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Abstract

Thel ack of wunderstanding in the molecul ar at
disease (AD) has hindered efforts towards finding treatments that effectively modify disease
trajectory.Therapeutic development for AD has focused on targeting amglpid\ fpghology,
long thought to be the cause of AD pathogendsisthese haviailedinc | i ni cal tri al s.
sticky aggregatiorprone protein that disrupimembrane structure and interfeveth specific
receptors in the brain, impairing synaptic plasticty important process for learning and
memory and eventually caescell death The interplay between disruption of the neuronal
membrane and neuronal receptors in &@rlaps withnflammation and oxidative stress in a
feedback loop that makes it diftilt to ascertain the causes and effects of MDre recent
geneticand epidemiolog dataindicates that lipid metabolisnis critical inAD pathogenesijs
underscoring the need to understand bhoanlipid composition(especially cholesteroii brain
affeds amyloid toxicity.In the first part of this work theelevantbackgrounditeratureof lipid
mediated mechanisms of ABdiscusse@nd an overview of methods used herein are provided

In the second parthe results obiomedicalnanotechnologgxperimentsvhereatomic
force microscopyAFM) wasused to studynteractions osupportedipid bilayers (SLBs)with
melatonin andA bat the molecular leveChapter3 shows the characterization of biophysical
changes that melatonin indsce SLBsof DOPC/DPPC/Cholesterol by AFM aatbmic force
spectroscopy (AFS). Overall, AFM imaging revealed that melatonin increases disordered domain
coverage, reduces bilayer thickness and indentation depth, increases membrane fluidity, and
decreases nnebrane adhesigrthough large variability was observéa Chapter, for the first
time contact mode higspeed AFM (HSAFM) was show to be able tamage lipid membranes
of different compositiondHS-AFM wasused to capture large areas of membranes aomgpide
effects of AD mo n differentphasasemirated lipidgitayees conposen of
low and high cholester@howing different interaction mechanisms

In the third part of tis thesis the influence of membrane composition and amyloid
toxicity on HT22 neuronal cell viability, cholesterol metabolism, morphology, and receptor
tyrosine kinase (RTK) signaling pathwayaselucidated. Bginning inChapter 4cholesterol
oxidase assaand AFM verifycell cholesterol contemeduction and A structure respectively.

There was no effect & bon cholesterol recovergndcell viability studies show thatholesterol



depletion wasnodestlypr ot ect i ve against botlhChéptes the nomer s
cholesterodependene f f ect s of Ab monomers and oligomers
phase contrast optical microscopy and atomic force microscopy (Ad\Malapoptotic and
necrotic populations dfiT22 cellsexposed tA\l and thathat membrane cholesterol depletion
prevens these changes morphology. In Chapter7, the effects of cholesterol andAn
baseline Tyrosine Receptor Kinase B (TrkB) receptors and PDGF retHiBIGFR))
signaling,reveal that RTkKsignaling ischolestercldependent and that high concentra#obh
oligomersincrease the likelihood of RTK impairmetiut there was no statistically significant
effectofAbonPDGFRU s.ignaling

This work provides experimental evidence that membrane choleistew strongly
involved in the mechanisms of Aoxicity in HT22 cells but its reductions may be mildly
protective RTK signaling in HT2Zellsis impaired byA bbut isnotinvolved in theprotective
mechanisms of cholesterol depletidnbdisrupts membrane biophysical structure and receptor
signaling pathwaysiggeringmetabolic dysfunction and bo#poptotic and necrotic cell death

mechanisms.
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fNow we scientists are used to this, and we take it for granted that it is perfectly
consistent to be unsurehat it is possible to live amibtk now. But | dondét know
everyone realizes that this is tr@ur freedom to doubt was born of a strigggbainst authority
in the early days of science. It was a very deep and strong struggle. Permit us to uéstion
doubt , otrottdbé sureaAnd I think it is important that we do not forget the importance

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

i Richard Feynman iffthe Value of Scienchlovemberl955.
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Chapterl Morgan Robinson
Chapter 1: The Role of Lipidsinthe PAOET CAT AOE O IDiEeasel UEAE

1.1 Introduction

Al zhei mer 6s di sease ( AD)elaiteddiseasesfamnfy t he mos
Canadian society today and despite over 100 years @irobseo treatments are available that
slow AD progressioti®. AD is characterized clinically by symptoms of progressive cognitive
impairment and dementimcludingimpaired learningmemory, mood disruption and language
impairment-’. These behavioral symptoms occur alongsieigropatholoigal atrophy in areas
of the brain involved in learning and memory, primarily in the hippocampus and the cortex,
(Figure1.1) &0 Theseregions of atrophy represent significant loss of neurons and syrapses
contain significantdeposition of extracellular amyloiol( A fpldquesandintracellular
neurofibrillary tangles (NF3) and adipose inclusionshown on histological brain slice image in
Figure 1.21° The majority of AD cases are agelated (or sporadic AD), while a subset of cases
are geneticalhtinked to amyloid production.

The defining molecular hallmark of AD is the accumulation of extracellular amfloid
( Ab) pFoargllg Isowdver this occurs alongside a variety of other features such as:
intracellular neurofibrillary tangles (NFT), metabolic dysfunction, neuramfhation, oxidative
stress, disruption of neuronal signaling, and biboain barrieBBB) disruptior?<t?, The
precise cascade of events in AD pathogeniesnot known though much progrdss been made
in the last 30 yeamnmapping out a general disease trajecfsty: Currently, the big questions in
AD regard the earliest stages of disease, prior to the onset of symptiens it is now expected
that a prolonged preclinical pha@eodromal AD),of the disease where neuropathological
changes occur before symptomanifesfsl:14.15 Aside from the major hallmarksentioned
several linef evidence point to mechanisms invioly lipid membrane disruptioress
precipitating factors in rendering cells susceptible to amyloid toxicity that may resolve many
long-standing questioA%!8. At the molecule level amyloid induced permeability is membrane
lipid composition dependetit?®, while at the cellulalevel lipid composition affects amyloid
related pathological changé$2 Thesemolecular and cellular changes cotdthte tobroader
tissue level disruptions impairedlipid homeostasis and innate immune systtsfunction
both in the central nervous system (CNS) anéhcalentally withinthe periphey 82327, This
literature review willstart with a short summary of the current state of the Amyloid Cascade

1
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Hypothesis, then provide a background on lipid membrane structure and the influence of lipid
structure and composition on receptor signaliefpre looking more deeply into the
contributions othe neuronal lipid membrane and membrane receptdks toxicity, and then

finally, connect these ideastioe many epidemiological and genetic evidence that poimbo

changes in lipid homeostasis mag/the key initiating factor in AD pathogenesis.

= L, (5%
N i b D s . &0
; % o LD S

: :

NORMAL BRAIN ALZHEIMER'S BRAIN

Figure 1.1. Al z h e i me r gatholodyinwleesgsoss structural changes in cortical and hippocampal regions,
increases in interstitial spaces and overall loss of brain tissue (left). Histopathological image of brain slice fromeAD pati
extracellular A p | arg highlghted with red boxes, imageurtesy of the NIH (right).

1.1.1 TheQurrent Sate of theAmyloid CascadeHypothesis
The precise cause of AD is not knowrthe majority of sporadic APhowever the
accumulation the primary molecular hallma#myloid-b, is known to occur very early in the
disease trajectot{?® Historically, a major milestoneccurred inunderstandinghe molecular
mechanimsof AD neuropathologyvith the isolation and sequencing of the prim&g KDa Ab
fragmentin 1984 by Glenner and WoffgShortly thereafter e gene encodintpat Ab
fragment was located and cloned within what was later cilledmyloid precursor protein
(APPYC, This led to the formulation of the amyloid cascade hypothesis in the early 1990s, which
suggestd that AD was caused by the accumulatioamyloiddue to an imbalance of
production and clearancd Ab monomer s and their txodgledquent a
plaguegcan be seen in histopathological slice framAD brain, Figure 1.in red boxs)3L. In
the last few decades sintbeamyloid cascade has been criticized due to the failure®-of A
targeted treatments in clinical trials and line correlation betweeAb | oad and devel o
sympt oms. Regardl ess of whether Ab is a usefu

or must be targeted along with parallel molecular pathwiapays an undeniable role in the
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disease pathogenesis. Resolving these-sdagding controversies depends on developing a more
nuanced and complete descriptiortted factors thatontributeto Ab neurotoxicityand not

simply Ab as thesoloneurotoxic insult

1.1.2 Amyloid-b Production, Aggregation,and Toxicity

The amyloid cascade has been the leading hypothesis for AD pathogenesis and although
it provides a generalescription, it is nba complete picture of the disease. The amyloid cascade
isshownin Figure 1.2 T h e A begiosavithcclealage of the amyloid precursor protein
(APP), a transmembrane protetn,produce the toxi& b f r aAPPeratein trafficking
within cells folows the constitutive secretory pathway, once it reaches the cell membrane it is
rapidly internalized, then it is recycled back through endocytic pathways to intracellular
compartmentsdegradation in the lysosoroe back to the cell membrattfeAPP spends most of
its time withinthe intracellular organelle membrane network, the Gatgioplasmic reticulum
network? Thus,thepr oducti on of t he alAdnpastroentdue ® thevi t hi n
catal ytic cl ean dsgpaetasehothfoPwichbage prionarily located within
cells.Ai accumulation within neurons has been shown to occur earlier in disease pathogenesis
and to induce apoptosis preferentially over extracellularthough som@\i is likely
transported extracellularf%3°. APP has a alternativeenzymatigorocessingathwayinto non
amyloidogenic fragmentsy " -secretasedue to this cleavage site being within théregion.
This noramyloidogenic processing occurs preferentially at tlleneembrane where-secretase
is located?. Thereforeit is not surprisingdbased on APP trafficking and different cleavage
pathwaysn various cell compartmentgjjat endosomal sorting has been imp&dan disease
pathogenest§. This would suggest thandosomaplasma membrarigid composition could be
an important factoandwill be discussednorelater in this chapter.

Molecular and cellular studies obAoxicity have been quite informative in generating a
general description of AD mechanismifioughmany specific moleculgargets have been
identified there are also a large set of 1specific cell processes that are also involved, such as
membrane damage and oxidative stf&S8. Structuretoxicity relationships withA h av e
identified oligomers as the most toxic speciestiledemphasis has shifted from plaques towards
the solubé Ab oligomer as the culprit for causing AP, along with the expectation that late

stages of the dissea will be harder to treatheAb mo n o mer (6 segaiveartddr g e d
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positive residues3843 amino acid peptide which includes the membrane spanning region of

APP, and thus has several hydrophobic residues and an intrinsic membrane binding &ffinity

After cleavageAb monomer s have a pr eagsemblEitFiyst,dndat mi sf ol
|l ow concentration, Ab forms disordered | ow mo
aggregate as the concentrati on-dceff i sbheasahd r e as e
then these sheets align into protofibrilsttheow into fibrils and eventually plagqu&s?,
Aggregation of ADb in physiological conditions
lipid membrangboth intracellular and extracellulaprovides an important interface for

interaction (Figurd.2 ) . As Ab accumul ates at the neuronal
signaling pathways and it causes major topographical defects in the membrane which both
contribute to neuronal dysfunctigthese pathways will be discussed in more details in following
sections) This damage to the plasma membrane occurs alongside oxidative stress and metabolic
dysfunctionwithin 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 inthe last section of this thekig he toxicity of A has made it a rati@ahtarget for

therapeutic intervention, though this has yietdedany major clinicasuccess.
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Figure 1.2. Amyloid-b production, aggregation and toxicitgascadeProductionof A Bfragmentfrom APP cleavage
by b anda secretass. Ab aggregagsinto toxic oligomerandfibrils eventually forming plaques in the late stages of AD. Ah a s
an intrinsic affinity for membranes due to its charge and hydropholif@tefore 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 whichrsiggeapse loss and cellultoxicity.
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1.1.3 Amyloid Targeted Therapeutics

The amyloid cascade hypothebes beemriticizeddue to a lack of successfulratal
trialstargeting the amyloid cascadeerthe last 30 yearshough more recent efforts suggest
targeting amyloid duringrodromal and early Alnay bepromisingin a small subset of patients
4351 Very recentlyandamid considerableontroversyaducanumab, a monoclonal antilyod
t ar g et iskbegn gikdraccbleratedtatus bythe US Food and Drug AdministratioRA)
approvat?, despitehe EMERGE and ENGAGE trials of aducanumakfgito demonstrate
repeatable improvement in cognitive declin@atients?. Both the EMERGE and ENGAGE
trials were cancelled for failing to meet primary endpoiwith one study exhibitingo
improvement in primarputcomes (2%lifference between placefmontrolled groups and the
otherreaching aedudion in cognitive decline by 20%both resultdrom the high dose treatment
groupEvent hough both studies s how#®dhe safetdprafile of o n i
aducanumain 40% of patientsreated withhigh dose suffered from brain bleeding or swelling
indicating a poor drug safety profité> This is eeily similar to the results of other monoclonal
antibodesa nd Ab tha ltaceibeer shown tausedeposition of amyloid in cerebral
vasculaturdriggeringcerebral micronemorrhageor brain bleeding in the microvasculature of
the brain”>®’, This type of reckless approval by the FDA is indicative of the continued failure
and corruption of our scientific medical regulatrseign in theprofit motiveand other
incentivesof thepharmaceuticaiedicalindustrial comple®-°°. This controversial approval
highlights thdlack ofe f f e c t i v -diredesitserapefiticsévbn in the earlytages of AD
Regardless, it should be obvidmg nowthat the complexity of AD would require more complex
solutions than targeting a si ngl gathoplysicdogyu!| ar
need further elucidation.

1.2 TheSructure and Function o the PlasmaMembrane

Thelipid membrane is a critical biological structure which defines the exterior surface of
and compartments withiibjological cellsand is a key interface for interaction between the cell
and its environment, for cetlell communicationandto compartmentalizintracellular
processes withiand betweewrganellesThe plasmamembrane is made from lipids that self
assemble into bilayer structsrembedded with receptor proteins that when activated by specific

moleculesor induced by conformational changes in the membtiaaenform adaptive cellular
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behavior(illustrated in Figure 1.3 belo@) In general, the lipids that form bilayers are
phosphoipids andarehighly amphiphilic moleculesontainingtwo hydrophobic acyl tadon

one end connedleto a hydrophilic headgroup on the other aiich havegeometies where the
lowest energy configurations are bilayer structuttesugh more exotic structures are possible
depending on lipid compositiéh The physical properties of the lipids such as length of the fatty
acidtail, 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 memlimahuling its local
curvature and dynamic membrane proce$¥8sAside 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 benederred to as domaiffs®3. The denser domains
typically associated with membrane proteins are referred to as membrane lipid rafts (MLRS),
representation sk in Figure 1.3 Phase separation of synthetic and extracted lipid mixtures
into domains is driven by thermodynamics of the membran@erwrsunder certaitipid
compositions and environmental factors such as temperatitinethe different domains bey
classified according to their degree of order and dis®'ref&ie.

Membrane Lipid Raft

phosphoinositol choléterol
sphingolipids

membrane protein

Figure 1.3. Organization of the lipid membraneA basic bilayer structure, with lateral heterogeneities that
compartmentalize different cellular rgater signaling pathways. THALR s a functional unit that includes protein embedded in
a condensednore ordered lipid domainheseMLRsfi f | o0 a t a of disordemedrsoee fluid lipid phasesThe MLRsare
enriched with cholesterol, sphingolipids and gangliosides, which examdensing effect through lipighid interactions which
includeelectrostatic steric andhydrophobic effectthatincrease tail packing density

The lipid membrane has longdreoverlooked as a passive structure in biology; however,

it is now expected that the lipid membrane organization into rgerd nanedomains into
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MLRs are crucial for regulation of cellular homeost&%f-58 MLRs are dynamic structures that
have been proposed to compartmentalize and facilitate protein interactions, and dynamic
membrane processeasch as endocytosis and exocytésiFhese MLRs are enriched with
cholesterol and sphingolipids and are studied by extraction of deteegetant membrane
microdomains which contain MLssociated proteiffs Cholesterol acts to increase 1ail

packing density of fatty acids in the membrane and can cause conaieédifpid domains by
inducing liquid to gel phase transitions, and locally stiffening the memf5r&né This effect is
particularly strong for sphingolipids that interact preferentially with cholesterdiocdue
electrostatic interactions of the amide bond connecting the sphewmgigroup with the acyl
tail®>:70.71 Steric effects based on lipid geometry are also highly important for regulating
membrane structure. Tliegree 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 dof#dis The length of the acyl tail is very
important with longer tails indting more order in the membrdfe Not only do the tails of
membrandipids help to organizenembrane structutteut the headgroups also appear to be
important as the headgroup of gangliosides, an important glycosphingolipid, couples with
zwitterionic phosphocholine headgrowgisctrostaticall§?. In addition, lipid headgroup to tail

ratio defines the geometry of different lipjadsich thatipids with large headgroups, or
lysophospholipids with only one tail, have a conical getwynwhile lipids with high degree of
unsaturated lipid tails and small headgroups (sugthasphoethanolamingkave an inverted
conical geometrd. Lipids with conical geometries have a tendency to promote positive
membrane curvature, while inverted conical lipids promote negative curt?dfuicne

geometries also affect lipid sorting with positive curvature lipeladppreferred in the outer
membrane leaflet and negative curvature lipids being preferred in the innefié&itevariety

of proteins (for instance: fusi on knmwndda ei ns,
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
adhesio’s80, Lipid membrane composition has been shown to affect membrane microdomain
properties and have important implications inwel behavior under normal physiological and

pathophysiological states.
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The polyunsaturated fatty acids (PUFAs¢ a very important class of lipids not only for
their role in membrane structure but also as precursors for important signaling caséaties
lipids arachidonic acid, eicosapentaenoic acid (EPA)dowbsahexaenoic acfHA) are
important forfatty acids fomembrane structuiie particular for nervous system fuiost®®:83
Increased membrari#HA may lead to decreasesMLR 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 sizéwadity, and
modifying MLR distibution®3. PUFAs have been found to localize within MLRs and-NiR
areas of the cellular membrane in a structurally dé@einfashior?*. EPA has a tendency
towards distributing into neraft domains and DHA appears to localize within raft domains
nearly twice as much as EPwhile oth DHA and EPA can induce membrane order and
disorder depending on the region of the membrane upon wiagtpartitiod*. This may be
explained by considering that EPA partitioning into #MbR 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. Theeets of PUFAs and cholesterol on
membrane structural properties &egy 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 ariidl AD85:86

Aging and groxidative damag® membrane lipids changeembrane composition and
thusbiophysical propertiesontributing to AD pathologl/-28. PUFAsarehighly susceptible to
lipid peroxidationas theycontain multiple double bonds which can be readily oxidized
producing biomarkers of oxidative stress, includimglondialdehyde and-Hydroxy-noneal
(HNE)®88, Depletion of unsaturated fatty aciolg lipid peroxidatiormayincreasemembrane
rigidity and lipid membrane permeabiff§?%°2, Though it is a complicated effect as oxidation
can shorten tails and increase the hydrophilicity of membrane lipid tails due to aldehyde and
hydroxyl group®®. To a lesser extent, cholesterol can also be oxidizedwhitucs lipid
membrane thicknesshangingnternalbilayerstructure inducing domain formation in model
lipid membrane¥. Oxidation of the menmane increases the number of MLRs through a
combination of increased cholestéf@nd decreased PUFAsowever it has been observed to

have no effet on the lateral size of the domaitisough tlese results aneot likely to be
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generalizablé. Lipids prone tamxidative damage will form reactive ketones and aldehtiuhs
can damage membrane proteins, other lipids and which act as damage associated molecular
patterns activating the telike receptors (TLR) of immune cells triggering inflammatfon
Thus,oxidative damage can triggem emflammatoryreactive oxygeifieedback loopOxidative
stress also upregulates sphingomyelinsisasdeplete membrane sphingolipids (including
gangliosides)simultaneouslyricreasing membrane ceramide le¥e$his reduction in
gangliosides main turn modulatehe size and distribution of MLRwithin 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 lipadnposition occur with adé Since the cell membrane
is generally an interface for interactions between #lleand its environment, it is not surprising
that changes in plasma membréip& compositionhave been shown to affect processes at the
membrane by changing membrane receptor distributiafficking, and function.

Other moleculeslso influencanembane lipid composition, structure, and function.
Small endogenous signaling molecules like neurotransmitters and neurohormones have been
shown tainteract with lipids andhave an influence on membrane properties. Dopainiae
tyrosine derived neurotransitat that along with its precursor-opamay interactirectly with
lipid headgroupss suggested by all atom molecular dynar(iiS) simulationsand measured
by UV and NMR spectroscop¥® In a similar fashioserotonin has begoredictedoy MD
simulations and experimen&¥yidencendicates a likelynteractionwith lipid headgroupsind
influence membrane surface propefi€$%. Melatonin is an indoleelated to serotonin which is
more hydrophobic than both dopamine and serotibrhhas been shown to be membrane
active in contrast to dopamine and serotonin, melatonin penetteéger into the hydrophobic
core of thdipid membrane and increases meare compressibility®®1°4105 A|l three of these
endogenous signaling moleculeave been shown thave antioxidant properties apcevent
lipid peroxidation'92:196108 Combined neurotransmitter interactionshwipid headgroups could
facilitate these molecules finding and binding to their respective recepinmoreover serve a

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

1.3.1 Membrane Receptor Typesd Signaling Crosstalk

Membrane receptors are crucial for mediating interactions between cells and their
environment, triggeringignalingcascades that relay important information to the nucleus,
informing cells on how to respond so that they can maintain cellular homeostasis a
differentiate along their cell fate trajectories to serve oggetificfunctions.There are several
classes of membrasweceptomroteins that arenportant for neurondunction neural signal
propagationsynaptic transmission and plastigitigeseclasses are illustrated in Figure 1G4
protein coupled receptors (GP§Rireobservedibiquitousy asthe largest class of receptans
physiologymaking them key targets fpharmacologal interventioA®, theyareinvolved in
metabolic processdbpid sensingand meabolisn)!19, cellular differentiatior(cell fate,
maturation) andare perhaps mostell known as targets for neurotransmitfditse epinephrine,
dopamine and serotaril. The receptor tyrosine kinaséRTKs) are anoth@mportant family of
receptorproteins whichcontainan intracellularcatalytic region that phosphorylates downstream
signaling participants, typicallgcing asreceptors for largegrowth factos and protein
hormones such as insuliplateletderived growth factor (PDGF), neural growth factor (NG&),
promoteneuronal growth during development and maintaining cellular homeostasis in
adulthood'2 RTKs typically require dimerizan, which is facilitated by ligand binding to
initiate the signaling cascade, and many have been shown to be membrane microdomain
dependentrinally, theligand-gated ion channel&.GIC), also called ionotropic membrane
receptorsare another class ofaeptorthat areespecially important foneuronakynaytic
transmissiorso thatneuronneuron signal propagatiaan occut*®. The LGICs in the post
synapse of excitatol§NS neurons are the NMDA and AMPA receptors, both glutamatergic
receptors, while inhibitory neurotransmission is mediated by GABA rexepictivation of
excitatoryL GICs allow cations (C& and Na+) to enter the cetlyoking postsynaptic
membrane potential spikéy depolarizing the membrani contrast, the inhibitory GABA
receptors allow chloride anions to enter the losllering cell membrane potential further
polarizing the neuron and preventing depolarization.

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

transmembrane helicé$114 Despite their similar structure GPCRs are the largest and most
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diverse membrane receptors in eukary8e&PCRs associate with heterotrimerigp®teins,
named because theartner withnucleotide guaosine phosphaté&DP/GTP}4 When a
GPCR isactivateda conformational change causes thgd=dissociate fsm the G, complex, a
process involving conversion of they@ssociated GDP into GTP (Figur&)'°°. These
separated €proteins can then inhibit or promote secondary intracellular signaditigvays
depending on their identityvhich has a variety of effects on cells aating transcription
factors such as Extracellular Receptor Kinases (ERKiclear Factee B (aNBEontrolling
protein expression, metabolism, differentiation, and proliferation. These intracellular pathways
do not occur in isolation but overlap with Hiple redundant and/or overlapping signal cascades,
resulting in complex signarosstalkwith otherreceptor signaling pathways

In addition to direct activation & TKs by their ligands, they can albe activated
though intracellular pathways initiateg GPCR activation in an important type of receptor
crosstalk phenomenon independent of the RTK ligand being present; this process is called
transactivatioft®. In neurons, theopomyosinrelated kinase B (TrkB) is a MLR dependent
RTK whose endogenous ligand is brdigrived neurotrophic factor (BDNEY. BDNF is
important for neuronal survival, neural plasticity and is neuroprotectivie aga '/, whife the
TrkB receptor has been associated with ADThe activation of TrkB receptor activates
phospholipase® ( PLC2) which converts phosphatidylin
diacylglycerol (DAG) and inositol 1,4,8isphosphate, effectively depleting membrane
phosphatidylinositid'®. This inevitability will also affect membrane composition and structure,
although this effect has not been characterized. TrkB acivagiimportant for the regulation of
glutamatergic ion channel receptors (sfch as
As well, the fultlength isoform of TrkB can be transactivated by the serotonin{pHT
receptot?, while 5HT7 can also transactivate platetigrived growth factor (PDGF) receptor,
another RTK, providing neuroprotection againsifdthyl D-Aspartate (NMDA) indued
excitotoxicity*?2 This is one of many examples of complex signaling pathways which are

occurring within neuronat any given moment in time
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Figure 1.4. Key classes of membrameceptors embed in lipid bilayeGPCRs are the most abundant type of receptor in the
human bodyoften referred to as metabotropic receptdr&ICs are the primary excitatory and inhibitor neurotransmitter
receptors in the central nervous system. RTKgyaoeth factor receptors that mediate cell growth, proliferation and
differentiation during development and aid in maintenance of cells during adulthood.

1.3.2 TheMembrane Dependence of Membrane Receptors and Proteins
Thefunctionof membraneeceptorss modubtedby theproperties of the local lipid
environment and thus the composition of the membrane anddbalization in the membrane
for instancenhether they are in MLRs or naaft regions. This is important for immune and
neuronal signaling and plagscrucial role in the productionofA. The mechani s ms
complex as membrane cholesterol can affect ligand binding properties of membrane proteins by
directly interacting with various residues of the protein (allosteric regulation) or indibgctly
altering membrane propertidsat theraffect conformation and stabiligf membrane proteins
Cholesterol transporters can influence inflammatory signaling in microglia and
macrophages by regulating membrane cholesterol céfitétit This was shown i TP-binding
cassetteAl (ABCAL) knockout mice which have 27% more free cholesterol in the lipid rafts of
the cell membranes ttieir macrophageand microglia while phospholipid contememains
unchangegdconsequentlyABCA1 knockout micemacrophagare ultrasensitive to activation by
lipopolysaccharidelL(PS)'?4 Similarly membrane cholesterol increases were shown to increase
neuroinflammation in spinal cord microglia in mice modeith deleted cholesterol transporters,
an effectlinked to TLR4 activationwith normalization of membrane cholesterol alleviating
inflammation associated neuropathic p&in It wassuggested that increased membrane
cholesterol increases lateral TLR treking and MLR crosslinking both necessary for TLR

activity'?%, Theincrease in cholesterol is countegulated by the formation of specific sterols
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(oxysterols)which activate pathways for the rembwécholesterol from cells mediated by
cholesterokfflux transporters (e.g. ABCADnto highdensity lipoproteis, for example in the
brain this is mediated b§polipoproteinE (ApoE) 125127 This suggests that innate imniyrin
both the periphergnd in the brain isegulatel by membrane cholesterol content as a means of
modulatingthe inflammatory respon¥&. This is likely important during acute infectiom
remove pathogenic material and damaged cell compotents chronianflammatory
conditions (such as ADype Il diabetes, atherosclergsisholesterol aggravated inflammation
may facilitatediseaseprogressint?®. 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 rolainoma signaling.

In the brain, GPCRs, RTKs and ion channels depend on the membrane for their function.
The function of many serotonin receptors (includingdBa, 5-HT2a and 5HT), have been
shown to depend on membrane cholest&¥ét2 Molecular dynamics simulations demonstrate
that membrane cholesterol increases the stability of the ser@Ameceptor (8HT2a)
ultimately affecting the binding of various antipsychotic dt&g©ther studies indicatbat
membrane cholesterol can affect the interaction between GPCRs (like many-¢iThe 5
receptors) and their associategp@tein32134 NMDA and TrkB receptorare found ce
localized within membranmicrodomains, often used as models for MER&. The level of
cholesterol can modify receptor actividg demonsttad bycyclodextrinmediated cholesterol
depletion from cultured neurons rethgglutamatergic excitotoxicity by decreasiegpression
of NMDA at the membrarié®. TrkB activationhasbeen shown to be membrane composition
dependent, where cholesterol depletion reduced BDNEced translocation of Trki the
membraneimpairing neuotransmitter release in cultured neurons and tissue ‘Sficas 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 tmelmae lipid
dependence on RTK activity.

The MLRs of cell membranes halikeen shown to be involved in AD patholagy
relation to the toxic mechanisr§Ab (to be discussed in the next section) and by affeétihg
production*®4LAp i s pr o d u c esphingolipid enniahdd ensmbm@rre onicrodomains

during endocytic recycling? with reports indicatinghiat cholesterol depletion reduces
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amyloidogenic processing of APP by the secretd%esdthough this contradicts an earlier report

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

i -site APP cleaving enzymnfer b-secretasg o-secretasé®146¢ and APP to membrane

microdomain&*3. This suggests thatcreased ceramide and cholesterol in the cell membrane

due tooxidative stresand/or perturbed lipid metabolismay increase amyloidogenic

processing of APP andb¥roductioni®, possibly because oxidedi stress depletes membrane
phospholipids through lipid peroxidatiéi*’. Membrane composition has been implicated in the
productionof X conver sely, Ab has beeaf MsRcomponentso af f ec
cholesteroland sphingolipids suggesting a potenti al physiol o

homeostasithrougha counterregulatory relationshif§-143145.148,149

1.4 The Toxic Mechanisms of Amyleid $ A Britfie Rlasma Membrane

The toxic mechanisms oftfA ar e ¢ ohave beerxshoavn id separatadies to
involve apoptotic and necrotic mechanisms that depend on membraheeceptedependent
processes®1 The lipid membrane is an importantsite dfA bi ndi ng a*hahd aggr eqga
thus membrane composition and MLIkely affect amyloid toxicity through mechanisms
involving membrane disruption, lcaum dysregulation and oxidative str&8sultimately
indudng tau pathologyNons peci fi ¢ i nteracti omanesf ADb wi th
demonstrate a compositiaiependent effect on the biophysical properties of the membrane and
structural defects in the membrah® andtheseinteractionsmayresult in the formation of
reactive oxygen specieRQS thatdamage membrane lipitf8 Ultimately, disruption of the
membrane perturbs signal propagation between neurons and along neural pathways, likely

occurringwell before neuronal cell death.

z o~ a A~

1.4.1 Cellular Studies Indicate Membrane Dependemhfoidy 41 GEAEQOU

Conflicting reports have been published indicating that membrane cholesterol content can
both enhance and reduce Ab cyappearstabeci ty, whi l
neur opr ot ec £1P2P%% . mHa@lR and $HEYAYocells, Yip et al. reported that a
60% reduction in membrane cholesterol, achieved by méthyc y c | ¢ M LD) i hr eat mer
increaseincelldeathf cel |l s exposed t o 2! @krepoftbyprispef o r me c

et al., they demonstrated a similar effect in PC12 cells, where cholesterol depletion by
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cyclodextrin or inhibition ofle novacholesterol metabammade cells more vulneralieo A Db,

while increased cholesterol was neuroproteétiv®ther reports however repdine 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 activify*. In mixed neuronahstrocyte cultures, membrane

chol esterol positively correlated with both a
exposurél. Nicholson et al.in two separate studigshowed that increased membrane
cholesterol content increased the susceptibil
through mechanisms involving calpaactivaed cleavage of tau protein and subsequent collapse

of neuronal microtubulé®-1>3 and that this occurred alongside changes in the coarent

localization of NMDA receptors at the membr&tielnhibition of glucosylceramide synthase,
importantforgangl o si de bi osynthesis, resultemvition neur ¢
andinvivo®. A reduction in ganglioside content of
recruitment to the MLRs in rat cortical neurons, subsequently preventidgépoxidation,

membrane permeabilization and calcium dysregul&fomhe conflicting reports of how

membrane cholesterol medias A b tindexscooailaickyof understanding in the

mechanisms aihembrane dependeAtb neur ot oxi ci ty.

s o~ - A~

The mol ecul ar -indecedrtydotokictydepemds oa&dumulation at the
neuronal membras through nospecific interaction's20.156.158161 Stydies in model lip
systems indicate that AD induces defects in |
thatinvolvesAb bi ndi ng t iocreashgenenmbeams lisoeder and permeability,
reorganization, conformational and changes of the dynamics ohtipiecules, thethe
formation of ADb ion channels that perforate t
potential ionic and osmotic homeostasis across the cell memi§fafie These deleterious
effects odn Atbhe eipeenrdt i ty Ab peptides and t he s
well asmembrane compositiostructure and propertie’$-20-162 Interestinglythere are
differences in the aggregation rates and toxicitg of f f e r e n t . TReosi texio fbrm ofms
Ab i s the 42 peptides4 3whanhien oAbadcOi d s | ess toxic and
Ab has b e dircthsinducedipid geroxidation in model lipid systedt§ suggesting
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direct interactions of membrane | i pindt® with A
andin vivo. These studies suggest that changes in lipid membrane composition csBuail
may sensitize neuronal membranes to Ab damage

Biophysical studies demonstrate that cholesterol and gangliosides dramaffeaily
amyloid aggregation on model ipmembranes and that this induces severe topographical
defects, increasing surface roughness, and increases perméa#iliétomic force microscopy
(AFM) imaging has shown that nanoscale topographical and electrostatic features of cell
membranes may cause prefar t i a | bi nding of chargshtetsAds r es i
further growth into fibril®>. Thi s was demonstrated when compa
dioleoyl phosphocholindOPCQ membranes containing cholesterol with pure DOPC
membranes alod& Membrane cholesterol also increases biingi of Ab t o t he memb
appears to preferentially aggregate ongledse domainthat are produced from the cholesterol
inducedcondensation of lipidnolecule$®>. Ot her AFM studies indicate
multimericchannel i ke structures when Ab is reeseonstitu
channelsvereshown to be selective toward calcium ions but were blocked by ziné4ohkis
information relates the calcium dysregulation obsemeadtro andin vivodirectly to the
me mbr ane perforating activity of ADb.

The monesialic acid containing gangliosideéM1, has been shown to be important for
oligomeric Ab binding (but not fibril binding
further amyloid binding®>®16%167 T he bi ndi ng capaci twasfaufidtoAb t o
be increased with GM1 and cholesterol content, though the binding affinity was unaffected, and
that binding initieal éahed®Ehé presenceniGMiLiothe f r om U
membr ane increased AD binding to model me mbr a
corresponded to an increase in membrane permeability of the vesicleadbyranf 21¢C,

Another study byDrolle et al,using the black lipid membramectrophysiologyechnique,
demonstrated inamplexneuronaimodel lipid membranes thatimic healthy and diseased
neurons thalbsses in membrane GM1 and sphingokggiahich correlatavith AD progressioh
increase susceptibility & bion currentsan indication of increasadembrane permeabilignd
damagé®. Furthermore, Drolle et alising AFMperformed structural analysis of these healthy
and diseased neuronal models identifying thasesmalldecreasesn GM1 andsphingomyelin

had pronounced effects on membratrecture ananhfluenced he interaction and penetration of
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Ab into th€Tlakgindtlbigleahersthis suggests that
membr ane, but that insufficient GMI1lpsmssbiysiti ze
through bss of MLRs AFM studies have also revealed a detergentk e ef f ect of AD
lipid membranes, wherei As suspected to solubilize and destabilize membrane interactions with
the mica substratdiberating them from the surfaié&1%°
Not only is the outer plasma membrane a target fprofit the mitochondrial membrane
has been directly linketb oxidative stress andfinteractions’®172, with change in
mitochondrial lipids in AD’3. Lipid peroxidation may be directly induced by ghrough
interactions with copper ions, as coppdy complexes can produce®kin the presence of
reducing agents and.®%174 all abundant in the mitochondriThese effects on the
mitochondria may explain the impaired metabolism and oxidative stress obsecefidstudies,

animal models andD patients

1.4.3 ! ;zMembrane2 AAADPOT O )1 OAOAAOQOET 1O ET '1 UEAEI
Ab-induced neuronal plasma membrane disruption will inevitably affect signaling
pathways important for neurareuron communication across synapses, due to the high degree of
membrane surface araarosghe hundreds ofrillions of synaptic clef in theneacortex and
hippocampus of the humdmaint’>176 Therearemanyreceptorsignaling systems associated
with dysfunction i therisezhaeiemerdds odi Adbaseataemdict
neurotropic factorRTKs, and ionchannel§'®17%180, Traditionally, AD has been characterized
by cholinergic dysfunction, with fewinimally effective acetylcholinesterase inhibitor drugs
approved for symptom management in AbD'82 Memantine isa potentNMDA receptor
antagonist that is approved for treatment in moderate and advancedh&b,suggests there is
evidence of excitotoxic NMDA mechanisms in %185 Serotonin receptor activatidms
recentlybeenshown to restorsynaptic functionin AD rat modelsand is associated with age
related changes in cognitive functi®h A variety of important brain growth factor recesto
have also been shown to be involved\imtoxicity such as P75 neurotropic growth factor
receptor (P75NTRY"18and TrkB receptotd’118177 Finally, insulin receptosignaling,and
insulin-degrading enzyme have been found to interact witladd are dysregulated in AP%1°L
Cholinergic dysfunction is associated with AD and though there are few drugs available

on the maket to improve cholinergic signaling for AD treatment, they are minimally effective
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181183 The cholinergic hypothesis of AD suggested that a loss of cholinergic neespasially
the U7 nicotinic acetylchline receptors (hnAChRandperturbed acetylcholine metabolism in the
brain was the cause of learning and memory decline in AD pafieHs! o3
Acetylcholinesterase inhibitohave beempproved for use in mild to moderate A@ over 20
years; theyact by incrasing the amount of acetylcholine in the brain by preventing acetylcholine
degradatio#?>. These drugs providesignificantbenefit in ameliorating the symptoms of
cognitive decline for a short time (6 to 12 months) in early &oughthe benefitof long-term
use isdebatabl&3. 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,
andlong-term effects of these drugs are not vatiidied®:.

There is good evidence to suggest that NMDA receptor activatigprégjulatedn AD to
the point of generatingxcitotoxidty, which has been related ¢alcium signalinglysfunction
and that this is related to the mecharigfAb n e u r &t bMemantine iy a potent
NMDA receptor antagonist thafas 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 increasebA bi ndi ng t suggebtiag tmtenmmamhbraaendesruption 6f A
can be mediated by NMD#£eceptor levels in the membrane, which must act as binding sites for
the toxic aggregate€®. Further studies have shown that various subunits of the AIdDeptor
can bind &% dAb exltdoy promotes endocytosis of
that observation was shown to reduce NMBvoked currents using whetell recording®”.

Several GPCRs areknowmi nt er act d whichroadulays their attivity. A b
One example is the metabotropic glutamate recép{arGluR5) which has been shown to
di rect | y Jmmaondpregifitationrandcampetitive bindiassay$2. Exposure of
neur on waytaose MGIURS to preferentially localize within dendripmes by reducing
lateral membrane diffusion of mGIuR5 out of the syn#i§se Thi s i ndi cateds t hat
atthe synaptic membrane modulates receptor trafficking.

Serotonergicsignaling, largely through-BIT GPCRs, modulates a variety of
neurotransmitter and neurotropic recegathways in neurons. Loss of serotonergic signaling
has been associatedgth cognitive declinein aging and AB%. Serotonin signaling has been

shown to induce changes in cholinergic and glutamatergic sigFaIf#%°%, as mentioned
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previously,both of which aremplicated inAD. In addition to serotonin modulating
neurotransmissionesotonin receptor activation cafso affecthe activity of growth factor
RTKs, including TrkB and PDGF recept#t§2%. Activation of 5HT receptorsan have
neuroproteave benefitsagainst NMDA excitotoxicity in a PDGFeceptor dependent fashion
122,20Q

Several neurotrophic growth facttdGF) receptors are affected by AD ané A
pathology; the most weknown of which is the p75 neurotrophirceptor
(p75NTR})87.188.207.208\yhile the TrkBreceptolis newly recognized for its potential importance
in AD18.178.209 Treatment of SFBY5Y human derived neuroblastoma cell line with A w a s
shown toincrease membrane levels of the p75NTR recéf§tdkb has been shown to directly
interact with the extracellular domain of p75NTR and that neurons that express more p75NTR
are more susceptible tdbAoxicity throughapoptotic mechanisms and are associated with
neurite dysfunctiori®”.188 Since P75NTR is a membrane bound protein whose extracellular
domainbindsA, t hi s may atiam orrthe anentraree cantubuting to the-non
specific mechani s theughdhiswasmot addressed in these studigs.yThe
p75NTR signaling overlaps with and modulates TrkB receptor ac&i%BDNF which activates
the TrkB receptohas been shown to proteeta g a i nis vitro Anblin vivoll’. Conversely,
Ab has been shown to cause dysregulation of TrkB receptors by modifying TrkB isoform
levels’’, reducing the ratio of fullength TrkB to truncated TrkB at the level of mMRNA and in a
calpaindependentdshior!®178

Insulin signaling in the brain has been strongly linked to AD, with sosearehers
suggesting AD could be consider a type 3 diab&tés. Ab competitively interferes with insulin
and insulinlike growth factor (IGFyeceptors and perturbs insusiignaling in that brafi* 12°
andis a substrate armbmpeeswith insulin forinsulin degrading enzym®:212 The association
of impaired insulin signaling in AD may natsply be due to direct Binteractions, but may
also involve inflammatiorand lipiddysregulation, which are both linked to brain insulin

resistancehat can occuindependent ef or simultaneously with AD pathologies!3214

1.4.4 Signal Transduction Pathways Affected by Amyléid

The ativation of membrane receptdrgygerssignal transduction pathways thalay

information about the cellular environmeatthe nucleusfacells. Unsurprisingly several
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proteins in theseell signalingpathways haveeen implicated idD andbr associ ated wi
toxicity, thesenclude, but are not limited t&RK1/2, rafkinase andphosphatidylethanolamine

binding protein (PEBP}>2%¢ These pathways aneitiated at thecell membrangwith these

proteins acting adownstream effectors of the receptor signaling pathways mentioned in the

previous sectiorERK1/2 signaling as been shown toibereasedn response to toxic levels of

Ab?17218 PEBP has been shown to be decreased in AD mouse Kiddets decreased mRNA

in CA1 region of the AD hippocamptf8 PEBP is aytosolic secondary messenganda

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

membrane acting to inhibit Raf kinaged also acting as a stimulatory protein for hippocampal
cholinergic signaling, an important neurotransmitter system for learning and memory.

1.5 )1 & Ai i AGETT AT A , EPEA -AOAATI EA 3$UO
The pathogenesis of ABX the earliest stagésnot well understod,that is the specific
cause and effect relationshipdthough progress has been made. The pathological mechanisms

of theamyloid cascadeboth the productionf Ab from APPandADb neurotoxicity depend on
membrane structure and compositiertl?22 Thus, a strong case can be made that lipid
membrane composition and stiwie mayplay a role in AD pathogenesis 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 evideriggdomic studies which indicat
differences in brain lipid composition between AD patients anehaatehed controfd3224 A

good candidate for the mechanismluége 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 metabol®@~?26 Finally, geneticand epidemiological studies
support the notion that neuroinflammation and perturbed lipid homeostasis are involved in AD

pathogenesi& 22’

1.5.1 Lipidomic Sudies of A U E A BEDisdased O

Changes in brain lipid composition has been observed in AD patients and animal
model$5223224 These changes brainlipid levels do not speak to the chyms at the level of
specific brain cell types or subcellular structures though some anatomical information is
availablé?3224 Qverdl, the following changes in brain lipid composition have been observed in

AD patients and animal modeksspecially in AD sensitive brain regions, for instance: increased
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ceramide and cholesterol ester le¥e133224 decreased white matter cholest&bldepletion of
polyunsaturated fatty acidsd increased saturated fatty aef#$2° changes in menane
phospholipid conterti.e. phosphénositol, -choline,-ethanolaminé}22423 andin general
decreases iaphingomyelin and ganglioside lev@ls?31.232 These changes 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.

Analysisof brain lipid extracts from autopsy confirmed AD patients indicate increased
ceramide levels, decreased sphingomyelin, increased cholesterol, and HNE (a marker of lipid
peroxidation}®. These changes were found in brain areas associated with vulnerability to AD but
were largely absent in nerulnerable brain are#s When looking only aten-AD aged mice
(25 months) compared to youpgps(3 and 6 monthghere is an increase in ceramatted
decrease in sphingomyelin, alongside increased¥INis is unsurprising as oxidative stress
and inflammatiorareknown to increase activity of sphingomyelinases whichveehe
headgroup of the sphingolipid leaving ceramide in the mem¥¥afide fact that this was
observed in no\D aged mice indicates thdtdsechangesn lipid composition camprecede and
canoccui ndependent 9% OtheAshudigs indidate incoegskpid peroxidation by
productsand a reduction in unsaturated fatty aéidAD models and AD patiet¥. These
changes can be associated with oxidative stress brding and it appears that these changes can
precede or occur independent of increasbdatthough A has been shown to cause oxidative
stress inducetipid composition change'$%170

Several studies have indiedtthat brain cholesterol content in AD is decreakieely
due to loss of myelinati@f sincecell membranes are expected to become egulighith
cholesterol because of agtigBrain white matter contains a large amount of myelin, which
itself cantains 70 to 80% of brain cholestefdl This may suggest that cholesterol loss in AD
preferentially occurs within myelin and not necessarily membrane cholesiétolyjgh 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 ea&il type is not welestablished and data in this

area may ga longway 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. Epidemigizal and genetics studies may however provide evidence for the
causative role for disturbed lipid homeostasis in the initiationfop@thology and thus AD
pathogenesis.

1.5.2 Genetic andEpidemiology of Al U E A EDisdaged O

There is a small subset of aggresshD in the population, accounting for about 5% of
casestheseare associated with mutations in APP orghesenilinsubunits of the-secretase
complex(PSEN1 and PSEN2galled familia AD (FAD) 18235236 |n FAD, the cause of
neurodegeneratiomppears to bdirectly related to theverproduction oheurotoxicAb, either
because theleavage site of APP is more susceptible to enzymatic processing, or that the
secretase activity is greatly enhar@édrransgenic FAD mice are often used as models for AD
in generaP3&240 though there are many important distinctions between FAD and the more
common late onset forms

The more prevalent latenset AD, accounting for 95% of AD cases, have a very similar
phenotype to FAD with symptoms of impaired learning and progressirermngdoss, the
underlying molecular hallmarksf Ab  a n d, albh&ughsoccurring much later in life and
progressing more slow§>*" The greatest genetic risk factor
allele, with these individuals developing AD reliably sooner and progre$astgr than others
with otherAPOE allele&®?*L APOEis the quintessentiaholesterol traffickingapolipoprotein
in the braif*?243 In the lastlecadegenome wide association stud{@WAS) haveidentified
more than 8 gens associated with increasask for AD?#2527244.245Many of these genetic loci
areassociated witendosomal sorting, cholesterol metabolism and trafficking, immune function,
protein catabolismandothersthat aremoredirectlyr e | at e d t pathwayd&’d t au
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 functionpasnary factors

Epidemiological evidence indicates that traumatic brain injury (TBI), systemic infection,
diet and mental health disorders are linked to risk of developind&#¥27.239.24249 Diets high
in saturated fat and sugar, sedentary lifestyle and psychosocial stress are common risk factors for

a variety of metabolidiseasesnd mental hath disorderghat are also cenorbidities of
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Al zhei mer 6s di sease, s u¥®R’aosgwithodepeessidfifan@nd t y p
bipolar disorder*. High-fat diet and high fructosiatake are known to causelammation

induced insulin resistance and have been associated witl-&E>3, while the anti
inflammatoryMediterranearliet has been shown to reduce risk of AD and thus may be
neuroprotectiv®%256, The relationship between lifestyleduced metabolic syndromes, mental

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

perturbed insulin signaling amehpairedbrainlipid homeostas.

1.5.3 Neuroinflammation, Cholesteroand Insulinin A U E A Bisdaged O

There is an abundance of evidence that neuroinflammation plays a keyAdéle in
occuring alongsidemany of the camorbiditiesdiscussed earlieMicroglia are resident immune
effector cells of the braimActivated microgliaare found cdocalized with 4 plaques in both
AD animal models and human patieftsalongside elevated inflammatory biomarkers in the
brain and peghery?5226 This is intuitive as A balance in the brain is in large part regulated by
degradation from microgliand macrophage phagocytdgi€®:. Inflammation is also strongly
related to insulirresistance in type Hiabetesand this has been shown to disrupt brain
cholesterol metabolism, linking the observations of impaired insulin sigreatidigpid
metabolism dysregulation to A3°:262.263 Neuroinflammatiorappears tact in positive
feedback with A, where systemic angeuroinflammation causes oxidative strasdperturbed
lipid metabolism that increases production & fen the increaseinfA | evel s contri bl
further neuroinflammation and the cycle may run awagnodel for this feedback mechanism is

illustrated graphically in Figure 1.5.

24



Morgan Robinson

Chapterl
Injury/Infection
trigger Inflammation Insulin
/ )
ApoE/Chol =
Microglia El
g
2
TLR signaling 4
o @
g Y
S
E
- SYNAPTIC Astrocytes
2 PRUNING
o
2
5]
(1]
<28
< SYNAPTOGENESIS
ApoE/Chol
Neurons
AP decreases chol/sphingolipid
metabolism
AB Synaptotoxicity
Figurel5. A feedback model of inflammation, Ab, and chol est e

diseaseChronic injury and inflammaéan decrease de novo cholesterol synthesis in brain by acting on insulin. Inflammation
upregulates ABCAL cholesterol transporters in microglia, increasing trafficking of ApoE loaded cholesterol from astrocytes to
microglia increasing TLR sensitivity towardlamage 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 syn@&ppruning, thus increased microglial activation may tip the balance of

synaptogenesis and synaptic pruning towards a net | oss in
production which damages neurons especially through synaptoyod@iteasing the number of synapses in brain, and which
positive feemback. ADb

further activates microglia triggering
in brain, further limiting the cholesterol available for synaptogenasis myelin, but also acting as a negative regulator of
mi croglial activation. Ab dhebranby cantpetingfwéhrirsidin contributingtothesa | i n s i gn

overlapping feedback mechanisms. Thus, increases in inflammation causesans e d Ab producti on which o0\
of time is a major contributor to AD pathology through lipid mediated mechanisms

Proinflammatory cytokines act on brain targitsough circumventricular organs by
diffusionto produce changes behaviorasociated with sicknesscludingweakness, lethargy,
difficulty concentrating and social withdraw&l In animals, pripheral injection of exogenous
LPS at levels below sepsis inductipimduce expression afimor necrosis factorg NF) and
Interleukin{L)-1 in brain andesults in flulike symptomsandacutebehaviorakchanges which
cease after treatmeéft Animal models of psychosocial stress have indicated that external stress
induces oxidative stress and depressilkka behavior while also increasing johaction of
proinflammatory cytokines H1, IL-6 and TNF, this subsequently causes a detriment to learning
and memory with eventual neurodegeneration being obsé&vEdere is a wetknownlink
between depressi@and ADwhich may occur througmechanisms involving chronic

inflammation as it has been observed that patients with severe depression have increased serum
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proinflammatory biomarkers and teamilarities betweelehaviorassociated with depression

and sickiess behaviodf. A recent andimely example of this can be seen in Coe%®lpatients

experiencingvh at has col | oqlongeolid whichigtgpitallf assbotated e d i

prolonged respiratory symptoms alongside neurophysiological symptoms of brain fog,

depression, fatigyeveakness, and impaired concentratidrich has similarities with AD

pathology®©2%” Or similarly the side effect profile of Covitd vaccines, especially the mRNA

vaccines which induced fever i8.8% of clinical trial participanf€8, compared to only.8% in

the Novavax clinical triaf8®, which is more in line with typical side effects of traditional

influenza vaccined®. A fever isindicative of a pronounced systenaied neurophysiological

responsérom an immunological insult, as feves triggered by a hypothalamic resporiBeis

combination of pandemic stress (exacerbated by prolonged lock@ma@asonomic hardship),

direct illness from Covil9, and widespreaskriousvaccine side effects could thus have far

reaching consequences on Al zhei merdés disease
Microglia have been increasingly recognized for the tfudg play in regulating normal

synaptic function, but in inflammatory conditions may become overactivdetndchental to

proper synaptic functioMicroscopic studies demonstrate that microgliavatfiprobe

synapses and promote neuroplasticity during brain developthériecisely what the microglia

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

modulate synaptic pruning and synaptogenesiisg classical inflammatory signaling involving

cytokine release and NADPH oxidase activatiarStudies indicate thatffcan directly activate

microglia to promote neuroinflammatioasAb can act as ligand forthereceptor for advanced

glycation enebroducts (RAGE) and the macrophag#ony stimulating factor (MCSF)

cytokine receptdr2273 Activated microglia then produce cytokines (FNF, -1il, IL-6, IL-18)

and chemoking (IL-8, macrophage inflammatory proteinU and mo n-@atragctane ¢ h e mo

proteinl) which further activate microglia and recruit white blood cells across the BBB into the

brair??8, Thus, activation of the neuroimmune system contributes to BBB disnuptio

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

overly sensitizedbecause ofhronic neuroinflammation from early life stressors and that this

increases risk for mental health and neurodegenerative disease liéér*. In this way the

priming of microglia with repeated bouts of infectiordarBl may increase the sensitivity to

microglia activation and the subsequent responsétandl BBB disruptiorater in life?”>276
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Cholesterol metabolism in the brain is perturbed by inflammation through reduced insulin
signaling andnsulin-resistanc€”’. Insulinacts on théwypothalamuso regulat lipid metabolism
in the body and braf”?’8 as it activates sterol regulatory element binding prothitstrigger
the biosynthesis of cholesterol and other ligidge Cholesterol is synthesizadmostentirely
de novaowithin the adult brain by astrocytes and oligodendrocyéterentiatedadult neurons
losetheir ability to produce cholesteras they maturand rely on trafficking of cholesterfsom
glial cellsby ApoE (recall that ApoE isoforms modify AD riskf+28L Insulin-resistancer
insulin-depletion in the brains of rodents reduces total synaptic membrane cholesterol which in
turn limits synaptogenesis, this was demonstrated in both genetic aivbdietd diabetes
rodent modef€®. Becausémmune cell signaling, especiallyafTLR-4 receptor activation is raft
dependenrt?, microglial sensitizatiorwan be similarly achievettiroughincreasednembrane
cholesterol conteit®, 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 stresgaptsc plasticity processes
summary, dring inflammation trafficking of cholesterol away from neurons towards microglia
would limit synaptogenesis of neurons and increase synaptic prioyimgcroglia whichmay
explain the increased sensitivity of mens toAb and loss of synapses associated with AD.

Due to the proposele of cholesterol ilAD, clinical studies of cholesterol modifying
drugscouldprovide evidence to support or refute this mo8é&htins are lipid lowering drugs,
reducinglow-density lipoproteir(LDL) containing cholesterdf? used irhypercholesterolemia
(too much cholesterol in the blood), which is a risk factor for atherosclerotic cardiovascular
disease (associated with arterial/veinplasjuesi®>. Statins act by reducing cholesterol
metabolism by inhibiting-Hy d r omethyldgtutarytCoA (HMG-CoA) reductase activity, this
enzyme is the ratimiting step in cholesterol metaboligff Statin mechanism of actioaéso
involve a reduction in vascular and myocardial inflammation, reductigm®inflammatory
cytokines and @eactive protein concentratidii$?®> It appears that someasinsmay cause
mild reversible cognitive impairmeat high doses a subset of patierff§?®’ Metaanalyses of
RCTs on statins have also found no effect on cognitive fund¢hongh the doses in these RCTs
was typically lover than what was identified in observational studies to trigger these cognitive
deficits’®8. On the contrargomestatins have also beessaciated with a reduction in the risk of
dementialas measured by reduction in prevaleffejor instance a metanalysis of
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observational studies suggests a mild protective effect of stagiisst A risk?*®, although

some studies demonstrate no efffcHowever,RCTs of statins in AD patientfailed to
demonstratany benefito cognition, although patients with elevatadit levels were excluded
from this study and presumptively these patients would have the greatest¥emafig may
indicate that reduction of AD riskould be effective if sed earlier in life as a preventative
measure, as compared to a treatment for positive diagnosis of AD later lim fitadto-head
comparisons, lipophilic and fungekrived statins were associated with increased AD incidence
compared to hydrophilic statins which did not modify diseasé®idk addition, significantly
higher rate of cognitive performance deficits was reported by patients using more lipophilic
stains compared to hydrophilic statfi$ 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 fnomore lipophilic statins reducing myelination and
cholesterol required for synaptic prunifidius,statin type, timing of statin use,
hypercholesteremia and inflammatory status may explain the paradoxical effects of sttens on

brain

1.6 Conclusion

In AD, the lipid membrane is central tdoAathology, 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 idemif@@AS,
lifestyle factors and disease-nwrbidities 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 pathaggs and progression. Both lipid
metabolism disruption and inflammation can contribute to increasiqg@duction and
susceptibility to A toxicity. Subsequently, B.causes inflammation and also perturbs lipid
metabolism. This is a positive feedback systeth the result being ever increasing
inflammation, oxidative stress, metabolic dysfunction abcécumulationBy the time
symptoms have manifested in AD substantial loss of synapses has already occurred, and it is
likely too late to reverse tise losss, more so in the latstages of disease. If this hypothesis is
correct, it may be necessary to target all three major systems in tandem wittifi@mtinatory,

antioxidant and A targeted drugs, while removing dietary and lifestyle risk factors, mrior t
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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 triggeof the A accumulation
feedback loop.

The molecular mechanisms of neuronal toxicity in AD involve contributions from each
of these feature@nflammation, lipid metabolic dysfunction, oxidative stress anj Aowever
the details are not cleane of the main open questions is whether membrane structural damage
or membrane receptor signaling is more consequential in the toxic mechahismsand
moreover if lipid membrane composition modifies the primacy of these two interactions
Because the molecular mechanisms have not be fully elucidaitedpt yet clear which aspects
are most important to target for disease prevention and treafhi@tombinations of small
molecules, growth factorbrain lipid compositiorandAb reductionthat isnecessary to prevent
or cure the disease not knownLipid membrane function in physiology is often overlooked in
favor of a focus on the central dograf molecular biology: DNA, RNA and proteins as the
primary mediators of biology functiomhough the central dogma is of primary importance, it
alone is insufficient to explain physiology, mechanisms of disease and life more generally, and
thus thefundamental role of lipid membranes in compartmentalizing biological phenomena
cannot be overlooked.

There are mangutstandingdig questionsn ADr esear ch. The fail ure ¢
therapeutichasmade some guestion the central amyloid cascade hypothesisyer A b
accumulatiorduring AD pathogenesandthetoxicity of soluble oligomergannot be refuted
Thereforethe questiorthat remains to be answereds wh e t h eigthe @rimar cadse ok b
a secondary downstream insltoreover, questions remain as to what conditions make the
brain sensitive to Ab accumul ati onoxiddiveme of t
stress and inflammation have been address#usiintroductionThat being said, the specific
cellular and molecular mechanismf A b pedamingte gegific interactions with
membrane receptors or ngpecific interactions with lipid bilayeremain to be fully elucidated
The questions thateed to be answered include:

1. What factors make cells more susceptible

2. Arenronspecific interactions of ADb with the

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

seemingly distinct pathways (specifis. non-specific)?

In this thesistheeffect of melatoninJipid membraneholesterol compositioandAb
interactions with the lipid membranel| be elucidated at two levels: first, on the nanoscale,
using AFM to studyhon-specific interacts omembrane biophysicatructure and properties;
andsecondjn HT22 cell cultureto study the metabolic health, morphology apécificgrowth
factorreceptorsignaling of neuronal cell$n the first part, new contributions seientific
knowledgepresented heraclude: furtheringhe understanding of melatonin interactionth
thelipid membrane using AFMpresenting the use afnew application of HAFM to the study
of lipid membrangroteininteractionsin the second parg series of experiments time
cholesteroldependent mechanisms ob foxicity in HT22 cellsis presenteddr the first time
including MTT cell viability assayscell morphology, AFMof live HT22 cells for the first time;
in addition, cell signaling data shows that RTK receptor signdismgption is not the dominant

mechanisms of cell toxicity, rather otheceptorspr membrane damage is.
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Chapter 2: Theory of Methods

2.1 Lipid Membrane Biophysics

2.1.1 Lipid Preparationfor Solution and Topographical Experiments

The ipid membranas a basic bilayer structure with hydrophilic headgroups on either
side ofa hydrophobic core of acyl tail@ecause of this structure hydrophilic headgroups interact
to form multilamellar structurest high concentration of lipid¢Figure 21). Unilamellar vesicles
(also called liposomes) are prepared simaple process of hydrating dried lipids in water or
bufferand adding energy to break the resulting largéiilamellarvesiclesinto smaller
unilamellar vesicleshese can then be used $otutionbasedstudies such as scattering
experiments ofused to a support surface for topographical stuslieb as AFMFigure 2.1)
Broadly, the most populamethods for producingnilamellar vesicles from a polydisperse
solution of multilamellar vesicle@LVs) aresonicationand etrusiort®. Sonication is a
method by which ultrasonic sound waves are passed through a sample in a water bath, these
ultrasonic sound waes can deposit enormous local energy at the nanoscopic level within water
as constructive interference of these waves vibrating through the medium dtesitsreaks
large vesicles into smaller vesicles. Due to the intensity of the ultrasonic wavegchest
between bouts of sonication are required, a typical scheme is to sonicate 10 minutes, then let rest
with gentle stirring for 10 minutesepeaing this cycle until the solution transitions from a
cloudy/opaque solution to a clear/translucent sotuflhe time for sonication can vary frahto
8 hours depending on the lipidsyffer,and strength of the sonicat Typically, Sonication
produces very small unilamellar vesicles between 30 and 50 nm in di&&ethough reports
of vesicles around 150nm have been repéttedkely this variation is due to the length of
sonication, where increased sonication times resumaller vesicles, and lower
polydispesity?®®. Extrusion is another method for producing unilamellar vesicle solution. Here
the multilamellar solution is passed repeated through a filter under prebsungore times the
lipid are passed through the filter the greater the monodispersity of lippsodéhe less
contamination with MLVsThese filters typically have pore sizes between 50 and 100nm and
producevesicles approximately the sinéthe pore filteused.For studies with supported lipid

bilayers the vesicle solutions addedo freshly ckaved mica or other hydrophilic substrate
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where vesicle fusionccurs The vesicles collide with the surface, adsorb, rupture, and spread on

Morgan Robinson

the surface. These processesligid composition, temperature, pH, and concentration depend.
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Figure 2.1. Vesiclefusion for producingsupportedlipid bilayers for surface analysid.ipids are mixed irsolvent;solvent is
removed by evaporation forminigied multilamellarlipid cakes on the sample containarultiiamellar vesicles are produced by
hydrating the lipid film; then multilamellar solution is sonicated or extruded multiple times to produce a unilamell&r vesicl
solution which can be used fsolutionbasedstudies orapplied 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 m@aguhe mechanical properties biological
systems from lipid bilayers, to living cells and as a means to measure matesiatzile

interactions, all under physiological conditi¥*°1.66.302 AFM is a mechanical microscope that

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

surface, lineby-line in a raster patteff?, generang atopographical imagby means of

mechanical interaction with the surfa@égure 22)3°3, The probe tip is mounted onto a

mechanical lever that bends under the contact fdraeo m

t he

sur face

acco

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 extraed 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 piezelectric actuator necessary to move the AFM probe up and down can be

calibratedand converted into a distance measurement to extract the Adighintrinsic

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, f@anostcantilever

spring constant, probe material, sample preparation, contact force and feedback settings

To AFM Controller
Piezo drive signals

from the
AFM Controller

Photodiode
Detector

Attractive/Repulsive
Forces

Cantilever
Deflection

Sample Surface

Figure 2.2. Atomicforce microscopyis a mechanical microscope with an atomically sharp probe tip attached to a

flexible cantilever that bends according to Hookeobced | aw.

by a photodiode detectdhat measures cantileveending. A feedback system controls the height of the probe above the surface
with a mechanoelectrical piezo actuatmymaintaining a setantilever bendingorresponding to the force setpoint.

2.1.3 AtomicForce Spectroscopgnd Lipid Membrane Breakthrough Foes

Atomic force spectroscopfAFS) is an operational mode of the atomic force microscope
that operates strictly in thedirection to directly measure interaction forces between the probe
tip and the sample surface, rather than being scanned latergdipecate an imagétomic
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 letilee 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 breakthrougftitrce.
technique allows one to dgmine 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 corralatéhthe integrity and permeability of the

membrane. A tgical breakthrougtiorce curves represented schematically in Figur8. Zhe
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breakthrough force is defined as the peak force prior to the breakthrougliR\vérite bilayer
thicknesss defined as the difference between the Sgmple separation at theembrane

contact point (A)and the surface of the mica substi@g 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 calculatehe elastic modulus of the membrane, a measure of membrane

fluidity/stiffness. The TipSample 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 extractd, membrane adhesion is an important featurbifaiing of molecules to the lipid

bilayer.
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Figure 2.3. Atomic force spectroscopy fotipid bilayer breakthroughforces Left: Force PlotA: Contact Point; B:
Breakthrough Event; QMica contact point; D: Peak Adhesion Force; E: Area under the retract curve is the work of adhesion;
F: Hertz/Sneddon indentation model Right: Lipid bilayer breakthroughforcerepresentation.

2.2 Molecular and Cellular Biology

2.2.1 CellLines vePrimary Qultures

Cell culture provides high throughput and efficiemheans of studying molecular and
cellular processes hysiology,pathophysiologyand pharmacology. These cell culture models
represent a reductionist model for studésell signaling, toxicity, metabolism, growth,
proliferation, and differentiatiarCell culture can model the vast diversity of cell types and

states, including different subtypes and disease statksven tstudy 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 solipsuts must be treated in such a way as to peetiit
adhesionwhichrequires acharged 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 generalthere are two classes of cell culture: primary délid are solated and plated
directly from animal tissuesandcell linesthatare derived from tissuesidimmortalizedto be
passagednd replatedlozens of timedPrimary cultures are harvestdaectly from living
organismsgissociated from their native orgasgparated from cell types that are not of interest
and then platethto suitable media oappropriately prepareissue culture plate3hese cells
exhibit phenotype closer tbeir parental cellg vivothan cell lineshowever they are difficult
to isolate requiring specialized skills and training to work with &imghly susceptible to damage
during routine culturing. In contrast cell lines are immortaljzzngable to replicate
indefinitely, soare more robudiut often lose important characteristics of the native unmodified
cellsdue to genetic mutations that are incurred during immortalizatidgain properties that
are not representative of the cell typgost obviously, the ability to replicate indefinitefjhe
difference between primary cells and cell lisasbe highlightedby looking at neuronal cells.
Primary neuronal cultures exhibit complex neuronal electrophysiological properties including
supporting action potentials and even more complex phenormehas longerm potentiation
(LTP), a criticalcorrelative featuref learning and memory. In contrast, neuredatived cell
lines including HT22, PC12, SBYS5Y cells are scantly used in electrophysiolstydies
because of their lack of electrical adtyv The advantages of cell lines are that they can be
passaged dozens of times, and for all intents and purpasssaged indefinitely. This makes
them a more costffective alternative to primary tissues and prevents the sacrifice of animals
which is anmportant ethical consideration for biological research. In addition, cell djroeg
muchfaster improving the efficiency of experimentationmaking them highghroughput.

2.2.2 HT22HippocampalCells
TheHT22neural cell linewassub-cloned from a previousell line, theHT-4 cellswhich

werederived from primary hippocampal cells of mouse oftfimhe originaHT-4 cellline was
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immortalized usin@g temperature sensiti&v40 T-antigenviral vectorwhich when growrat
norpermissve temperatureexhibits neural cell markesich as expression and secretion of
NGF, exhibit cholinergic properties, and express funelibiMDA receptors, while not
expressing glial differentiation markét$3°’. HT-22 cellshaveenhanced sensitivity to
glutamate, which makes it useful for studies of ischemic stianke have been verified to
express functional NMDA receptdfé3°8 HT-22 cells also maintain the cholinergimperties
of their HT-4 parent cell line, expressing acetylcholine receptor, transporters, and choline
acetyltransferas®’. In addition, HF22 cells are sensitive to glutamate andmaking them

suitable to studying AD mechanist{s®!!

2.2.3 MTT Cell Viability Assay

MTT-assays are a powerful method for studying the metabolic capacity ahoati®,
this correlate with the number of cells and the efficiency of their mitochonlitiain a
population of cellsCells are fe®-(4,5-diM ethyIT hiazol2-yl)-2,5-diphenylTl etrazolium
bromide(MTT), amolecule thats metabolizedby mitochondrial reductaseto the product
(formazan}o be detected by absorbanesng a standarplate readerthis reaction and
experimental outline is shown beld®igure 24). This general strategy can be used to study
differentmetabolic pathways in cells by changing the metabolic substrate fed tatthltsigh
depending on the metabolic pathway in question other secondary detection resyebés

necessary.
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Figure 24. MTT cell viability assay.Cells are fed/ellowMTT reagent which is converted to purple Formazan product
by mitochondrial metabolisnGreater metabolic activity correlates with Formazan production, this can be due toraasedn
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 féwis 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 fequency neither of which are strongly affected by transparent saidplesver, 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 ofdbe transparent
object, approximately by a factor of ¥. 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 backgnd with a grey light filter, so that amplitude absorbing

objects appear dark over the backgratihd’he ~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 diffence was %2 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 ¥, phase differences between the incident light aachghe s
near %, effectively allowing destructive interference of light amplitude absorbing objectives,
which appear dark over the backgrotiidThis increase in light amplitudatensity), due to
phase interference also results in constructive interference creating Hatisain 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 cameyascuratelyneasure thphase shifts in the
light at each pixel, and through holographic principles algorithms reconstruct the path lengths
allowing fortrue quantitative 3D images, that can provig! volume and mass d&ta Cell
volume and mass data is important for measuring growth rates and changes in cell morphology,
which, at its most fundameaitlevel,is the change imassfrom one region of the cell (protein,
lipid, and nutrientsjo anothemregion of the cell. This caprovide biophysical quantification of
cell metabolism that is more accurétansimply measuring surface area in the plahthe

tissue culture platé*315

2.2.5 Fluorescence Microscopy

In fluorescence microscopylumination light absorbedy fluorophores withirthe
sampleexcitesthem causing themission oflight shifted to a longer wavelengthhis emitted
light from thefluorophorecan be isolatedith optical filtersallowing the fluorophoreo be
imagedseparately from the rest of the incident light on the samplgidefield epifluorescence,
the most basic form of fluorescenmecroscopythe excitation wavelength at the sample is
achievedwith high-poweredZenonArc lamps, or newenigh-poweredLEDs. The incident light
passes through axcitation filter which selects a single wavelength of light upon which to
illuminate the sampleTlhis filter wavelength is chosen to excite the fluorophéreichromatic
beam splitteafterthe excitatiorfilter sendshe excitation wavelength light through the objective
to the sampland which is reflected back toward the incident lgirce instead of traveling to
the detectowhile the emitted light is permitted by the beam splifiéius, he dichroic beam
splitter permits only the emitted light from the fluorophore to travel to the detector or camera

With this approaclone fluorophorés imaged at a time, meaning filter cubes need to be switched
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each timehowever by using multiple fluorophores colocalizatiopekments can be performed
to identify interactions between proteins within the cells.

Fluorophores for all kinds of different applications have been develsjledlifferent
delivery strategies to identify molecules and their location within cells aswkgSmall
molecuk fluorescent dyes that bind specific molecldesa 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 (forti&kg. Another commomethodfor
fluorescence microscopy isimunocytochemistry which makes use of fluorescently labelled
antibodiegaised against the target of interehts allows for the quantification and localization
of the target proteiin immunocytochemistrycells are permeabilized with detergent, treated
with antibody and fixed, which does not allow forsitulive cell imaging and ths biochemical
processing could affect the proteins of inter@ste of the most populapproachemakes useof
molecular genetic engineering to label proteins \gréen fluorescent protein (GFBY splicing
the gene for GFP to one end of the protein of intekHsivever, with thisapproachGFP
conjugationcan interfere with the functionality dieseproteins although this can be used with
live cells given that GFP is neoxic. Membranegpermeablemmall molecule fluorophores are
also widely used foa variety of applicationm situincluding ion sensitive dyes and voltage
sensitive dyes for studying eteanic properties of cellddydrophobic fluorophores have also
proven useful for studying phase separatiogiant unilamellar vesiclesr labelling membrane
microdomains within living cellsyith the caveat that small concentrations of these molecules

can have aimpact on lipid phase diagrams

2.2.6 Gel Electrophoresis and Western Blotting

Identification and quantification of specificoteinsand their activation statgithin a
sample is necessary to understhiadogical processe&or this purposeolyaaylamide gel
electrophoresis (PAGE) is usedsiparge proteinsby their molecular weight which can then be
identified by Western blot with chemiluminescent or fluorescent lgbejugated antibodies
(Figure 25). PAGE works by running proteins throughbres ina gel made o&n acrylamide
polymernetworkin the presence of sodium dodecyl sulfate (SDS), in all buffershangel The
samples containingroteinsof interestarepipetted into the loading/stacking gel. The proteins
becomechargedas the SDSan anionic surfactant that aids in denaturation of pratbinds to

hydrophobic regions, this adds negative chargbeagrotein An electric field is applied to the
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gelwhich causes the negatively charged proteins to move unéée@romoive force The gel

acts as a resistor to the flow of proteins. The rate of protein movement through the gel depends
on the pore ge of the acrylamide networKhe 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 mostrdi@ving a near net

neutral chargdn effect, low molecular weight proteins will travel faster, and move further down

the gel compared to the higher molecular weight protegysarating the proteins in the sample

by their size. A ladder, or size markertypically used to help in the identification of proteins

(first lane on Figure B).
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Figure 25. Westernblot has two primary stages first proteins in a sample are separated by weight usixg/ASiESthen second
the proteins ee transferred to a polymer membrane (nitrocellulose or PVDF) where specific proteins are identified using
chemiluminescent or fluorescent labelled antibody in the immunoblotting (Western Blotwstadeighter signal indicating
higher levels of signalA protein laddeicontaining 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 Folchmethodfor lipid extractionis asolvent/solvent separation methatiere
hydrophobic lipids are separated from the hydrophilic components of the sample tth@irgin
phass: waterandsolvent In the Folch method, cell or tissue homogenate is makxed:20 py
volumg ratio in 2:1chloroform/methanaéolution(v/v). This is then wahedwith 0.2
equivalents of 0.9% NaCl solutiofhis results in a twgphase system with thep phase is
mostly waterandmethanoWwhich contains polar compoundsndbottom phase is mostly
chloroform with norpolarlipid compoundsPhosphépids, sterols,and glycerides would end up
in the bottonmsolventphase, while there would be a mixture of highly polar lipi#e

gangliosidesin each phase.
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Lipidomic profiling of the gross extracts from cells and tissues informsftaetsof lipid
metabolism during physiological and disease proce$bese are different methods to identify
and quantifylipid compositionusing a variety of methodscludingbiochemical assays, liquid
chromatography, and NMmiochemical assays can be used to deteetificlipids in a sample
and are particularly useful for measuring broad classes of lipids, such as sphingolipids or
cholesteral The cholesterol oxidase assay is a popular assay for quantifying total cholesterol and
cholesterol esters. Lipid extracts are treated with cholesteiddse and/or cholesterol esterase
which produces FD: in stoichiometric quantities that can be detected with the use of
commercial detectioreagentsuch as AMPLEX Reglus horse radish peroxidaséMR is also
a useful strategy for quantifying charattécs of lipid profiles such as the degree of
saturated/unsaturated fatty acids within a sandffle.most recent advances in lipidonvek on
spectroscopy combined with chromatography, such as liquid chromatography coupled mass
spectroscopy (LC/MS), gachromatography MS (GC/MS), abh@ tandem MS (LC/MBMS).

This allowsmoredetailed lipidomic data to be extracted from a sarependown to the fatty

acid andevenits position on the glycerol backbone.
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Chapter 3: The Effects of Melatonin on the Structu re 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 mammat&6317 Melatonin levels decrease with age @ven more profoundly with
the progression of Al zhei-matchésontols,snatiagshat ( AD) ¢
melatonin level decline precedes symptomatic disease and that AD is associated with sleep
disturbance®®31° 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 therapeute®®. AD is characterized by the aggregation of extracellular
amyloidb ( Ab) plaques and intracellul ar *®heurofibr
Amyloid aggregation has long been known to disrupt lipid bilayer function by inducing
membrane defects, increasing membrane permeability,iangbting membraneeceptor
signaling and membrane potentidf¥164167.322This disruption of the lipid structures by
amyloid then results in disrupted cellular metabolism, oxidative stress, and lipid peroxfdation
Here lipid membrane composition and small molecules that can protect the membrane could be
importantfor their effects on membrane structyseopertiesand protectonsm ADb damage
For examplein complex model membrane systems that mimeiglthy,and diseaseeuronal
membraneslevelopedn Drolle et al. 2017lipid compositionassociated with advancing AD
increased susceptibil it Theréitwahshowmtbamrbemrane s t o
damage resulting from decreases in sphingolipids in model membranes were associated with
nanodomain structure and i nt'®Foatistrdasomthe wi t h AbD
redoring or preventing deleterious membrane nanodostaucturecould be important in the

mechani sms of AD.

Melatonin is useful for reducing the Ai2lated sleep disturbances, but is not effective in
slowing or improving learning and memory in symptomatie, &hough its role as a preventative
therapy before symptoms is yet to be tested thoroétfhMelatonin has been shown to improve

learning and memory in rodemodels of AD and has been shown to protect cultured neurons
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and cel |l | i ne&%832¥¢Themprotative effeztofimelatdaniyp was shown to be
independent of melatonin receptor activatf§ras melatonin ligands with no antioxidant activity
were unabl e t o pr cugessthatnorespecife propervemof mdlatonaieh i s
responsible for its protective effectich as its antioxidant, atib a g g r o geddpstso n ,
effect on membranstructure angbropertied?*0:323,324.328329 The effect of melatonin on the
nanoscale doains may explain its protective effect.

Melatonin is amphipathic (logP ~1.6 wi t h a maxi mum aqg)aous SO
such it can partition into hydrophobic compartments within cells such as lipid droplets and
bilayers; this has been confirmed ¢gveral studies that indicate melatonin can incorporate into
phospholipid systems including micelles, bilayers and multilamellar lipid 1&8§%&#®. 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
fluidity 100.104,333.336 Molecular Dynamics (MD) simulations of melatonin with lipid bilayers
suggesthat 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 systéfs33 Melatonin has also been shown to counteract the
stiffness that cholesterol induces in lipid membréiteMore recently, the effects of melatonin
on complex lipid models composed of three or more lipid types tbese studied that reveal
melatonin influences phase separation and membrane microdomain strubesestudies were
done with neutron scattering and NMR methods which do not reveal the structure of the
nanodomains directh*33 In summarymost of these stliesinvolve studyingonly asingle
lipid modelandhave not explorethe effectsof melatoninon thenanoscalelomainsin this
chapterthe effects ofnelatoninon the structure aianodomainsising AFM for the first time
will be presentedthenthe stricture of the lipid membrane will be correlated with the
nanomechanical properties such as breakthrough fanckbilayer thicknes&lthough more
complex 5 component models have been developed earliepivenko's lab (Drolle et al,

2017)%, 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 nanaa®arad suitabléo

follow their changes upon melatonin insertion
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3.2 Materials and Methods

3.2.1 Materials

Chol esterol, powd a2dioledlsrglyero3phasghechon® 9 %
(DOPC, powder. >99% (TLC)L,2-dipalmitoytsnglycera3-phosphocholine (DPPC, powder.
>99% (TLC))Chl or of orm for HPLC, 00Q@ ult@evaemy | ene st
(deionized to a resistivity of 1BMq L c. Mi)li -Q water (esistivity >1 8 . 4 MMN-acetyh)
5-methoxytryptamie (Melatonin, powdeiO 9 8 T#C).

3.2.2 Vesicle Fusion

Sonicatiorwasused to create a homogenous vesicle solution suitable for deposition.
Briefly, DOPC/DPPC/Cholveresolubilized in chloroformthen mixed to make a weight ratio of
2:2:1. Chloroform wasvaporatd under adry nitrogen streanto producea thin film of
multilamellar lipid bilayersThe lipid films were thenydrated with MilliQ waterto a 10 mg/ml
solution.The hydrated lipid solution was processed through multiple rounaswiagion and
magneticstirring at 10minute intervals, for 2 cycles past the point where small uniform vesicles
(SUVs) are formedas indicated by solutioclarity, about 9 to 12 cycles or 3 to 4 hours. This
SUV solution was then added to freshly cleaved mica in a JPK ligliidnzEleft to incubate at
room temperature fdk - 2 hours to produce a SLB. The SLB was then rinsed gemitly 3 ml of
MilliQ water, maintaining hydration throughout. After imaging and force spectroscopy
measurements on conti@PPC/DOPC/cholesterol bilayers 400uM 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 collectesing intermittent contact mode in liquid
(JPK Nanowizard IL)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:3N/m) were usedjp-BioT/AC AFM tips from Nanosensorgadius
< 10nm) The optical microscope was used to locate a marked position on mica substrate (on the
bottom side of the micd) this allows the same local region to be imaged/probed before and

aftermelatonin incubation to prevent variability associated with large scale sample variation ~
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than 100um x 100um. 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, dmatkeeahntrols were
optimized with integral and proportional gains, resonant frequency, and photodiode signal. For
statistics, scasof three different regions (4x4 um each) per sample to ensure sufficient variance

in membrane topology/morphology and vetifig 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 passiltering (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 usedhe standard calibration of the spring constant with the thermal noise method,
and the contact region of the extend curve to calibrate the sengifivitlgese 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 surfaegatipple interaction is recorded to create
a graph of the vertical deflection of the cantilever bending on one axis (trésponds to the
force on the probe via the sensitivity measurement), while vertical position above the sample is
recorded on the other (sBgure 2.3for representative plot). In each of the imaged regions,
extension and retraction force curves were ctddd 500900 points. Aretractand extend
speed of 1 um/s is used throughout.

The resulting extension force curves were first parsed with JPK data processing software,
discarding norstandard curves. A linear fit is subtracted from the baseline offfie¢ oertical
deflection, next a linear fit along the straight regime of the section from contact to breakthrough
point, this accounts for contagpbint offset of the vertical typosition. Lastly, height correction
due to cantilever bending is done byitilever 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 bas&iaintgp
geometry andhdentation 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. Adhesgefal 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 Figara

Breakthrough force, indentation depth, bilayer thickness and elastic modulus statistics
such as means, standard deviations were calculated and test¥dadyyAINOVA to assess
statistical significance. The resulting histograms of the nanomechanical pasawateialso
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 &ihalysis.

3.3 Results andiscussion

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, th@gkdjuid ordered(l) phasdipids protrude above
theliquid disorderedLp) morefluid domains, resulting in variablalayer thickness on the scale
of approximately 0.2 nmdepending on the lipid modéFigure 3.1§*331:338 This distinction
appears because of differing lipid melting temperatures and a hydrophobic mismatch &f phase
which has amnfavorableenergy state, causing domain formafiaimereby reducing
hydrocarbon surface area exposure to hydration layers of'tv&lbplesterol content is enriched
in the Lo domains and is propoadinal to lateral ordered domain sizé&*®> DOPC has a transition
temperatureatl 6 . 5 , | e bBpwhasegt roomn temperatare, while DPRS a
transition temperatur@t 4 1. 3  Lgstate atmogm temperatGteForall experiments in
this study DPPC/DOPC/Cholesterol at a weight ratio of 40:40:20 (~1:1:1 molawata)sed.
This model was chosen because of the-estliblished phase separation and known miscibility
transition temperature of 29°C from Veatch et(@003¥2. In Figure3.1, 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 Bilayevith bilayer and domain cross sectioBilayer
thickness is 5.5 to 6.4nm, with difference between ordered and disordered domains of ~0.6 to 0.9 nm, 4x4 um image.

After exposure to melatonin the model membrane undesioksg visual changes
illustrated in Figure3.2 in ~ 45% of independent lipid experimen&gdut of 9 experiments)in
the othel5 out of 9 experimentslittle (2) to no change$3) in membrane steice structure ere
observedTherefore, only images with dramatic changed excellent image qualityere
analyzed rigorouslyThe control shows a phase separated lipid bilayer structure with nano and
microscale lateral heterogeneity, talleydomains m gold and lowekp 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 B3igure
The first peak is the most drable 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 b&een 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@. 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 =TI#) lack of effecon 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 thewffit phases to offset any effect on the height
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differences.
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Figure 3.2. Atomic force microscopy images ofelatonin effect orDOPC/DPPC/Cholesterainembrane(40:40:20)
Lefti control; Righti after 2-hour 400uM melatonin inc_ubationimage scale 4 ym x 4um, cross sections shown in blue on
image.

The most striking effect omé membrane after melatonin incorporaties the
significant loss of surface area ia Homains to surroundingilldomains(Figure 3.2 above)rhe
area ratio (A/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 melatongases membrane disorder, fluidity
and decrease in bilayer thickness by melatonin, in contrast to cholesterol which tends towards the
opposite effects, thus resulting in higher percentags aiomaincoveragé®#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
regions within he centers of & domains which indicates that melatonin can localize within the
zones of highest cholesterol concentration, this likely involves competitive pthaglsave

previouslybeensuggested from NMR studidsangmuir compression isotherms andecalar
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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 membSfa#€s% 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 interacins predominant with the lipid headgroups competing for
hydrogen bonding with cholestet$l 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 taf$i this was suggested to be due to preferential interactions

with the unsaturated lipid POPC in a similar POPC/DPPC/Cholesterol system b$?NIRs

may in part explain the resulting increasé inbilayer regions obserdéere, thouglit cannot

beruled outthatequal amounts of melatonamein each phaskased on this work

Disorder Order
g\

. 16- * k% =
g - c
fud % 3
O g
T 12 i ?
e ey
2 3
2 0 ™ . - .
a o 10 05 00 05 1.0
S 0.8- Height (nm)
-— —_—
© o
o P
4] 03
o &
< 041 =
o o
“(E L
— 1
3 2

0.0 . <0

Control Melatonin x -0 05 00 0.5 1.0

Height (nm)
Figure 3.3. Representative 1D histogram of height data in DPPC/DOPC/Cholesterol membrane control and after melatonin
incubation for 2h at 400M with Gaussian Bimodal Distribution Fit. The estimation of extent of each domain is represented by
the area under each corresponding peak fit, first peakiigordered (Ib) and second peak for orderéido). The results of the

surfacearearatio andheightdifference n = 4; (N=12); Melatonin increases surface area ofLihphase over the control by
30.6 % ***p < 0.001 T-test

3.3.2 Atomic Force SpectroscojgyBreakthrough Forces
Atomic force spectroscopy (AFS) isuaiquenanotechnology tool for molecular and

cellular biologyas well as material sciencéisat can allow for nanomechanical mapping of a
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sample In biological applications AF used to measure single molecule prof@iotein
interactiond*:34L celkcell interaction¥*?, and the mechanical properties of biofilms and living
cells$’*3. The mechanical properties of lipid bilayers can also be studied with nanoscale precision
allowing the meagement of the breakthrough force, bilayer thicknesses, elastic modulus and
adhesion forcé4*34% 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 theanentrt also on

the cantilever and probe properties in particular the cantilever spring constant, and probe
geometry*®. The breakthrough force data of SLB provides several important parameters of the
nanomechanical properties of lipid bilayers that relatetcorrelate wh- 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 meanier permeabili§#®. Also, the elastic modulus of lipid
bilayers is often used as a measure of membrane fluikigyre3.4 shows a representativeitip
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 varialbigtyirwdlt
supported membran&%344:3%.348 The importance of measuring ouprecise 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
topography®°. To ensure proper sample preparation and vesicle fusion into a complete
symmetric bilayer with largecale homogeneity, considerations about the structure of lipids at
time of deposition, pH and ionic strength of solution, electrostatic interactionsygade
properties of the support are imporfdh#*e

The choice of AFM timnd cantileveandthevariation in tip geometry will influence the
guality and consistency of the dafr imagingapplications irliquid, the cantilever needs to
have asufficiently high resonant frequenbytwith low Q characteristigavhich affects the
force resolutiorandis related to th@ptimal force constaniThe force constant is also important
to achievaeasonable deflection when indenting samples for force spectroSduplarger the
tip radius, the smaller the maximum stresses on the material in the area, thedefciregre

probability of inducing plastic deformation of the membrane strutfuieis important to pay
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attention to the sample deformation in soft samples, singatiple contact geometry can
change with increasing penetration, though for SLBs the indentation regioweehet.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 theggmple interface betweer and Lb domains,
which may be a consideration for very small domaimgor very large probe tips. Additionally,
limitations in obtaining a precise value for the elastic modulus lie in accurately determining each
domairts Poisson ratio, which was assumed to be 0.5 for both phases in this study as is common
for bilayer meaurements), though maybeexpeced that there aremall 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 orgacitesol
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 meilatwas measured on the same sample
and similar regioras contrdd, thus it isexpeced that there ig\creased risk of changésthe tip
for melatonin vs control. Generally increasing the tip/sample contact area would be expected to
cause an apparent nease 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 #ite 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 fore analysis of the samples wherein visual changes from melatonin were
evident are summarized in Tal3d wherethe means of the breakthrough force, bilayer
thickness, indentation depth, elastic modulus, adhesion force and work of adhesion for n = 3
indepenmlent atomic force spectroscopy sample preparations with N=2100 total force curves per
sample condition (each for control and melator@ne of the independent experiments was
excluded due to nephysical mechanical parameters, which could have been gwelie
damage or AFM calibration errdgtatistical 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 éandhomechanical 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

Morgan Robinson

properties and each set of domains sepgrdelcause of the small size of the domains

following melatonin treatment, the force volume analysis did not allow us to distinguish between

Lo and Lb domains therefore force curves were averaged between domegresenting a

technical limitation of analyzing nanodomains

Table3.1. The nanomechanicakffects of melatonin on phase separated DPPC/DOPC/Cholembrane, mean £ SD,

*p<0.05.
Extend Curve Retract Curve

Breakthrough  Bilayer Indentation Elastic Adhesive | Work of
Force Thickness Depth Modulus Force Adhesion

(nN) (nm) (nm) (MPa) (nN) (1017))
Control 4.4 +£27 6.2+0.1 207+0.20 | 249+132] 3.7+26 | 28+24
Melatonin 41+22 59+0.1 1.77+0.19 | 228+ 112} 3.2+22 | 19+16
% Difference | 3.8+9.8% | *2.7+0.5% | *14.5+£5.7%| 54+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 experieakitedugh
force was increased by ~10%. When looking more closely at the distribution of breakthrough
forces (Figure8.4), melatonin causes an increase in the difference between the ordered and
disorder phases, implying melatonin is reducing the overl#eifiorce 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 contrds¢tween domains in terms of the breakthrough forces, this is analogous to
whatwaspreviously observed in NMR experiments of POPC/DPPC/Cholesterol containing
membranes®,

The average overall bilayer thickness was significantly reduced by@5%4 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 cholestech has the effect of
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increasing chain order and thickening the memb#&hén this previous work, DOPC

membranes with 9% and 28% melatonin the bilayer thicknesses were reduced from 5.13 nm to
5.01 and 4.9hm 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% and3$36tis suggests a greater effect

of melatonin on the DPPC lipid bilaydikely 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 thatrerebserve 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 aomis 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% (@®85) The bimodal distribution fits however were not
significantly different in their most probable peak fits (in part due to-saerple variability),
but also implying equivalent decrease in indentation depth across each domain, 9.1 + 9.1% for
the disedered domain, and 17.7 + 13.8% for the ordered domains. Thus, melatonin thins and
decreasepenetration depth into the lipid bilayer.

Finally, with the elastic moduluthere wasot a statistically significant effect of
melatonin exposure for the globakan, however a statistically significant decrease of 14.6 +
2.8% in the most probable elastic modulus of the disordered membraneweagiameasured
This suggests that melatonin is softening the disordered membrane domains to a greater extent
than the ordred 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 moladule a
compressibility of lipid membrane€s melatonin increases the area per lipid and elastic
compressibility and cholesterol decreases these parafigtétBased on these new data this is
confirmed that melatonin has affectto increase membrane fluidity, with contributing factors
from the increase in proportion of disordé membrane phases and the increase in the elastic

modulus of the disordered membrane phase.
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Figure 3.4. Histogram ofnanomechanical properties of bilayer from breakthrough force plat#ayer thicknesses,
breakthroughforces,indentationdepth andelastic modulus. Histograms were the mean shifted average of n=3 independent
samples, total of N=2100 force curves. In general, melatonin demuiédayer thickness, breakthrough forces, indentation
depths and the elastic modulus of the disordered phases.
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Figure 3.5. Histogramof adhesionforce andwork of adhesion.Both distributions are significantly shifted to tedt indicating
that melatonin reduces adhesive forces between the lipid membrane and the AFM probe.

Adhesion is a very important property for membrane function especially in the context of
AD,where Ab is known to bind to aabdervedi satupAb me
canbind preferentially td_o or Lp phase domaindepending on the lipid model and perhaps
aggregation state ofiA%%, and that lipid rafts and membrane microdomains (which are often
modded biophysically as ordered gel phase domains), play a critical role in the mechanisms of
Ab production, a§#rFeom the ddmesion damdhistograxns showh in
Figure 3.5 abovehtse data indicate that melatonin reduces the work of adhesion by 31.1 +
13.4% (p<0.05), and trends towards reducing the adhesive forces (15.2%4, though not
significant) between the probe tip and the lipid bilayer. This may imply that a membrane
saturated with melatonin would be | ess suscep
Ab toxicity. At mel at otol.Gmillenolar,aneladnin mdlecutesr s bet w
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 regidfi®®3:3% |n previous NMR experiments usiaghreecomponent
POPC/DPPC/Cholesterol systgitmvasfound that perdeuterated POPC tails were more
susceptible to transitioning into a phase coexistence with the addition of melatonin than the same
model compised of fully deuterated DPPC, suggesting a greater interaction between the more
disordered asymmetrically unsaturated lipid and melatonin. Taken togethéheviéisults here,
specifically thal.p membrane regions have significantly lower elastic modaiigs melatonin
exposureit adds more evidence to the idea that these disordered regions are indeed more

susceptible to influence from melatonmivhich appears to occur witither small amphiphilic
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moleculesboth endogenous signaling molecules (likerogansmitters), pharmaceutical
compoundsind drug¥’ 349350

The effect of melatonin to increase the extent olLfidomains of lipid bilayers by AFM
is similar to an effect observed for serotonin in a report by Dey et al. 2024 hat 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 tois/fegiorted here
for 45% of samples prepared from powder. Notably they also rephartlecrease 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 reactionligfid peroxidation that can travel within the plane of the
membraneThe variability in the effects of melatonin mayibh8uenced by temperature (which
was not carefully controlled), and/or changes in lipid composition as a result of oxidation

3.4 Conclusbn

In this workthe effects of melatonin ahe domain structure @omplex phase separated
lipid bilayerswas studied by AFM and AFS breakthrough forces for the first fline.
composition of our lipid model is simple compared to biological neuronal maem@b (which are
composed omanyhundreds of different lipids), but more complex than models frelyuse¢n
in literature which are commonly composed of one or two lipid typesDOPC/DPPC/Chol
modelhastheadded complexity of phase segregation in@hd b phases in ambient
conditions. Cholesterol affects fluidity and mechanical stiffness of membranes as well as the
lateral domain structur@ heseare important factors in cholesterol dependent cellular processes
and have been implicated in Aiathobgya n d A b The irteéraction of melatonin and
other small molecules with cholesterol containing membranes is thus important for furthering our
understanding of cell processes.

Based on these preliminary ddihe inconsistency in the effect of ragnin on the SLBs
may point to issues in sample preparafiam dry powderor controlling for environmental
factors like temperatur&ometimes we observed these chanige$ out of 9 experimentsyhile
only minor changes were detected in 2 out of @,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 damages 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 chloréfom the
manufacturerPhase separation behaviohighly sensitive to changes in lipid composition and
when near to a lipid melting temperature, seasitive to temperature. It is known that these
models have miscibility transition temperatures n€a€2and 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 lessextent, 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 di@nges t
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 experimBmswork needs confirmation by
repeating these experiments.

In this chapter, starkhanges irmodel phospholipid membranes following exposure to
high concentrations melatonin for short exposure duration are reported. Typical peak melatonin
concentrations in sem are approximately 100pg/ml, or ~ 0.43%M though local
concentrations in the pineal gland and surroundinop lveggions near the pineal recess would be
expected to be much higher and the fraction dissolved in the lipid compartments such as the cell
membrane highghan hydrophilic cerebral spinal fluid and bloddhe data presentad this
chaptercontributes t@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 timat has beershown that hie addition of melatonifrom the aqueoughasevisibly
change the topographical structure afphase separatégid bilayer, decreasing surface area of
Lo domains due to melatonin incorporation into both phases alihgn apparent displacement
of cholesterol from the & phaseln terms of tle biophysical properties of the lipid bilayére
topographical changes correlate with a decrease in membrane thickness, increase in the number
of breakthrough forces in the disordered force reghedatonin also reduced the work and
force of adhesion dhe probe to the membranEhis decrease in cholesterol associated effects
may be involved in the protective effects of
of membrane microdomains which have been reported to act as seeds for amydaieolig
binding and aggregation in addition to the reduction of adhesion to the lipid bilayer.
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Chapter 4: Contact Mode High-Speed AM of Phase Separated Lipid

Bilayer sto Study Melatonin and Amyloid -1 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 be®en the cell and the environment. The lipid membrane provides a
structure for supporting membrane bound receptor proteins and thus facilitating specific
receptorligand interactions as well as receptor trafficking which is important for receptor
signalingpathways and disease proced%es$3 In addition, the lipid bilayer is directly involved
in less specific interactions that are impottior physiological processes including: changes in
lipid membrane composition (enrichment with cholesterol, phospholipids and polyunsaturated
fatty acids), interactions of small molecules and thespmatific binding of peptides and
proteing>4%3%6, Peptide and protein binding to lipid membranes occur for a variety of purposes,
one example ipore forming antmicrobial proteins (AMP) which bind to the membrane
oligomerize and produce top@ghical defects and/or pores whthmagehe membrane,
depolarie the cell and disrupt osmotic pressure within the cell resulticglinlar toxicity?>%362,
Il n Al zhei meyldds ( & ibihds @ theeuroral cell membranes causing cellular
toxicity by damaging the cell membrane and interfering wétron signallingf%36°,
Interestingly, new research indicatefls Aay serve as an asmicrobial peptide as an important
physiological functionlsowing protection against microbial infections in animal models and
being upregulated during cutaneous wound re&iee.

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 minutestherefore dynamic process cannot be
imaged®362 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 upanhwthe 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 H&M system thatan produce images at video ratas been developed
previously. This systemnot only allows for capturing millisecond dynamic changes in

topography but also to generate large scale topographical images with extremely high spatial
resolution witlin much shortetime periodghan standard AFR1%37L It has beempreviously
demonstratethatthis HSAFM technology can be used for imaging biological samples and
capturing processes despite high confiaates with the surface, for instance collaérDNA in
ambient ad liquid conditiong’3 as well as the dissolution of tooth enamel from citric Héid

The tip is in cotact at a sustained naero forceas the tip travels at high velocities over the
surfacethus there is a possibility of the H'§-M causing damage to the sample or in some way
interfering withthe interaction of intereskor the first time in this chaptat has beenapored

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 meamisranes
reveal differing interaction mechanismsweén A monomers and oligomers with model lipid

bilayers of varying cholesterol composition.

4.2 Methods and Materials

4.2.1 Complex.ipid Bilayer/ Amyloid- Preparation
DPPC,1-palmitoyt2-oleoytsnglycero3-phosphocholingPOPC) purchased from
Sigma Aldrich, Cholesterand doleoylsnglycera3-phosphocholinédDOPC)purchased from
Avanti Polar Lipids, and Sphingomyelin and GM1 Ganglioside sodium salt from bovine brain
purchaed fromSanta Cruz Biotechnolog¥ach lipid was dissolved in chloroform at a
concentration of 1mg/ml mixed at various ratios then evaporated undep gag Nipid
mixtures in chloroform were left overnight to evaporate producing a multilamellar lthioffi
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 overnighhandun through two cycles of
15 minsonication followed by 15 min of stirring immediately prior to vesicle fusioto freshly
cleaved mica substratdb (-4R) ultrapure, HFIP treated, (rPeptidegs prepared in monomeric
and oligomeric form following mtocols previously describéd. Monomeric £ was prepared

immediately prior to injection @0QuM in ultrapure water20uL of this sdution is addedo the
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200uL liquiddropletfor a final concentration of approximately iM. Ab ol i gomer s wer e
incubated overnight at 4°C at least 18 hours atM0n ultrapure watertheninjected into the

liquid cellto a final concentration of 1AM.

4.2.2 HSAFM

A modified version of a previously described tA&FM systeni’3374was constructed in
house and mounted onto a @nsion 3100 AFM which allows for standard and-ARM
operation, se€igure4.1. The HSAFM is a stage scanner with dual sets of flexure bars driven
by piezoelectric actuators in both the fast and slow scan directions to generate motionyin the x
plane with the applied voltages defining the scan window sizethanfdequency 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 whalergsa prominent
feature on the AFM movie. The cantilever was mounted onto the Dimension scan tube set to
move in a 1x 1 nm at 1 Hz line rate effectively providing negligible motion in theptane
while still allowing the scan tube to provide contreeothe z movement using the Dimension
feedback and controller system. A constant cantilever deflection was maintained by the
Dimension feedbackilhe HSAFM controller (written irRhouseusing LabView applies a
sinusoidal voltage to drive the scan stagghbiast and slow scan axes with the frequency
parameters set eording to the desired frame rate-Hause written data collection software
takes the magnitude of the cantilever bending filoenDimension photodiod&s the stationary
probe sits in contaetith the surfacevia the standard optical lever methiodata is then
linearized to account for the sinusoidal motion of the scan.geT cantilevers with nominal
spring constants of 0.01 N/m purchased from Bruker were used in all cases for bathdstald
HS-AFM contact mode imaging.
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Piezoelectric actuators

E 1
Flexure Bars

Figure 4.1. HS-AFM dual axis flexure scan stageSinusoidal AC voltage drivegnals applied are to the piezo from
the AFM controller. The amplitude of the sin waves determines the fnaage’ size, while the frequency governs the frame rate.

4.3 Results and Discussion

4.3.1 Comparison o&andard AFM and H&FM onLipid Membranes

Complex lipid mixtures are often used to study the organization and biophysical
properties of lipid membranes thaassess micraand nanedomains, typically model
membranes composed of 3 or more lipids are considered complexcétap@ex mixtures
composed of 5 different lipid species: mainly, equimolar DPPC and PORT 36% by mole),
with cholesterol (18% by malesphingomyelin (6 10% by mole) and gangliosides (>3% by
mol e). These complex model | ipid systems were
disease membranes showing how changes in lipid membrane composition (gangliosides and
sphingomyelins), rendéipid bilayers susceptible tofAoxicity!®. Standard AFM image of one
of these model membranes is shown below along with-AFH3 image of the same membrane,
same region in Figur4.2 Calibration of HSAFM XY scale can be done one of twmays; the
first is to directly compare identical features under standard anespigd operation provided a
standard image is taken before. Alternatively, under-Bmged operation the scan tube can be
translated by a set distance across the surfacegsbilting translation can be seen and measured
by tracking features on the HS-M. The scale bar on the H&M image was generated using
the second technique. There are small discrepancies between measuring distances in this way as
compared to the-y scde generated from the Dimension under standard operation. Calibration of

the z scale using this modified dimension-AEM system is less trivial, since the H&M
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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 higipeed operation and calibrate them this way, otherwise force curves on
the samples can be taken and the feedback/deflection signaks eatndrted 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 tioe 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 operatiod .Eigatew
shows a siddy-side comparison of the same regaira complex lipid membrane. It appears
there is nodinear distortion of the H&FM image when comparing to the starglapeed; 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 coarplex th
these two simple transformations and additional motigdhetantilever tip in the z direction
need to be accounted for to perfectly map standard AFM images to tA&M3$rames.
Regardless of this distortidS-AFM imagingresolutionis still excellentcomparedo standard
AFM. Though there appears to be geeatverall image noise this is highly variable and depends
more on tip and sample quality. One advantage is that there iméegsline mismatches

aberrations and AFMrtefactswhich keeps image processing time down.
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Figure 4.2. Sideby-side comparison of lipid bilayers under H&FM (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), aiell&nm above the disordered domains.

4.3.2 Stability of Lipid MembranesDuring HSAFM

To test the stability of the membrane under prolongedARB imaging several areas of
a complex membrane at a continuous 2Wpse imagedFigure4.3 & 4.4). The stability of the
complexmembranse duringHS-AFM imaging was higly variable butin general the length of
incubationtime greatly increased thetability of the supported lipid bilayer on the surface.
Figure4.3 shows HSAFM imaging immediately after preparing the complex lipid membrane at
a constant 2 fps for ~2 minst€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 bwest, 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 hyperfined icelike ultrastructure

of the 1nm water layer above the surface is the best explanationifdridpio contact forces and
speeds of the AFM probe tip during higheed scanning prevents damage to the suirfatizeit

not completelyi as is the case here. At slower speeds, near the edges of the scan window, the
effect of hydrodynamic lift off would bminimized 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 of increases.
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Figure 4.3. Instability of complex neuronal model membrane imagedth HS-AFM continuously for 2 minutes
continuously at 2 fps. It appears the higher domains are [mirgt away over the course of thenthute scan time with the
most pronounced effedadssruption atthe edges dioth the slow anfhst scan directiomwhere thdateral AFM probe tip
velocity goes to a minimum and the acceleration is at a maximum.

Figure4.4 shows ten frames over a period of 52 minutea different area of the same
membrane aBigure4.3, but2 hourslater. There is some drift due to the height adijunent 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 topographighith&€he 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, althoughcannotberuled outthatchanges 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 movinghe AFM scan window, should greatly reduce any damage of the surface

induced by HSAFM 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 houfdembrane &ble over ery long scan times
upwards of 52 minutes are possible at 2 fps, a total of 6240 frames. Some driftreighdrame occurs due to small changes in
force feedback adjustments by the ABM no changes in lateral domain structure or height changes are caused by the high
speed AFM, scan size fnx 2 pm.

4.3.3 TheEffect of Melatonin on Complex Neuronal Membranes

During scanning melatonin was added to the liquid droplet to a final concentrtion
400uM T the maximum predicted solubility for melatonin in water (FigliBg. 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 withie kthgiser more ordered
domain regions, breaking up the membrane, red béigure4.5. These higher domains
correspond to more densely packed cholesterol enriched regions and would also contain
sphingomyelin and gangliosides for which cholesterol is kniownteract with to induce the
formation of ordered domain and membrapélirafts’’637” This disruptive effect of melatonin
is likely a combination of melatonin binding to the membrane microdgnmercalation 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 melatoni¥?.19433% The effets of HSAFM 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 30:004Bigwc
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box), hasheen exposed to melatonin for that duration of time, and althibegitructure prior to
HS-AFM imagingcannot be determinedfterthis large domain enters the %M scan
window the large domaiappears to begibreakng up within a few hundred H8FM frames,
increasing proportion of disordered regions over the 18 minutes shibwgreffect of melatonin
is similar to the effects reported in ChaptewBere the disordered/fluid phase is exparaiedl
effects reported in the literature for serotonia rehted indole neurotransmitgé?. It cannot be
ruled out thathie energy being input into the lipid bilayer by the-ANBM imaging could be
accelerating the processatdereddomain separation.

lIIlIlIlIIlIlIIlIIIIIIIIIIIIIIIIIIIIIIII
Figure 4.5: Effect of melatonin on hteral rearrangement of the ordered lipid membrane domaaver minutelong
time scaleslue to melatonin and H&FM imaging

4.3.4 TheEffect of Amyloidr Injection on HSAFMImaging During Scanning

The addition of & to the lipid membraneuring imaging is shown in Figu46. The
membrane was very stable under-AIBM 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 maal injection procedure which is very difficult to perform
without disturbing the H&\FM, therefore, imaging the same region before, during and after
injection is not always practically possible. It was frequently observed fhiajection during
scanningesulted in disruption of the H&FM video capturewhich 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 aréathe experiment shown in Figure 44%) appears to estabilize
themembraneor thetip-membrane interactigand it appears th#tte highe more densely
packed lipid domains seem to be most affe¢tedeFigure4.6. Similar disruptions in H\FM
imaging occurred during other trials wherb A was added dfteraboutglmmuwes nni ng
of HSAFM scanning the image contrast between ordered and disordered domains was
dramatically reduced compared to befofe A i 0. BSAFM image roughessdramatically
increased within 5to 10 framesafféh s ol ut i on di ffused across the
(~2-3 seconds), after theminute time point imaging failed completelyhis clearly highlights
the importance of tyggample interactions as it scans across the surface of lipid bilayer and cannot
be neglected, regardless this damaging effect is only observed bhemdded to the liquid
cell; control injections of water do not result in any ldagn disruption of thenembrane during
high-speed scanning (not shown).

There are various potential explanations fortibeavior Ab ¢ o udisrdptirty éhe
surface and the HBFM sweeps the lipids within the vicinity awaypAould 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 surfidus.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 tipsample forces. If amyloid is aggregating on the tip, it could be expected to cause
some adhesion between {@be and the membrane as the AFSVl 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 deeperd
into the surface. On the other hand, if the feedback system over or under compensates than this
too could disrupt H&\FM imaging, image quality and/or complete imaging failure. Overall, this
increasan tip lipid bilayer interactions induced by stickggregation pronefappears to

disrupt HSAFM imaging and may increase chances of damage to the lipid bilayer.
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Figure 4.6: Destabilization of HSAF M i magi ng u p o kembardne iegian was scannedriifiuously at 2 frames
per second for 20 minutes, Avas added during scanning at t = 0. Beginning arounde&®®ndsa dramatic increase in
membrane roughness is observed, domain structures appear to be disrupted unifétimiiyne this disruption imore

pronounced as at 4 minutes, shortly after imaging fails completely.

4.3.5 TheEffect of Anyloid-r 1T 1T $/ 0 # T30 BilkyErg ET |

In this study two different phase separated lipid bilayer models were used to study the
effects of different aggregation statef Ab (monomer and oligomer), on interactions with lipid
bilayers. Here membrane vesicles were formed and then allowgetFassemblénto supported
lipid bilayers where control images were taken withAFSM system and then these lipid
bilayers were #ated with 10M ADb (either monomer or oligomer), for 1 hour before being
rinsed and then imaged again. Sample homogeneity across very largemi 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 xuB%hen the scan window was set to
raster across 10 steps in each x and y direction (for 100 frameg)nirs&p sizes over 3
different regions on each membrane. One powerful advantage-AFNSmaging is that within
one or two framesf imaging it can be determined whetlaegood lipid bilayer i$ormed,andan
assegwent oflargescalesample homogeneityan be determinedithin only a matter of 1 or 2
minutes, thus making troubleshooting poor sarppdparation very effective.

Figure4.7 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 roeanes. These height differences correspond to the
two distinct phases of these membranes, the disordered phase enriched in unsaturated
phospholipids, and the ordered phassriched in cholesterol and unsaturated lipids.

Membranes with lower cholestermncentration (2:2:1), tended to have more narrow domains

that were interconnected across large scan aréaseas 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.
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Figure 4.7. The structure of DOPC/DPPC/Cholesterol lipid bilayersditferent molar ratiosof 1:1:1 (left) and 2:2:1
(right) with crosssections displayed, domain heights for both 0.7 to 1.0 nm.

After acquiring control images of these two membrane modelasAinaggregated

monomers or praggregated oligomers were added and imalgeésiobserved that as the HS
AFM scan window movestorme w s can region containjsongg Ab agg
of these taller aggregataseswept off orpossiblypressed into the lipid bilayer by the AFM

probe. This could be due to differences in binding affinity of the taller aggremyathe surface

or due togreater shear forces at larger heights from the AFM probe as it scans at high speed over
taller image features on the surfa€his leaves behind stable aggregates that are more strongly

bound to the ordered domain lipid bilayer surface whiehsgable under highpeed scanning for
at least 100s of HBFM frames.
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Figure4.8 shows low concentration cholesterol membranes treated Wignefpared in
monomeric form. Variability in lipid membrane domain structure priorfto Ae X pwas u r e
frequently dserved foreasons mentioned previousiye., temperature, and small differences in
stoichiometry of lipids. It was observed th&h monomers bind preferentially to the ordered
membrane microdomains, taller domains, producing structures that protrunedtiad lower
disordered membrane phase byA @3 nmafter 2 hours ané.2+ 0.2 nmafter 8 hoursAb
incubationfor 2 hours on lipid bilayers produced less tightly boufichggregates on the
surfaceAfter8hours Ab monomer a mwrdganikeiinivelysstakdepnpdyared t o
domains, of 0.9 and 2.2 nm above the disordered lipid pAasiege 2hour timepoint the RMS
roughness of the Ab region on the membrane wa
increased t@0+ 16%. Theincreasean surface roughnessgith timeis likely due to the increased
height ofAb aggr egat es o0 nintheBhourdimepant ed domai ns

—Domain

Domains: Ah = 0.9 £ 0.1 nm —AB1
AB: Ah =1.8 £ 0.3 nm

Height (nm)

AB: Ah =22+ 0.2nm
"~ Domains: Ah = 0.9 £ 0.2 nm
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Figure 4.8. Low cholesterol lipid bilayers treated with monomeric prepareulfér 2 hours and 8 hours Aggregates
preferentially bind to ordered membrane microdomains and are initially unstable, able to be swept off the surfacedf the lipi
bilayer by HSAFM imaging @01905-16), after 8 hours aggregates form stable multilayer®aiered domains.
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We observe several different morphologies 6fPdonomers on high cholesterol
containing membranes, it is observedthet Amonomer s bind to ordered r
which are most apparent at the boundaries of the dorffagwsre 4.9) This leaves what appears
to be a pordike structure which depends on the size of the ordered domain. More detailed frame
by frame analysis of the poli&e structure reveals 4 to 5 globular aggregates arranged in a ring.
This similar morphology of ion chanisewvas detected previously, though in a different lipid
model system and different Ab preparation usi
mixed with the lipids in organic solvent, left to evaporate and produce a thin film and then
resuspended intosupported lipid bilayéfe. This proteoliposome system is much less
physiologically relevant than the protocol wus
membranes from the extracellular space. Ordered domain heights are approximately 0.9 + 0.1 nm
above tle disordered phasewikb monomers protruding to 1.8 N |
phase, fot h i dipiddfembraneomplexAb aggregates on the | ipid
increasd membrane surfade@MS roughnessy 63 + 186 and 64 + 1% for theordered dorain

aggregateand thesmallpore structuregespectively
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Figure 4.9. High cholesterol lipid bilayers treated withnaggregatedAb monomers Ab preferentially binds to ordered
domaingleft), in some instances forming what appear teimall pore-like structuregright).

Low chol

membrane interactior(§igure 4.10), firsthe oligomers did not appear to exhibit prefdral

binding to the ordered membrane phageb ol i gomer s bound to the

domains indiscriminately resulting in disruption to both phases of the lipid bilayer, inducing

hol es alongsi de

t h é clpsters The heidpti ofithge takest oligdmerg o me r s

above the disordered phasas 1.5nnwith minimum height$elow the plaaleveledmean

indicative of holes in the membrarihese aggregatémdincreasd surface roughnesby 16 +

9 %, which was the lowest roughnessong 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 withreformed 4 oligomers.Ab oligomers bind indiscriminately
to membrane, with no apparent preference for ordered or disordered domBiolgy@mers appear to penetrate the membrane
creatingpatches withmultiple perforationsincrease in membrane surfagaughness is observed in regions whebehgomers
have bound to and disrupted membrane topography.

High cholesterol lipid bilayers exposed t@ Aligomers also exhibited more obvious
damage to the lipid bilayers in the form of habesre than monomericiA as in the case of low
cholesterol membranéBigure 4.11) There ardwo different types of interaction mechanisms
observed foADb oligomers wih high cholesterol membranésrst, binding and aggregatiamto
the ordered domains like in the case of monomers sitting about 1.8 nm above the membrane
surface Second, ltere was also a distinct formation of large and deep holes in the membrane,
penetating as much as 2.1 nm below the ordered phase. This type ofiertodche lipids from
the membrane surface by amyloid is likely due to some solubilization like effects that have been
reported previoush® It may be difficult to say for certain whether the measurement of these
holes is accurate due to the speed of theAIRS! probe over the surface and the hydrodynamic

lift -off effect,and the lifetimeof the confinemeninduced structured watenay allow the probe
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