab-

orations are brie
y acknowledged in the following text and detailed at the start of each

chapter.

In Chapter 2, I collaborated with Prof. James H. Davis and Dr. Morgan Robinson.

Dr. Robinson assisted with experimental setup and initial sample preparation and also

contributed to the introduction section of the paper. Prof. Davis trained me on the NMR

instrument and then he accomplished data collection. I collaborated with him on data

analysis and the writing of the Methods and Results sections in the paper.

For Chapter 3, I designed and led the project, trained undergraduate student Jingwen

Liang on the LSPR instrument, and solely undertook data analysis. Dr. Danielle M.

McRae aided in writing the abstract and editing the manuscript.

Chapter 4 was entirely my work, with instrument training and data analysis insights

from colleagues Carina Filice and Yue Xu. Undergraduate student Gexu Liu assisted with

early data collection and preliminary data analysis. I managed the main data collection,

statistical analysis, and authored the chapter.

v



Abstract

The amyloid cascade hypothesis has long directed research e�orts in understanding the

pathogenesis of Alzheimer's disease (AD), ever since it was �rst proposed through clinical

evidence by Hardy and Higgins in 1992. Currently, amyloid-� (A � ) species have attracted

signi�cant interest, particularly as they demonstrate profound cellular membrane toxic

e�ects. When there is no cure for AD, the current research direction shows there is a need

to develop the protective strategies. One natural molecule, melatonin, has been shown to

be protective against amyloid toxicity in animal and cellular studies, while the molecular

mechanisms are not well understood. One of the hypothesis is that melatonin can alter

the membrane structure and thus reduce amyloid toxicity to lipid membranes. In this

thesis research, how the incorporation of melatonin to the lipid membrane would change

the structure of the membranes and protect the membrane from amyloid toxicity was

examined.

This thesis focuses on investigations on the neuroprotective e�ects of melatonin against

A� toxicity were achieved using various membrane models that mimic cellular membranes

at di�erent stages of AD. Utilizing a range of advanced nanotechnology tools including

nuclear magnetic resonance (NMR), localized surface plasmon resonance (LSPR), atomic

force microscopy (AFM), black lipid membrane (BLM) studies, complemented by neu-

tron scattering, neutron re
ectivity, and molecular dynamics (MD) simulations, the study

explores the intricate molecular mechanisms behind melatonin's interaction with A� pep-

tides. Di�erent membrane models representing various disease states were employed to

assess melatonin's multifaceted e�ects. The research uniquely contributes by combining

these diverse techniques to o�er a comprehensive understanding of the potential therapeu-

tic role of melatonin in AD, paving the way for the development of more targeted and

e�ective treatments. Future exploration into melatonin's interactions with various forms

of A� aggregates may further enhance therapeutic strategies.

The research employs a range of neuronal membrane models | simple model (SPM)

(DPPC/POPC/cholesterol) and complex (DPPC/POPC/cholesterol/SM/GM1) models |

to elucidate the protective role of melatonin against A� toxicity. Each complex model

represents a di�erent disease state of membrane (healthy model (HM), early diseased model
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(EDM) and late diseased model (LDM)), allowing tests on multifaceted e�ects of melatonin

in varying biological contexts and disease states.

The studies demonstrated that melatonin changed the phase separation of lipid mem-

branes, altered the amyloid binding to the membranes, and enhanced the resilience of

membranes against amyloid-induced damage. Insights from the NMR study presented in

Chapter 2 indicated that melatonin promoted DPPC/POPC phase separation in a simple

lipid membrane model. The LSPR study, complemented with AFM in Chapter 3, showed

that melatonin altered the amyloid binding to complex lipid membrane models. Inter-

estingly, the intensity of this e�ect varied depending on the disease state, with the most

pronounced protective e�ects of melatonin observed in EDM. The BLM study in Chapter

4 further investigated melatonin's e�ect on di�erent types of amyloid-induced membrane

damages. The results clearly demonstrated melatonin's ability to enhance the longevity of

lipid membranes and increase the membrane's resistance to rupturing.

The advancement of knowledge on melatonin's membrane protective e�ects can pave

the way for the development of new preventive strategies and potentially open doors for

innovative therapeutic approaches.
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Chapter 1

Introduction

1.1 Alzheimer's Disease and Amyloid- �

Alzheimer's disease (AD) is a progressive neurodegenerative disorder that accounts for

approximately 60-80% of dementia cases worldwide, making it the most common form of

dementia for the elderlies [5, 6]. It is characterized by gradual cognitive decline, including

impairments in memory, thinking, and behaviour, that interferes with daily life and activ-

ities [6, 7, 8]. The cause of AD is complex and multifactorial, involving a combination of

genetic, environmental, and lifestyle factors. Despite its high prevalence and the signi�cant

symptoms on patients, there is currently no cure for AD [6].

AD was �rst identi�ed by German psychiatrist Alois Alzheimer in 1906, who described

the distinct neuropathological features of the disease: there were altered �brils within

cells that lead to disintegration [9]. Later research found that neuro�brillary tangles and

neuritic plaques are commonly found in the cerebral cortex of the elderly, often due to

normal aging, while amyloid, which forms the core of the plaques, is a hallmark of AD

[9]. The neuropathological changes in AD are believed to begin decades before the onset of

clinical symptoms, with amyloid-� (A � ) accumulation being one of the earliest pathological

changes. Amyloid cascade hypothesis postulates that the accumulation of A� in the brain

is the primary event driving AD pathogenesis [10]. This hypothesis has been the leading
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theoretical framework guiding AD research and drug discovery e�orts for nearly three

decades.

A� is a small peptide that is produced through the sequential cleavage of the amyloid

precursor protein (APP), by � -secretase and
 -secretase [11]. There are two primary

isoforms of A� found in the brain, A� (1-40) and A� (1-42), with the latter being more

prone to deposition and therefore more commonly found in amyloid plaques [6, 11]. Over

time, A� peptides aggregate to form soluble oligomers, which are believed to be the most

neurotoxic species, and further to insoluble �brils, which deposit in the brain to form

amyloid plaques [12, 13, 14, 15]. These aggregates disrupt cellular processes, leading to

synaptic dysfunction, neuronal death, and ultimately, the clinical symptoms of AD.

Accumulating evidence suggests that the cellular membrane is a crucial site of A� ac-

tion. A � can bind to the lipid membrane and accumulate on the membrane surface, trigger-

ing a variety of damage on the lipid membrane, ultimately leading to cellular dysfunction

and death [15]. For instance, surface-adsorbed A� oligomers can cause lipid peroxidation

[16, 17]. They can form pore-like structures or ion channels in the membrane, allowing

uncontrolled passage of ions and small molecules across the membrane [2, 18, 19]. They

can also act as surface detergents, creating holes in lipid membranes by extracting lipid

molecules [20]. Each of these interactions can profoundly a�ect cell membrane integrity

and function, potentially leading to cellular dysfunction and neuronal death.

Previously in Leonenko's lab (Drolleet al.) it has been shown that the changes in the

membrane structure are the key factor to amyloid toxicity [2]. This opens new possibilities

to investigate the role of the lipid membranes and to develop new preventive strategies to

protect cellular membrane from amyloid toxicity in AD, making it the main motivation of

my studies. In the following sections, I will provide a review of lipid membranes, investi-

gating their critical role in cellular function and their susceptibility to disruption by A� .

A thorough exploration of these aspects could shed light on the critical yet intricate rela-

tionship between A� , lipid membranes, and the devastating neurodegeneration witnessed

in AD.
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1.2 Lipid Bilayer Membranes

The cell membrane, or plasma membrane, is a biologically complex structure primarily

composed of lipids and proteins [21]. The primary constituents are phospholipids, sphin-

golipids and cholesterol [22]. The structure and biophysical properties of the lipid bilayer,

including 
uidity, phase behaviour, permeability, and lateral organization, play pivotal

roles in numerous cellular processes, emphasizing its fundamental importance in cellular

biology [23]. Lipid bilayer membranes formed with lipid species possess ordering proper-

ties that are dependent on the phases of lipid molecules (shown in Figure 1.1). The lipid

membrane can stay in the gel (L� 0) phase below the melting temperature, where the lipid

molecules are closely packed and have limited mobility. When the temperature is higher

than the melting point, the lipid membrane becomes in the 
uid (L� ) phase and possesses

high mobility [1]. However, when cholesterol is incorporated into lipid membranes, it al-

ters lipid ordering properties and induces phase separation in the 
uid phase. This leads

to the coexistence of liquid-ordered (`o) and liquid-disordered (̀ d) phases in cholesterol-

containing lipid membranes [24]. There is a large variety of lipids in cellular membranes

and each lipid has its own melting temperature, which results to a rich phase co-existence

and presence of nanoscale domains in model and cellular membranes. These nanodomains

play important role in the membrane interactions with other biomolecules, including A� .

With the progression of age, the neuronal cell membranes undergo signi�cant changes in

composition and structure, a phenomenon that has been implicated in various neurodegen-

erative disorders, including AD [25, 26]. As the brain ages, alterations in lipid composition,

such as decreases in polyunsaturated fatty acids and increases in cholesterol, have been

noted [27]. Such shifts directly impact membrane 
uidity and permeability, potentially im-

pairing various cellular functions. Moreover, age-related oxidative stress can lead to lipid

peroxidation [28], generating reactive lipid species that can further destabilize membranes

and promote neurotoxicity [29]. These changes in the aged neuronal cell membranes can

alter their interactions with proteins such as A� , which is critical to AD pathogenesis [2].

Another result from the lipid composition change is the alteration of the lipid mem-

brane physical structure, particularly the existence and dynamics of microdomains known

as lipid rafts, may in
uence A� toxicity [2, 30, 31]. These rafts, enriched in cholesterol and
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Figure 1.1: Phase Transition of Lipid Membrane . In the solid crystalline phase (Lc),

lipids are tightly ordered and closely packed. The orientation of lipid hydrocarbon chains

can vary, leading to a gel phase (L� 0). The transition from gel to 
uid phase (L � ) occurs at

phase transition temperature, also known as the melting point (Tm ). Before this transition,

there is often a pre-transition phase featuring a ripple phase (P� 0) with one-dimensional

ripples. In the 
uid phase, lipids become highly disordered, losing their lattice order, and

exhibit increased lateral and rotational di�usion [1].
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sphingolipids, provide a favorable environment for the clustering of APP and secretases,

thereby promoting A� production [32]. They also serve as platforms for the accumulation

of A� , which may enhance its local toxicity [33]. Furthermore, defects within the mem-

brane induced by initial A� -membrane interaction, might modulate the distribution and

aggregation of A� , eventually leading to enhanced toxicity [19].

Therefore, since the membrane serves as the primary target for amyloid-membrane in-

teractions, there is a signi�cant opportunity to membrane composition properties to a�ect

amyloid toxicity. When research focuses on the molecular details on the amyloid-membrane

interaction, model systems are widely used such that the e�ects from other cellular mem-

brane components in live cells or membrane extracts could be maximally eliminated. These

model lipid membrane systems can range from monocomponent to pentacomponent, in-

creasing in complexity and heterogeneity with each added component [2, 31, 34, 35, 36].

Alvarez et al. [34] has shown that the unstaturated lipid (POPC) triggers A� aggregation

using monocomponent lipid system, while Korshavnet al. [35] has shown that the satu-

rated lipid (DLPC) inhibits the A � �brillation. While simpler lipid model systems allow

research to more easily focus on one or two lipid species, more complex multicomponent

lipid membranes o�er a more suitable platform to study phenomena such as lipid phase

separation and to mimic domain structures, because the di�erence in lipid head group sizes

and tail lengths bring rise to surface topography diversity on the membranes. The di�ering

attributes of the lipid molecules within these multicomponent systems, such as their head

group size, acyl chain length, and degree of saturation, give rise to diverse structures and

behaviours that can be tailored to simulate the varying conditions in neuronal cell mem-

branes [37]. These models allow researchers to investigate the interaction of A� peptides

with cell membranes, which is considered a key factor in AD pathogenesis [38]. Azouzet

al. [31] have demonstrated that the A� preferably aggregates on lipid domains in tertiary

membrane systems composed with DPPC/DOPC/cholesterol and SM/DOPC/cholesterol.

They also showed that the presence of GM1 and cholesterol in POPC membranes favors

the binding of A� . Drolle et al. [2] have shown that a variation in lipid ratio alters the

aggregation of A� on lipid model composed with DPPC, POPC, cholesterol, SM and GM1

that mimics di�erent diseased states. Moreover, the lipid membrane models are highly

compatible with a range of advanced biophysical techniques, such as AFM [2, 31, 36, 39],
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NMR [40, 41], neutron re
ectometry and neutron scattering [41, 42], and other nanotech-

nological tools.

In my thesis research, I used the neuronal cell membrane models developed by Drolle

et al. in 2017 and its simpli�ed form composed with DPPC, POPC and cholesterol, to

form lipid membranes. The compositions of these model systems that mimic the healthy

or diseased lipid membranes are listed in Table. A.1. These lipid membranes have distinct

surface structures and electrostatic properties, as shown in Figure 1.2, which lead to their

di�erent interactions with A � . Figure 1.3 illustrates di�erent A� accumulations on the

three model membranes at 1 hour and 6 hours of incubation time. From this perspective,

the structural di�erences in the membranes were shown to be related to the A� interaction.

Therefore, it is reasonable to propose that altering the structure of the membrane could

potentially a�ect the nature of the A � -membrane interaction, resulting in changes to A�

toxicity. Melatonin, which will be introduced in the following session, possesses the ability

to alter membrane structure. This property makes it an interesting molecule for investi-

gating its potential to modify amyloid toxicity. Therefore, I used melatonin throughout

my thesis research.

Lipid Composition in weight ratio (molar ratio)

Lipid Models DPPC POPC Cholesterol SM GM1

Healthy Model (HM) 37 (35.3) 37 (34.1) 10 (18.1) 10 (9.8) 6 (2.7)

Early Diseased Model (EDM) 39 (36.5) 39 (35.2) 10 (17.8) 10 (9.7) 2 (0.9)

Late Diseased Model (LDM) 42 (39.4) 42 (38.0) 10 (17.8) 4 (3.9) 2 (0.9)

Simple Model (SPM) 41.9 (37.5) 43.4 (37.5) 14.7 (25) 0 0

Table 1.1: Lipid Compositions of the Three Complex Lipid Models and the

Simple Model mimicking di�erent disease states of neuronal cell membranes in AD:

healthy model (HM), early diseased model (EDM), and late diseased model (LDM). The

ratios are shown in weight. Adapted from Drolleet al. 2017 [2]. The simple model removed

SM and GM1 from the neuronal models.
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