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Abstract 

Alzheimer’s disease (AD) is characterized symptoms of cognitive impairment 

resulting from blood-brain barrier (BBB) breakdown and neuronal cell death. AD is 

associated with aggregated amyloid-β (Aβ) plaques deposited around brain vasculature and 

within the brain. Changes in the brain occur up to 20 years before symptoms arise; 

however, there is currently no pre-symptomatic detection method available for AD.   An 

intact BBB requires tight junction proteins (TJs) that render relatively high transendothelial 

electrical resistance (TEER). AD-associated breakdown of the BBB correlates with 

vascular Aβ deposition, suggesting that aggregated, pathological Aβ can modulate TEER. 

We explore leveraging this cellular response for early disease diagnosis via detection of 

early Aβ aggregates.   

  Primary human brain microvascular endothelial cells (HBMVECs) were cultured 

on a suspended membrane and supplemented to mimic the BBB.  Once TEER values 

reflected TJ formation, HBMVEC monolayers were treated with oligomeric Aβ at 

picomolar to nanomolar concentrations, and TEER was monitored.  Oligomeric Aβ at 

picomolar and nanomolar concentrations, but not monomer, induced a reduction of TEER 

and disruption of TJs.  These results demonstrate that pathogenic Aβ oligomers are 

uniquely responsible for inducing endothelial monolayer permeability. By reducing 

monolayer electrical resistance, this response can be detected at physiological 

concentrations. This response was further explored with the influence of oxidative stress. 
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Cells were sensitized with low concentrations of hydrogen peroxide, and TEER was 

monitored following exposure to oligomeric Aβ. Inducing oxidative stress simultaneously 

with oligomeric Aβ treatment elicited a more pronounced decrease in TEER relative to 

oligomers alone. These results validate that introduction of physiologically active Aβ 

oligomers to a stress induced state can further decrease electrical resistance of an 

endothelial monolayer, while non-pathogenetic monomer remains inert.  

  Together, these results provide evidence that oligomers, the pathogenic form of Aβ, 

selectively break down the BBB.  Translation of this experimental observation to a cell-

based biosensor platform will lay the groundwork for the development of cost-effective, 

early AD detection.  
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Chapter 1:  

Introduction 

1.1 Alzheimer’s Disease  

Alzheimer’s disease (AD), a neurodegenerative disease characterized by 

progressive cognitive decline, ranks among the top 10 causes of death for Americans.  

AD accounts for about 80% of dementia cases in the US.1  In South Carolina alone, the 

mortality rate from AD increased 165.8%  from the year 2000. As our generations age, 

the prevalence of AD for our population will continue to grow.  Evidence has shown that 

an earlier diagnosis leads to more effective treatment, in part because of the irreversible 

death of neurons. However, a cost-effective method for early diagnosis remains 

unavailable.  

By the time a patient is presenting the earliest symptom of the disease, an 

estimated 20 years of brain changes have occurred.2  The first manifestation of AD is also 

known as mild cognitive impairment (MCI).3  Minor but noticeable decline in one’s 

attention, learning and memory, executive function, processing speed, and semantic 

language characterize MCI.4  Symptoms in AD progress further to one having difficulty 

remembering recent conversations, names, or events as well as feelings of depression and 

apathy.1  Later in AD, symptoms include impaired communication, poor judgment, 

disorientation, confusion, as well as behavioral and personality changes.  These 

symptoms can progress to difficulty in speaking, walking, and swallowing.1  
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AD pathogenesis relates to many complex pathways, including deficiency in 

cholinergic neurotransmission, tau protein deposition and phosphorylation, the 

involvement of inflammatory and oxidative pathways, and defective amyloid-β protein 

(Aβ) metabolism and deposition.5  The cholinergic system is involved in the processes 

such as learning, memory, stress response, attention, wakefulness and sleep, and sensory 

information. Deficits in cholinergic transmission influence all aspects of cognition and 

behavior, including cortical and hippocampal processing information6.  Other cholinergic 

deficits also alter the permeability of the BBB, hindering the elimination of amyloid 

plaques and further exacerbating the disease state.7  Additionally, decreased levels of 

cytochrome c oxidase can cause dysfunction of mitochondria, and oxidative stress alters 

mitochondrial permeability. Mitochondria are the main contributors to reactive oxygen 

species (ROS) production which is greatly increased in AD.8  Metal ions, specifically 

zinc and copper, can bind to Aβ plaques and produce ROS, bringing about oxidative 

changes and further lead to lipid and protein oxidation of the cell membrane. 7 

The deposition of aggregated Aβ plaques outside of neuronal cells and the 

accumulation of tau protein tangles inside the cell also characterize AD.9  Soluble Aβ can 

also control the cleavage and phosphorylation of tau.10 The excessive amounts of Aβ and 

neurofibrillary tangles, which are caused by hyper- phosphorylated tau,3 is said to 

dysregulate the clearance mechanisms of the immune system. Immune cells are recruited 

to aid in clearance, however fail to effectively clear the protein which further increases 

pro- inflammatory cytokine and chemokine production.11  Evidence of 

neuroinflammation results from clusters of microglia and astrocytes that have migrated to 

and surround Aβ plaques, in post mortem AD brains.11 Specific regions of deposition 
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include the hippocampus, amygdala, entorhinal cortex, and basal forebrain, all of which 

influence memory, learning, and emotional behaviors.9  Aggregated Aβ contributes to the 

damage and death of neurons by blocking communication at the synapse, impairing 

regular physiological activity,12 and breaking down the blood-brain barrier (BBB).9,13 

Risk factors for AD include age, family history, genetics, and general brain health 

and lifestyle choices. Most individuals with AD are 65 and older and the risk of AD 

doubles every 5 years.1  People with a strong family history of AD are more likely to 

develop the disease. This can include both heredity and environmental factors such as 

inherited genetic mutations in APP, PSEN1, and PSEN2.10  The common thread to all of 

these mutations is that they increase production and aggregation kinetics of Aβ1-42.10,14   

Less than 1% of AD cases are caused by deterministic genes, which are genes that cause 

a disease, instead they increase the probability for developing AD.  However, carrying 

the allele ε4 of Apolipoprotein E (APOE- ε4 ) has been recognized as the strongest risk 

factor for sporadic AD.15,16  Apolipoprotein E (ApoE) isoforms also influence the 

clearance and deposition of Aβ. This protein is coded by the APOE gene which has 3 

major alleles.15  Other injuries, medical conditions, and environmental factors are linked 

as risks for AD. For example, a traumatic brain injury can accelerate Aβ production and 

accumulation. It is hypothesized that vascular damaged from TBI can trigger the AD 

pathology and is associated with cerebrovascular dysfunction.17  Low mental status, low 

mental and physical activity, and low educational and occupational status correlate with 

AD.  Furthermore, cardiovascular risk such as heart disease, diabetes, stroke, high blood 

pressure, high cholesterol, smoking, and obesity increase the risk of AD.1,14,18 
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Current clinical diagnostic tools require cognitive, functional, and behavioral tests 

after a patient has displayed progressive cognitive decline.19  The presence of cognitive 

decline points to irreversible neuronal cell death. After clinical tests are preformed, 

imaging studies aid in diagnosis confirmation.  Imaging studies consist of magnetic 

resonance imaging (MRI), but more often positron emission tomography (PET).  PET can 

reflect resting state cerebral metabolic rates of glucose, which indicates neuronal activity.  

PET image tracers that correlate with Aβ deposition are used to probe for the presence of 

deposited Aβ plaques, a characteristic of AD.3  However, a postmortem 

neuropathological examination is the gold standard for identifying if a patient had AD or 

any other form of dementia.7,20  

Mixed pathologies contribute to inaccurate diagnoses and treatments, which 

highlights the importance of defining antemortem criteria for diagnosis.  The 

development of therapeutics is limited by the ability to assess early disease progression. 

Earlier and more reliable diagnostics will allow for better assessment of disease 

progression and facilitate clinical trials of prospective therapies to combat the disease 

itself. The physiological consequences of AD call for a method to detect the disease 

before clinical symptoms arise. 

1.2 Amyloid-β: Origin, Aggregation, and Toxicity 

In 1991, Dr. John Hardy and Dr. David Allsop presented their discovery of a 

pathogenic mutation in the amyloid precursor protein (APP) gene located on 

chromosome 21. They described a pathological cascade in which the disease progresses 

in order of Aβ deposition, tau phosphorylation and tangle formation, resulting in neuronal 
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death.21 Today, this phenomenon is widely accepted and referred to as the amyloid 

cascade hypothesis. 8  

Aβ is part of a family of amyloid proteins, which share the ability to form 

β- pleated amyloid sheets and become resistant to breakdown from enzymes.22  Aβ1-40  is 

the predominant form of the protein in the brain during physiological conditions, but 

Aβ1- 42 is the dominant type found in the plaques which are deposited on the brain in AD 

and characterized the disease.16  Aβ monomer is a typical product of cellular metabolism 

resulting from proteolytic processing of APP.23 APP is a type 1 transmembrane protein16 

with a large extracellular domain10. APP is synthesized in the endoplasmic reticulum, 

transported to the Golgi complex, and subsequently transported to the plasma 

membrane23.  At the plasma membrane, APP processing happens in two alternative 

pathways, the amyloidogenic and non-amyloidogenic pathways.  

  In the non-amyloidogenic pathway, APP is cleaved by α-secretase producing a 

soluble N-terminal fragment, resulting in the soluble APP fragment (SAPPα) and 

membrane bound C-terminal fragment. The C-terminal fragment can further be cleaved 

by γ-secretases generating a soluble extracellular p3 peptide, which can be further 

degraded. The non-amyloidogenic pathways prevents the formation of intact Aβ.24  

The amyloidogenic pathway involves sequential cleavages by β- and γ-secretase 

at the N- and C-termini, respectively, and the resulting forms are the 40 and 42 amino 

acids, Aβ1-40 and Aβ1-42.23  Aβ1-40 is the normal soluble isoform that comes from APP; 

however, if the cleavage pattern changes the isoform Aβ1-42 is the result.  The isoform of 

Aβ1-42 has two additional amino acids, isoleucine and alanine. When the protein misfolds 
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to form the amyloid state, the backbone N-H and C=O groups are exposed, allowing the 

protein to hydrogen bond with other protein chains and form aggregates.22 Additionally, 

the presence of aggregates can seed nucleation of monomers, a process that eliminates the 

lag time to nucleation observed for aggregation initiated with monomeric protein 

alone.25,26  These conformational changes allow Aβ to more easily aggregate and deposit 

as insoluble plaques on and around the brain vasculature. Factors affecting the 

upregulation of the amyloidogenic pathway include age, traumatic brain injury (TBI), 

genetic factors, inflammation, and oxidative stress.10  

1.3 The Blood-Brain Barrier  

While the brain constitutes just 2% of body mass, it consumes over 20% of total 

body oxygen and energy.27  The complexity of the central nervous system (CNS) requires 

high organization and stable biochemical conditions for proper function.28  This function 

is maintained by an anatomical barrier, the blood-brain barrier (BBB), which separates 

blood and neural tissue.29  The BBB describes the distinctive properties of the 

microvasculature of the CNS, and is a highly selective and dynamic interface between 

blood circulation and the CNS.   The vessels of the BBB are continuous nonfenestrated 

vessels that contain unique properties that allow for the regulation of molecules, ions, and 

cells between the blood and the CNS.30  The BBB simultaneously supplies oxygen and 

nutrients, allowing for CNS regulation to ensure homeostasis by tightly regulating the 

transport of nutrients, metabolites, and waste products between the blood and the brain.  

The restrictiveness of the barrier blocks the entry of neurotoxic molecules and protects 

the CNS from injury, diseases, toxins, and pathogens.30 
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Central to the BBB is a monolayer of highly specialized microvascular 

endothelial cells, which make the vessels and capillaries. These endothelial cells exhibit 

low permeability and junction proteins that render their barrier 50- to 100-fold tighter 

than peripheral capillaries.31  Along the capillary walls of the BBB, a single layer of 

endothelial cells is closely connected by tight junction proteins that line the cellular 

borders.30,32-34  Tight junctions involve occludin and claudin-1, -3, -5, and -12 and the 

membrane-associated guanylate kinase tight junction proteins ZO-1, -2, and -3.13   These 

tight junction proteins are required for a healthy, intact monolayer that renders relatively 

high transendothelial electrical resistance (TEER).30,32  The endothelial cells of the BBB 

exhibit higher volumes of mitochondria, which aid in their selective molecular 

permeability.29  The polarity of endothelial cells is a key feature of the BBB; this polarity 

is necessary for the selective transcellular transport of solutes and regulatory 

function.28,34,35  The endothelial cells of the BBB undergo meager rates of transcytosis 

compared to peripheral endothelial cells; however, in injury or disease, up-regulation of 

this transcytosis is often seen. 30  Surrounding pericytes, astrocytes, microglia, and 

neurons influence this endothelial layer.  Together, these cells form the neurovascular 

unit (NVU).29,34,36  The NVU maintains homeostasis across ~645 kilometers of capillaries 

in the brain via the cellular and extracellular influences on BBB function and cerebral 

blood flow. 37,38  

Endothelial dysfunction limits the properties of the BBB, leading to increased 

vascular permeability and an inability to maintain homeostasis.28 A leaky BBB allows for 

the influx of toxic molecules, leading to impaired brain homeostasis, inflammation, and 

irregular neurovascular function.14  Cerebrovascular dysfunction is one of the earliest 
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events in the pathogenesis of AD.14  Studies have shown  that the BBB becomes leaky in 

AD, allowing blood-borne molecules to enter the brain, triggering an inflammatory 

response. This inflammatory response can later lead to neuronal damage and cell death. 

This dysfunction further leads to breakdown of the BBB. This breakdown is 

characterized by: cellular deterioration of endothelial cells and pericytes9; tight and 

adherents junctions expression reduction; capillary basement membrane changes, and 

amplified bulk flow transcytosis.13 

Cerebral amyloid angiopathy (CAA) describes the deposition of amyloid around 

the brain vasculature. 90% of patients with AD also have CAA.14 Aggregated Aβ protein 

deposition around the brain vasculature is a prominent characteristic of AD and results in 

BBB breakdown.  Both CAA and AD pathologies are driven by impaired Aβ clearance 

resulting in increased vascular deposition of Aβ.39  While these two conditions often 

overlap, the mechanisms that lead to brain injury are not the same. CAA is vascular brain 

injury and AD is neurodegenerative brain injury;39  however, BBB dysfunction has been 

identified in both disease pathogenesis. The presence of CAA in AD is associated with 

greater cognitive impairment, and faster more pronounced cognitive decline.39  

Studies have suggested that Aβ can disrupt the BBB and contribute to the 

pathogenesis of AD. Aβ can induce oxidative stress and inflammation in the endothelial 

cells that form the BBB, leading to dysfunction and damage to the barrier.13 Aβ can 

activate matrix metalloproteinases, enzymes that degrade the extracellular matrix of the 

BBB, and increase the permeability of the barrier. Aβ can interact with the receptor for 

advanced glycation end-products (RAGE) on the surface of the endothelial cells and 

activate downstream signaling pathways that promote BBB disruption.40 These findings 
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indicate that Aβ-induced BBB dysfunction may contribute to the disease progression of 

AD and highlight the importance of maintaining a healthy BBB for both preventing and 

treating AD.  

A common method to investigate the BBB is the use of in vitro models that 

simulate the interactions of endothelial cells and other components of the BBB. One 

commonly used in vitro cellular model is one that employs a semipermeable suspended 

system.  This format is common due to ease of use, adaptability to multicellular models, 

flexibility in cellular arrangement, and low cost.41  The semipermeable membrane used in 

these culture models ranges in pore size (0.4 to 8.0 µm) and material (polycarbonate, 

polyester, polytetrafluoroethylene).42  To increase cell attachment, some models 

incorporate coatings to mimic the basement membrane, facilitate attachment, and provide 

structural support.  These coatings involve single proteins or standard protein mixtures.  

Cells can be cultured alone on the apical surface of the membrane.  Additional cell types 

may be added on the basolateral surface of the membrane, where they initiate 

polarization, as well as on the bottom surface of the basolateral well chamber and/or 

suspended within the apical or basolateral chamber, where they introduce non-contact 

cell influence.  Agents can be administered to the apical or basolateral side of the barrier.   

1.4 Innovation 

AD starts 20 years before symptoms arise, and as insoluble fibrils form and 

deposit on the brain the levels of Aβ in cerebrospinal fluid (CSF) decline compared to 

when no plaques are present.43,44  In early stages of AD the concentration of Aβ1-42 in the 

CSF starts to decrease while concentrations in the brain increase,9,49  suggesting 

diminished transport of Aβ from the brain.10  These results allude that the optimal time to 
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test for the presence of Aβ oligomers in a patient’s CSF is prior to symptoms, because of 

a higher concentration of Aβ in CSF.   

Smaller soluble aggregates, specifically oligomers, are the most neurotoxic form 

of the protein and are thought to lead the progression of the disease.10,12  Aβ oligomers 

have been shown to selectively disrupt calcium release in neuronal cells leading to 

synaptic dysfunction,45 and induce significant inflammatory responses in endothelial 

cells.46   Prior results revealed that incubating rat brain microvascular endothelial cells 

with small aggregates of  Aβ1-40  induces endoplasmic reticulum stress leading to the 

apoptotic cell death pathway. 47
  Further, Aβ aggregates induce permeability of human 

brain microvascular endothelial (HBMVEC) cells, with the most pronounced effects 

elicited by the smallest aggregates. The small aggregates cause tight junction protein 

breakdown and recruitment away from cell boarders.48  Evidence has been provided that 

these Aβ aggregates activate NF-κB in HBMVECs49 and iPSC derived endothelial 

cells.46   Aβ aggregates induce a phenotypic change in HBMVECs as well as increased 

monolayer permeability and monocyte infiltration.49  These findings further confirm that 

Aβ aggregates lead to vascular alternations and a deteriorated BBB.   

While these results seen in the literature confirm the toxicity of small Aβ 

aggregates, there is a lack of data in the physiological concentrations on the brain 

endothelium. In this study, we explore if vascular breakdown can be observed at 

concentrations closer to the concentrations found in vivo prior to symptoms arising.  We 

also explore if we can detect these vascular changes electrically.  Subsequent research 

provides evidence that physiological relevant concentrations of Aβ oligomers can be 
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detected utilizing a method that could be translated to a sensing platform for early 

detection.  

1.5 Study Overview 

The goal of this work was to infer if there is a method to detect physiological Aβ 

oligomers that can be translated to a platform that can be rendered for early disease 

detection.  To do so, we first develop an in vitro human cellular model of the BBB, which 

renders a relatively high electrical output.  Next, this BBB model is applied to investigate 

the effects of different forms of the protein Aβ and its effects on cellular electrical 

resistance. To further exacerbated the disease state, oxidative stress was induced by 

sensitizing the model with a common ROS, hydrogen peroxide (H2O2). We explored the 

effect of physiological ranges of Aβ on cells in a stressed oxidative state. This 

sensitization also allows for a more pronounced electrical response reducing the limits of 

detection. These studies entail three aims of research, which are reviewed below.  

1.5.1 Characterize, develop, and implement a cellular in vitro model representative of the 

blood-brain barrier.  

To effectively study the effect of Aβ, we must begin our assessment with an in 

vitro model that is representative of the BBB. Transendothelial electrical resistance 

(TEER) is a rapid, noninvasive approach to probe endothelial cell monolayer 

permeability.50  A high resistance measurement indicates a strong, healthy monolayer, 

while a decrease in resistance points to monolayer disruption.51  The characteristics of the 

BBB render a relatively high TEER. The goal of this aim is to achieve a cellular model 

representative of the BBB in which TEER can be evaluated. Cell seeding density, 
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membrane type, ECM membrane coatings, and medium additives were evaluated and 

combined to achieve a superior model.  

1.5.2 Characterize the endothelial monolayer response to Alzheimer’s disease 

associated-Aβ  

 Many studies have explored the endothelial response to oligomeric Aβ, however 

the cellular electrical response to physiological concentrations has not been thoroughly 

explored. To quantify an electrical response to the Alzheimer’s associated form of Aβ 

cells were treated with the protein and the response was evaluated. In this study, the 

electrical response of endothelial cells in the presence of oligomeric Aβ was investigated. 

1.5.3 Explore a mode in which exacerbates the effects of toxic Aβ on the model. 

 To yield a more pronounced response to physiological concentrations of Aβ 

oligomers, two methods were explored. The first method utilized the know nucleation 

dependent nature of aggregation. Samples were co-incubated with monomeric Aβ to 

investigate if further nucleation would produce more small aggregates and increase the 

cell response. Second, sensitizing cells with low concentration of  H2O2  were tested to 

stimulate oxidative stressed and explore if sensitization would induce a more pronounced 

response.  
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Chapter 2:  

Materials and Methods 

 

2.1 Materials  

Lyophilized crude Aβ1-40 was purchased from Peptide2.0 (Chantilly, VA). Aβ1-42 

was obtained from AnaSpec, Inc. (San Jose, CA). Dimethyl sulfoxide (DMSO) was 

purchased from EMD Biosciences (San Diego, CA). Bovine serum albumin (BSA), 

bovine plasma fibronectin, was purchased from ScienCell Online (Carlsbad, CA). 

Hydrocortisone and hydrogen peroxide was purchased from Sigma-Aldrich (St. Louis, 

MO). Transwell permeable supports were purchased from Corning (Lowell, MA). 

Nitrocellulose membranes, Lamielli buffer, Western C standard, horseradish peroxidase 

and anti-amyloid-β 6E10 primary antibody, anti-β amyloid primary antibody was 

purchase from BioLegend (San Deigo, CA). Secondary antibody was purchased 

Rockland Chemical (Pottstown, Pa). Collagen type I was purchased from Advanced 

Biomatrix, Inc. (Carlsbad, CA). Gelatin solution-type B, 2% in H2O and hydrocortisone 

was purchased from Sigma-Aldrich (Saint Louis, MO). BD Matrigel basement membrane 

matrix was acquired from BD Biosciences (San Jose, CA). ThinCert culture cup inserts 

were purchased from Greiner Bio-One (Monroe, NC).  Bovine Plasma Fibronectin and 

fetal bovine serum (FBS) was purchased from ScienCell Online (Carlsbad, CA). 

Erythrosin blue was purchased from the University of South Carolina School of Medicine 

(Columbia, SC).  
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2.2 Cell culture  

Primary human brain microvascular endothelial cells (HBMVECs) were 

purchased from ScienCell online at passage 1, expanded and persevered at passage 4 in 

cell freezing media purchased from ScienCell online, and stored in liquid nitrogen vapor 

until experimentation. Cell cultures were maintained in a T75 Delta Nuclon EasYflask 

purchased from ThermoFisher Scientific (Waltham, MA) coated with 12 µg/mL bovine 

plasma fibronectin at 37 °C in a humid atmosphere of 5%/CO2 /95% air.  Cells were 

maintained in complete classic medium, purchased from ScienCell Online (Carlsbad, 

CA). Complete classic medium kit consisted of endothelial growth serum (ECGS), 100 

units/mL penicillin, 100 µg/mL streptomycin, and 5% FBS. 

2.3 Oligomer preparation 

Synthetic Aβ1-42 was reconstituted in cold 1,1,1,3,3,3-hexafluro-2-propanol 

(HFIP) to a concentration of 4 mg/mL and incubated on ice for 60 minutes. After 

incubation Aβ1-42 was aliquoted and left uncovered overnight at RT to allow HFIP to 

evaporate, resulting in a protein film. Protein films were stored at -80 °C until use. For 

experiments, fresh oligomers were prepared by reconstituting the protein films with 

dimethyl sulfoxide (DMSO) to a concentration of 1.5 mM and then further diluting to the 

concentration of 15µM with 12 mM phosphate buffer (pH 7.4) containing 1 µM NaCl to 

initiate oligomerization. After  incubating for 30 minutes at RT oligomers were further 

diluted for use.  

2.4 Monomer preparation  

Lyophilized crude Aβ1-40 was stored at -20 °C until reconstitution and preparation 

for experiments. To remove preexisting aggregates or seeds in which aggregates can 
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grow,  Aβ1-40 was purified using fast protein liquid chromatography (FPLC) that utilizes 

size exclusion chromatography (SEC) on a Superdex 75 HR10/30 column (GE 

Healthcare, Piscataway, NJ). Aβ dissolved in 50mM NaOH and at concentrations around 

2mg/mL. The column was pretreated with 2 mg/mL of bovine serum albumin (BSA) to 

reduce nonspecific Aβ interaction with the matrix of the column. The protein eluted in a 

12 mM phosphate buffer solution (pH 7.4). The concentrations of isolated monomer were 

determined by measuring the UV absorbance from a 200-400 nm wavelength scan. 

Samples were further diluted to needed concentrations and immediately used for 

experiments.  

2.5 Western blotting 

For confirmation of the presence of oligomeric Aβ, get electrophoresis and 

western blotting techniques were used. Samples were mixed with in a 1:1 ratio with 

Laemilli Buffer. Gel electrophoresis was first used to separate the protein by molecular 

weight. The proteins were run at 120 V on the gel until the dye reached the bottom of the 

gel. Proteins were then transferred from the gel to nitrocellulose transfer membrane using 

semi-dry transfer run at 14 V for 15 min. The transfer membrane was then blocked 

overnight with a blocking buffer. Aβ was detected with the 6E10 antibody, and proteins 

were detected by visualizing chemiluminescence on a iBright Imaging System 

(Thermofischer Scientific, Waltham, MA). 

2.6 Transendothelial electrical resistance measurements  

TEER, which reflects the resistance to ion diffusion across a cell monolayer was 

measured once a day, 24 h post-seeding, in a laminar flow hood at RT. Measurements 

were acquired using an Endohm chamber (World Precision Instruments, Sarasota, FL), 



16 

wherein a pair of concentric electrodes incorporating a voltage-sensing Ag/AgCl pellet in 

the center and an annular current electrode are positioned on both sides of the cells grown 

on a semipermeable membrane.52  The suspended membrane is placed in the EndOhm 

chamber and an ±10 µA square wave alternating current (AC), and a 12.5 Hz signal is 

applied to the monolayer using and epithelial voltohmmeter (EVOM2) (World Precision 

Instruments, Sarasota, FL). The electrodes measure both the current and voltage across 

the cell layer, and output as a the total resistance (Rtotal).50,53  

Rtotal is a sum of the transcellular resistance (Rtranscellular= Rt1 + Rt2) and 

paracellular resistance (Rparacellular = Rp1 + Rp2) in parallel (Figure 2.1). To obtain 

resistance of the monolayer (Rcells) the background resistance was taken using a transwell 

absent of cells with the selected coating (Rinsert), and then subtracting the background 

resistance from the (Rtotal). For true tissue resistance in Ω·cm2 the resistance 

measurement was multiplied by the area (A) of the semipermeable membrane (0.336 

cm2).  

                           1
𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

= 1
𝑅𝑅𝑇𝑇𝑇𝑇𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑇𝑇𝑡𝑡𝑡𝑡𝑇𝑇

+ 1
𝑅𝑅𝑃𝑃𝑡𝑡𝑇𝑇𝑡𝑡𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑇𝑇𝑡𝑡𝑡𝑡𝑇𝑇

                  Equation 2.1 

                                   𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 −  𝑅𝑅𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡        Equation 2.2 

                          𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅 (𝛺𝛺𝑐𝑐𝑐𝑐2) = 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝐴𝐴                  Equation 2.3 
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Figure 2.1 Transendothelial electrical resistance. Equivalent circuit model of a cellular 
monolayer consisting of a transcellular transport route and a paracellular transport route 
for current passing through the membrane. Created with BioRender.com 
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Chapter 3: 

Development and Characterization of In Vitro BBB Model 

3.1 Introduction 

 To effectively study the influence of Aβ on the BBB, an accurate in vitro model 

is needed. This chapter describes the development of an in vitro BBB model in which 

will be utilized to further understand the impact of Aβ on the electrical resistance of the 

BBB.  The goal of this work was to render a model in which TEER could be evaluated. 

TEER is a non-invasive was to probe an endothelial or epithelial cellular monolayer.50,54  

As cells grow and form tight junctions, the electrical resistance across the monolayer 

increases reflecting the tightness of the barrier. TEER values have commonly been used 

to assess the effects of drugs, toxins, and other interventions on the endothelial barrier in 

vitro, and to study the mechanisms of barrier function and dysfunction in various diseases 

and conditions. To render an accurate BBB model to measure the electrical resistance of 

cells, multiple coatings, membranes, and pore sizes were explored. Much trial and error 

came with establishing this model; however, an optimal in vitro cellular model was 

achieved. The resulting protocol established from this study was what subsequent 

research was pursued.  
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3.2 Materials and Methods  

3.2.1 Cell seeding protocol 

Cells were maintained as described Section 2.2. For seeding on the suspended 

membrane, cells were first rinsed with RT Dulbecco’s phosphate buffered saline (DPBS). 

A 0.01% trypsin/EDTA (T/E solution) solution was added to the flask and cells were 

monitored under the microscope. Once the cells rounded the T/E solution was transferred 

to a 50 mL conical tube containing 5 mL of FBS. The flask was then incubated for 1 min 

at RT and 5 mL of trypsin neutralizing solution was transferred to the flask twice to 

dislodge any remaining cells. The TNS was then transferred to the 50 mL conical tube 

containing FBS and centrifuged for 5 min at 1000 rpm. The resulting cell pellet was 

resuspended in complete classic medium containing 550 nM hydrocortisone. 40 µL of 

cell stock was diluted 1:5 with erythrosine blue to assess cell viability and loaded into a 

hemacytometer to determine cell density.  

3.2.2 Membrane coating  

For gelatin coating, the gelatin solution was allowed to liquefy in the 37°C. 

Transwells were coated with 20 µL of gelatin solution at concentration 0.4 mg/cm2.  

Transwells were allowed to dry for at least 2 h at RT. For the gelatin and collagen type 1 

mixture, gelatin was warmed as mentioned above, then collagen was mixed into the 

gelatin solution for a final concentration of 100 µg/mL collagen and 0.4 mg/cm2 gelatin. 

Matrigel coating was applied using the thin gel method. Using cooled pipets, the Matrigel 

was mixed to homogeneity. The transwell plates were kept on ice and 50 µL/cm2 of 

solution was administered to the transwells. Plates were incubated at 37 °C for 30 
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minutes. After incubation, excess unbound material was aspirated, and cells were seeded 

on the transwell. Fibronectin was diluted to 12µg/mL concentration and administered to 

wells at room temperature and incubated at 37°C for 2 h. After incubation, excess 

unbound material was removed, and the cells were seeded on transwells.  

3.3 Results and Discussion 

Using TEER provides a precise and sensitive method for studying the dynamics 

of the BBB and its functional role in AD. To accurately study AD, a model representative 

of the BBB must first be achieved. Only endothelial cells were implemented into the 

model for experimental feasibility.  While some BBB models incorporate multiple cells 

times to be more representative of the NVU, the intention of this project is to ultimately 

translate experimental findings to a biosensing platform. Culturing just endothelial cells 

allows for reduced complexity, which when increased also increases model failure. 

Endothelial cells solely comprise the BBB; therefore, biological relevance is achieved 

with just this cell type.  

Primary cells were chosen for this model due to the physiological relevance. 

These primary cells are derived directly from the capillaries of the brain, making them 

more representative of the in vivo environment. Primary cells have a finite life span, and 

when outside of their native environment, they lose their unique protein expression 

pattern and display a more generic endothelial cell phenotype.55  Knowing this, low 

passages were chosen for experimentation and media supplementation was employed. 

Cells were used for experimentation between passage 6 and 10. Both polycarbonate (PC) 

and poly(ethylene terephthalate) (PET) membranes were compared for cell growth.  Cells 
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grown on PET membranes displayed minimal barrier properties via low TEER 

measurements relative to the PC membranes; therefore, a PC membrane type was chosen.   

Pore sizes of  0.4, 3.0, and 8.0 µm were compared within the PC membrane type. 

The membranes with 8.0 µm pores showed the most prolific growth and were therefore 

continued with throughout experiments. HBMVECs were seeded at different densities 

ranging from 5,000 to 100,000 cells/well to determine which density rendered the highest 

electrical resistance. The monolayer was more consistent with a seeding density of 

50,000 cells/well.  

The seeding density of 50,000 cells/well were seeded onto PC membrane coated 

with either fibronectin, Matrigel, Attachment Factor, or a gelatin: collagen mixture. 

TEER was acquired each day after seeding. Results indicated that Matrigel coating did 

not harbor cell growth. When cells were seeded onto Matrigel coated PC membranes 

TEER values reflected a minimal increase. Cell culture medium of these cells was 

observed to be cloudy. From this observation, further TEER measurements were not 

acquired on this coating, and further testing was relinquished. Collagen: gelatin and 

Attachment Factor coatings show enhanced cell growth, but these coatings were 

relatively unstable increasing and decreasing TEER over time. Instead of increasing 

TEER and plateauing after increased growth, indicating a mature and stable monolayer, 

the collagen: gelatin and Attachment Factor coatings displayed inconsistent barrier 

properties reflected by fluctuations in TEER values. The fibronectin coated membranes 

showed the most uniform barrier integrity which was reflected by a steady increase in 

TEER values. The fibronectin coating was ultimately chosen for final optimization 

(Figure 3.1).  
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To combat the phenotypic loss of expression of primary cells outside of their 

native environment, hydrocortisone was used to enhance barrier properties.56 

Hydrocortisone is a glucocorticoid and influences the metabolism of many cells and can 

improved the TEER of endothelial monolayers.57  By reducing the FBS content of the 

cells and maintaining the hydrocortisone concentration the monolayers exhibited a higher 

TEER value and a normal cell growth curve. This response was best enhanced after 

reducing FBS content in the medium to 1% after 3 days post-seeding on the transwell 

membranes when compared to reducing FBS content 2 days post-seeding (Figure 3.2).  

Further observations concluded that when the membranes were wetted with medium 

before seeding, more uniform cell growth was observed between induvial wells. 

Therefore, each well was wetted for at least 30 min prior to cell seeding.  

The optimal and most consistent barrier properties were seen by employing the 

following final protocol.  Cells were only used between passage 6 and 10. Transwells 

were coated with 12 µg/mL of bovine plasma fibronectin and incubated for at least 2 h, 

but up to 24 h at 37°C in a humid atmosphere of atmosphere of 5%/CO2 /95% air. After 

incubation, fibronectin was aspirated, and wells were wetted with 250 µL in the apical 

chamber and 1mL in the basolateral chamber of complete classic medium containing 550 

nM hydrocortisone at 37°C in a humid atmosphere of 5% CO2/95% air. After incubation 

of at least 30 min, apical medium was removed, and cells were seeded at a density of 

50,000 cells/well. One day post-seeding, basolateral medium was replaced with fresh 

medium. Following media changes occurred in both the apical and basolateral chamber 

every 24-48 h. Three days post-seeding, medium was switched to one containing 1% 

FBS, 550 nM hydrocortisone, 100 units/mL penicillin, and 100 µg/mL streptomycin. 
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Once TEER values plateaued indicating monolayer confluence, cells were used for 

experiments.  

TEER measurements allow for understanding the functional effects on 

HBMVECs when exposed to toxic aggregates, but also have potential to be used as an 

accurate diagnostic tool.  By incorporating TEER measurements with the in vitro cellular 

BBB model established in this chapter, we can investigate the electrical impact of Aβ on 

the BBB. 

 

 

 

 

 

 

 

 

 

 

 

 



24 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10
0

5

10

15

Time (day)

TE
ER

 (Ω
cm

2 )

 

Figure 3.1 Membrane coatings support varying cell growth. HBMVECs were seeded 
with 50,000 cells/well on PC transwells with 8.0 µm pores with coating of 
gelatin:collagen (), Attachment Factor (), fibronectin (▲ ), and Matrigel (). TEER 
was measured every 24 h after seeding. Each point represents an average of 10-12 wells.  
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Figure 3.2 Time at which FBS content is reduced influences TEER. Reducing the 
FBS content 3 days after seeding cells (), resulted in increased TEER and cell growth 
when compared to reducing FBS 2 days after seeding ().   
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Chapter 4: 

 Endothelial Monolayer Response to Aβ 

 

4.1 Introduction 

 During normal aging, some BBB breakdown transpires in the hippocampus; 

however, this breakdown is more prominent in MCI compared to age-matched 

neurologically healthy control patients.58  This pronounced breakdown may precede the 

hippocampal atrophy that is seen later in AD.  Studies have shown that small soluble 

aggregates have toxic effects on multiple mechanisms involving the brain and the BBB.  

More specifically, they show the activation of apoptotic pathways, oxidative stress, 

cellular membrane alterations, and vascular breakdown.20,39,59  The physiological plasma 

concentration of Aβ1-42 found in amyloid PET positive patients is averaged at ~9.3 ρM 

and 7.5 ρM for amyloid negative patients, and the concentrations found in CSF are 

approximately 4 times higher.43 While prior results confirm the toxicity of soluble Aβ 

aggregates to both neuronal and endothelial cells, the concentrations which are often 

tested are magnitudes larger than anything found physiologically.47-49   

Previously in our laboratory, HBMVEC monolayers were exposed to Aβ1-40 

aggregates mixtures ranging in a variety of average aggregate size. It was found that the 

smallest average sized aggregates had the most pronounced effects on the HBMVEC 

monolayers. Changes in monolayer permeability, tight junction re-localization, and 

TEER reduction was more pronounced for the smallest aggregates.48 Since the smallest 
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sized aggregates have been deemed to be the most potent on HBMVECs, we chose to 

specifically investigate the oligomeric size of aggregates. 

 To do so, we oligomerize Aβ1-42 and treat the in vitro cellular model established in 

Chapter 3 with oligomers. To confirm the presence of oligomers in samples, dynamic 

light scattering (DLS) and western blotting were employed prior to experiments. Further, 

the confirmed oligomers were added to established HBMVEC monolayers. To 

investigate the threshold in which cells produce a response, cells were treated at a range 

of concentrations. This chapter identifies and characterizes the form of Aβ that induces a 

change in endothelial monolayer electrical resistance and a threshold in which that 

response can be determined.   

4.2 Materials and Methods 

4.2.1 Oligomer preparation  

Oligomers were prepared as detailed in Section 2.3. After the 30-minute 

oligomerization, the reaction was halted by diluting with 1% FBS, 550nM HC endothelial 

cell medium. For confirmation of oligomers, the freshly prepared oligomers were used at 

the 15 µM concentration. Oligomers were serial diluted to concentrations ranging from 1 

ρM to 1000 nM.  For cell treatments, immediately after dilution, Aβ oligomers were 

administered apical chamber of the suspended membrane (Figure 4.1).  

4.2.2 Dynamic light scattering  

The Aβ size and polydispersity index were measured using a Zetasizer Nano ZS 

system (Malvern Instruments Ltd., Worcestershire, UK).  Measurements were made at 

room temperature and samples (15µM) were placed in a disposable cuvette and light 
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scatter intensity was collected using a 60 s acquisition time. Intensity fluctuations 

generated by the velocity of the Brownian motion yield the particle size and the 

hydrodynamic radius (RH) can be determined using the Stokes-Einstein relationship. 3 

acquisitions per sample were averaged for each experimental run, and a histogram of 

percentage of sample vs RH was analyzed using excel.  

4.2.3 Western blotting  

 Freshly prepared oligomers at a 15 µM concentration were analyzed using 

western blotting as detailed in Section 2.5 

4.2.4 Cell culture  

To explore the effect of Aβ on endothelial monolayers, HBMVECs were used. 

Cells were maintained and seeded in the optimized protocol described in Chapter 3.  

4.2.5 Transendothelial electrical resistance 

To monitor the effect of Aβ on HBMVEC monolayers, TEER measurements were 

used. The measurements were obtained as described in Section 2.6. Results are reported 

in fraction of TEER retained, wherein the TEER value of an individual well after 

treatment is divided by the value of the well prior to treatment.  

𝐹𝐹𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑜𝑜 𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑝𝑝𝑡𝑡𝑇𝑇𝑡𝑡−𝑡𝑡𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇𝑡𝑡

𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑝𝑝𝑇𝑇𝑇𝑇−𝑡𝑡𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇𝑡𝑡
   Equation 4.1 

4.2.6 Statistical analysis 

GraphPad Prism 9.0 software was used to analyze data obtained from oligomeric 

Aβ treatments. Generated data for each concentration was analyzed for statistical 



29 

significance via one-way ANOVA with multiple comparisons wherein each 

concentration was compared to the vehicle.  

4.3 Results 

4.3.1 Characterization of Aβ oligomers 

The size and distribution profile of freshly prepared Aβ oligomers at a 

concentration of 15 µM were evaluated using DLS.  This is the concentration in which 

the oligomerization reaction takes place, and samples are immediately diluted from. The 

polydispersity of samples is shown to have a range of hydrodynamic radii (RH) from 27.6 

and 39.41 nm to 229.35 nm (Figure 4.2). Measurements were run in triplicate and values 

are reported as an average of the sample. Of this entire sample, 99.9% of the sample RH 

values fell within the range indicated above confirming the presence of the oligomers.  

To again confirm the presence of Aβ oligomers, freshly prepared oligomers were 

separated using gel electrophoresis and western blotting techniques (Figure 4.2B).  The 

presence of monomer, dimer, trimer, are all seen at their respective locations as well as 

higher molecular weight oligomers, which can be seen in the smear from 37 to 250 kDA.  

4.3.2 Increased exposure to Aβ oligomers induces a more pronounced response in 

HBMVECs 

Confluent HBMVECs were treated with Aβ oligomers and resistance 

measurements were procured 24 and 48 h after (Figure 4.3). The change in resistance was 

more pronounced in the 1, 100, and 1000 nM treatment and increased in the 10 and 30 

nM treatment. Due to a greater resistance change in a larger percent and AD being a 
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chronic disease, the 48-h time point was chosen to be the reporting time. After 48 h, the 

untreated cells remained steady.  

4.3.3 Aβ oligomers decrease TEER of HBMVECs while monomer remains inert. 

Confluent HBMVECs treated with Aβ1-42 oligomers at the concentrations of 1, 10, 

30, 100, and 1000 nM all show a decrease in fraction of TEER retained. TEER 

measurements of the Aβ oligomer treated monolayers all decreased when compared to 

their measurements 48 h prior to treatment, indicated by a fraction of TEER retained 

value of lower than 1 (Figure 4.4).  In contrast, confluent HBMVEC monolayers treated 

with Aβ1-40 monomer isolated by SEC at concentrations of 0, 1, 10, 30, 2000 nM showed 

no resistance decrease (Figure 4.4).  These results demonstrate that Aβ oligomers do 

affect the electrical resistance of HBMVEC monolayers while Aβ monomer remains 

inert.  

4.3.4 Physiological concentrations can induce a significant decrease in TEER.  

To explore if Aβ oligomers can induce the same response at physiological 

concentrations, confluent HBMVECs were treated with Aβ1-42 oligomers at 1, 10, 100, 

and 1000 ρM for 48 h.  A positive control of TNF-α at 20 units/mL was also applied to 

monolayers. The 1, 10, 100, and 1000 pM concentrations and positive control had 

retained 93.9, 92.9, 91.0, 91.1, and 80.6%, respectively (Figure 4.5). These treatments all 

significantly decrease TEER, indicating barrier breakdown. TEER remains steady in the 

presence of the negative control (0 pM) and reduces following  treatment with oligomers 

of physiological concentrations and positive control. 
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4.4 Discussion  

 The Aβ1-42 isoform is the predominant isoform aggregate in the amyloidogenic 

state, and its higher presence in the deposited amyloid plaques on the brain.23,60    The 

toxicity of soluble Aβ aggregates have been reported to disrupt and alter the function of 

multiple mechanisms physiologically. The cellular response to Aβ has been explored in 

multiple facets on the different cells that comprise the NVU. Aβ oligomers have been 

identified to selectively disrupt mouse cortical neuronal calcium release45 and endothelial 

mitochondrial function.14  In the rat brain endothelial cell line RBE4, Aβ1- 40 aggregates 

has been shown to trigger apoptotic pathways by activation of the endoplasmic reticulum 

when exposed to 2.5 µM of Aβ1-40.47  This endothelial response was seen in both a dose 

and time dependent manner for the endoplasmic reticulum stress. Another murine model, 

utilizing the cell line bEnd.3, exposed to Aβ1-42 oligomers revealed modest TEER 

disruption, intracellular oxidative stress, and reduced expression levels of tight junction 

proteins. Like the previous study, this effect was only seen at relatively high 

concentrations of Aβ oligomers, 10-40 µM.61  Furthermore, Aβ1-40 soluble aggregates at 

micromolar concentrations have induced permeability in HBMVECs and relocalized the 

tight junction-associated protein ZO-1. Relocation of ZO-1 away from the cellar borders 

into the cytoplasm indicates a decrease in barrier properties of the HBMVEC monolayer, 

which was confirmed to increased paracellular permeability.48  Soluble aggregate 

mixtures of Aβ1-40 initiated NF-κB signaling of HBMVECs.49  Similarly, this 

upregulation of NF-κB signaling as well as TNF-α, IL-6, Casp3, SOD2, and TP53 has 

been reported to occur in iPSC derived brain microvascular endothelial cells exposed to 

Aβ1-42 oligomers.46  The NF-κB signaling pathway connects pathogenic signals and 

cellular danger signals to initiate cellular resistance to invading pathogens, and its 
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activation indicates an inflammatory response.62  Some have hypothesized that Aβ inserts 

into the plasma membrane and creates a pore in the membrane which could be affecting 

TEER. A previous study has reported that Aβ1-42 oligomers can accumulate in the lipid 

bilayer of the neuronal cell membrane. This study reveals that membrane Aβ 

accumulation and disruption arises from the hydrophilic residues located on the edges of 

the β-sheet structure, leading to the formation of lipid-stabilized pores. These pores 

therefore increase the transmembrane influx of ions through the cell.63  While these 

results are shown in neuronal cells, the increase of ionic flow through the HBMVEC 

membrane could also cause a reduction in TEER. However, in this experimental system, 

Aβ is only administered apically so membrane insertion would possibly happen on the 

apical surface of the polarized HBMVECs. 

There are multiple potential mechanisms by which Aβ is causing the reduction of 

TEER observed. Aβ oligomers could be affecting the resistance of the HBMVECs 

through mechanisms in which affect the cellular membrane. Increasing transmembrane 

pores by Aβ insertion would the ionic flow through the cells therefore decreasing the 

resistance of the HBMVECs. However, Aβ is only administered apically so this 

mechanism would only happen on the apical surface of the cells. Additionally, the loss of 

resistance could also be partially due to recruitment of tight junction proteins to the cell’s 

nucleus lowering barrier properties, as also reported in the literature.  It is proposed that 

not one specific mechanism is reducing this TEER reduction, but a combination of 

multiple mechanisms is compromised by the toxicity of Aβ oligomers increasing both 

paracellular permeability and transmembrane ionic flux.  
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This study has confirmed the presence of Aβ oligomers and its polydispersity by 

DLS and Western blotting. This work demonstrates that Aβ oligomers reduce the 

electrical resistance of HBMVEC monolayers, with a more pronounced response after 48 

h treatments. Subsequently, this response can be seen in picomolar concentrations, which 

are relative to physiological levels. This work also validates that monomer remains inert 

to HBMVEC monolayers at the same treatment times.  While multiple studies have 

shown the effect of Aβ oligomers on the endothelium, most concentrations explored were 

much larger than physiological levels. This work reveals that even low concentrations 

(nM and pM) can induce a response in cells.  However, to employ this response for a 

more method of Aβ aggregate detection, a more pronounced response is preferred. 
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Figure 4.1 Aβ treatments of HBMVECs. HBMVECs were cultured on a suspended 
membrane to mimic the BBB. Once the monolayers reached confluence, confirmed by a 
plateau in TEER, they were treated with Aβ oligomers or monomer. Created with 
BioRender.com 
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Figure 4.2 Characterization of oligomers. Aβ1-42 oligomers (15 uM) were prepared via a 
30-min oligomerization with 1µM NaCl in 12 mM phosphate buffer. Protein size was assessed 
via hydrodynamic radius (A) and western blotting (B).  
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Figure 4.3 Comparison of Fraction of TEER retained after 24 h and 48 h oligomer 
treatment. The  Confluent HBMVECs were treated with Aβ1-42 oligomers at 
concentrations of 1-1000 nM.  TEER was measured 24 () and 48 ()  h after 
treatment. Results reveal that 48 h treatment renders a larger response.  Values are 
reported as the fraction of TEER observed prior to treatment.  Error bars represent SEM, 
n = 3-4.   
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Figure 4.4. Oligomer treatment decreases TEER while monomer treatment renders 
TEER unchanged. Confluent HBMVECs were treated with Aβ1-42 oligomers () or 
SEC-isolated  Aβ1-40 monomer () at concentrations of 0 (···) or 1-2000 nM. 
Treatment with TNF-α served as a positive control (·-·).  TEER was measured 48 h after 
treatment. Values are reported as the fraction of TEER observed prior to treatment.  Error 
bars represent SEM, n = 3-4; some error bars lie within symbols.   
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Figure 4.5. Picomolar concentrations of Aβ oligomers compromise TEER. Confluent 
HBMVECs were treated with 0 (negative control), 1, 10, 100, or 1000 pM Aβ1-42, or a 
positive control of 20 units/mL of TNF-α. TEER was measured 48 h after treatment. 
Results are reported in as a fraction of TEER retained prior to treatment.  Error bars indicate 
SEM, n = 3-4. **** p < 0.0001 *** p < 0.0005 ** p <0.01 
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Chapter 5: 

 Sensitizing Endothelial Monolayers to Enhance Aβ Oligomeric 
Response  

  

5.1 Introduction 

  With the goal of translating this experimental assay into a means for early AD 

detection, a more pronounced electrical response is preferred. To elicit this response two 

alternative routes were investigated: amplification of oligomeric Aβ and cellular 

monolayer sensitization. 

First, investigations to amplify existing oligomer concentrations in samples were 

sought.  We tried to exploit the nucleation dependent nature of amyloid protein 

aggregation, in which the lag time of aggregation for monomeric amyloid protein alone is 

abolished in the presence of aggregates.25  We hypothesized that secondary nucleation 

could be induced by adding synthetic Aβ1-40 monomer to samples containing Aβ1-42 

oligomers.  The notion was if oligomeric protein is absent in the sample, synthetic 

monomer will remain inert and samples containing oligomers would yield more 

pronounced cellular TEER reduction. However, results indicated that the addition of 

monomeric Aβ to low concentrations of oligomers did not further reduce TEER as 

hypothesized. Therefore, other avenues were investigated.  

To further explore if there is a method in which the cellular response to Aβ 

oligomers can be exacerbated, the sensitization of monolayers with a common ROS, 
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H2O2 was tested.  Evidence suggests that one mechanism causing cognitive aging and AD 

is oxidative stress.64  Oxidative stress results from an imbalance in the 

pro- oxidant/antioxidant homeostasis leading to the generation of toxic ROS.  While ROS 

are necessary for cellular function, high levels are toxic to cells.64  Oxidative damage to 

lipids, proteins, and DNA precede cell death by a various mechanisms, either by 

disabling crucial processes or upregulating toxic cascades.65   

In AD, upregulation of nicotinamide adenine dinucleotide phosphate oxidase 

(Nox) results in the excess of superoxide (O2
-), which undergoes spontaneous and 

enzymatic dismutation by superoxide dismutases (SOD), and results in an increase of a 

H2O2 byproduct.66  In vitro, H2O2 is the most common means of ROS induction.64,67  

There is a concentration dependent effect of H2O2 on regulating permeability, 

angiogenesis, and cell viability. Higher concentrations can cause cell death and apoptosis.  

The first goal of this study was to identify a concentration that did not induce a 

TEER reduction alone when treating cells for 24 h. HBMVECs were treated with a range 

of concentrations of H2O2 taken from the literature and TEER response was evaluated.  

After the concentration that did not significantly reduce TEER was selected, the second 

goal of this study was to determine if the addition of oligomeric Aβ would exacerbate the 

TEER decrease observed in prior studies where cells were treated with only oligomers.  

5.2 Materials and Methods 

5.2.1 Monolayer sensitization 

 Cells were grown and maintained as detailed in section 2.2. Monolayers of 

HBMVECs were prepared as described in Section 3.3.  To determine a concentration of 
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H2O2 that alone did not affect the TEER measurements a range of concentrations were 

explored. A starting H2O2 concentration of 9.8 M was serial diluted to 0.01, 0.1, and 1.0 

mM. Cells were treated apically with 0.01, 0.1, 1 mM H2O2. TEER was measured 24 

hours after experiments.  

5.2.2 Aβ preparation 

 Oligomers were prepared as detailed in section 3.4. After the 30-minute 

oligomerization, the reaction was halted by diluting with 1% FBS, 550 nM HC 

endothelial cell medium with or without 0.01 mM H2O2. Oligomers were diluted to a 1 

and 10 pM concentrations.  Immediately after dilution oligomers were administered 

apically to HBMVEC monolayers.  TEER was measured after 48 h.  

5.2.3 Statistical analysis 

GraphPad Prism 9.0 software was used to analyze data obtained from cell 

sensitization and oligomeric Aβ treatments. Generated data for each concentration of 

H2O2 was analyzed for statistical significance via one-way ANOVA wherein each 

concentration was compared to the vehicle (0 mM). For the sensitized Aβ oligomer 

treatment, generated data for each concentration was analyzed for statistical significance 

via two-way ANOVA with multiple comparisons wherein the sensitized treatments were 

compared to the sensitized negative control (0 pM).  

5.3 Results 

5.3.1 Monolayer sensitization  

 Before treating cells, a range of concentrations of H2O2 were chosen based on the 

literature. Cells treated with 0.01, 0.1, and 1 mM H2O2 showed a concentration dependent 
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decrease for the 0.1 and 1 mM concentrations. The 1 mM and 0.01 mM concentrations 

decreased by 30.3% and 10.1% respectively. The 0.01 mM concentrations did not 

significantly decrease the TEER (Figure 5.1). Therefore, the 0.01 mM concentration was 

chosen to sensitize the monolayer in combination with oligomers.  

5.3.2 Cell sensitization and oligomer treatment  

 Monolayers were treated simultaneously with 1 or 10 ρM oligomers and 0.01 mM 

H2O2. TEER was measured 48 h after treatment. When compared to sensitized 

monolayers not treated with Aβ1-42 the 1 and 10 ρM concentrations both significantly 

reduced TEER to a retained percentage of 85.0 and 86.4%, respectively (Figure 5.2). This 

combined effect was more pronounced than the oligomer treatment alone.  

 5.4 Discussion  

AD is not a closed loop system, and multiple mechanisms that are affected by the 

disease.  Both oxidative stress and Aβ have been shown to intensify the endothelial cell 

response, leading to BBB dysfunction and contributing to the pathogenesis of AD.18,64  

Studies have shown that in an AD brain regions where there are elevated levels of Aβ 

also have increased levels of oxidative stress markers, including oxidation products from 

proteins, lipids, and nucleic acids. In contrast, brain regions with low Aβ levels do not 

present high concentrations of these markers.68   

Endothelial dysfunction is linked to excess production of ROS.66,67  Oxidative 

stress resulting from an imbalance between ROS and antioxidants can damage the 

endothelial cells of the BBB, leading to activation of inflammatory pathways and cell 

death, further exacerbating brain damage.64  This, in turn, can led to increased 
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permeability of the BBB increasing the neurodegenerative process.69  In studies of mice 

with Alzheimer-like pathologies, enhanced oxidative stress is an early development seen 

in the disease.70  Incubating neurons with Aβ1-42 leads to lipid peroxidation resulting in 

H2O2 as marked by protein bound 4-hydroxy-2-trans-nonenal (HNE).71   However, there 

is a concentration dependent effect of H2O2 on regulating permeability, angiogenesis, and 

cell viability, and higher concentrations can cause cell death and apoptosis.  It has been 

reported that low concentration of H2O2, 1 µM, does not disrupt tight junction proteins of 

microvascular endothelial cells, but a higher concentration such as 100 µM does induced 

disruption.66  To find a concentration that did not induce large disruption, but just slightly 

stimulated HBMVECs, a range of concentrations were explored. A significantly large 

cellular disruption is seen with both 1 and 0.1 mM H2O2, which correlated with the 

concentration of stimulant (Figure 6.1).  The 0.01 mM concentration of H2O2 did not 

cause a reduction in the fraction of TEER retained, but there is not as much of an 

increased fraction of TEER retained compared to the cells treated with the negative 

control (0 nM). Therefore, the 0.01 mM concentration of H2O2 was chosen for further 

experimentation.  

Monolayers were stimulated with H2O2 and treated with Aβ1-42 oligomers 

simultaneously. A simultaneous treatment is more representative of the disease state, 

where both oxidative stress and Aβ aggregation and accumulation are happening.  Results 

indicated that the influence of oxidative stress in AD works in tandem with the toxicity of 

oligomeric Aβ.  When stimulated and treated with Aβ1-42 oligomers, cells had a more 

pronounced response compared to HBMVECs treated with oligomers alone, 
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demonstrated by the reduction of TEER. These findings highlight the interplay between 

oxidative stress, Aβ, and endothelial cell function in the development of AD.  

By mildly stimulating the HBMVECs by adding low concentrations of H2O2, we 

were able to establish a threshold of concentrations that did not induce a TEER reduction 

but stimulated the cells in conjunction with oligomeric Aβ. In addition to giving a better 

understanding of how both oxidative stress and Aβ compromise the BBB, these results 

also reveal that the known physiological phenomenon of oxidative stress in AD can be 

leveraged to yield a more pronounced electrical response of HBMVECs to increase 

sensitivity for detection.  
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Figure 5.1 Low concentrations of H2O2 do not compromise TEER. Confluent 
HBMVECs were treated with 0.01, 0.1, and 1 mM H2O2.  the 0.1 and 1 mM concentrations 
significantly reduce TEER, but not 0.01 mM H2O2..  Results are reported in as a fraction 
of TEER retained prior to stimulation. Error bars indicate SD, n = 3-4. **** p <0.0001     
** p <0.005.  
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Figure 5.2 Sensitized HBMVECs have a more pronounced TEER reduction following 
Aβ oligomer treatment. Confluent HBMVECs were treated with 0 () or 0.01 mM H2O2 

() and 1 or 10 pM Aβ1-42 oligomers.  TEER was measured 48 h after treatment. Results 
are reported as a fraction of TEER retained prior to treatment. Error bars indicate SEM, n 
= 3-4. * p < 0.05
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Chapter 6: Conclusions 

The work has rendered an in vitro cellular model representative of the BBB. A 

polycarbonate semipermeable membrane coated with bovine plasma fibronectin, rewetted 

with medium at least 1 h prior to cell seeding was chosen for cell seeding.   Using a 

seeding density of 50,000 cells/well and reducing the medium from 5% to 1% FBS 3 

days post-seeding further optimized the model for testing.  

Using the established model, the electrical effect of the toxic form of Aβ, 

oligomers was explored. This work has shown that Aβ oligomers induce breakdown of 

HBMVEC monolayers, reducing their electrical resistance. Towards leveraging this 

response for early detection of AD, results demonstrated that Aβ oligomers alone induce 

a significant decrease in TEER, at a range of concentrations including physiological 

levels, while inert Aβ monomer has no effect on TEER. This work validates that the 

earliest Aβ aggregates induce an easily measurable endothelial permeability response.  

Further, additional work has validated that sensitizing the endothelial monolayers 

with H2O2 simultaneously with Aβ oligomer treatment enables a more pronounced 

response. Towards leveraging a cell-based sensor for pre-symptomatic AD detection, 

results indicated that stimulating cells does further induce a larger TEER reduction in the 

presence of Aβ oligomers.  Additionally, results also give insight to physiological 
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implications in AD, and how oxidative stress further induce the effect of oligomeric Aβ.  

This data provides a conceptual basis for the design of a cell-based biosensor for early 

AD detection that leverages selective BBB breakdown by small Aβ aggregates. This data 

also reveals how oxidative stress works in conjunction with the toxicity of Aβ oligomers.  
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Chapter 7: Future Work 

7.1 Potential research avenues  

This work has validated that physiological concentrations of Aβ1-42 oligomers 

cause a significant decrease in HBMVECs’ TEER measurements. To translate this 

experimental assay to a means for detection will require ensuring this assay will work in 

a physiological sample of CSF. Once confirmed that a similar result can been seen with 

CSF, then patient samples will be tested. Once validated, moving this assay to a chip-

based approach should be considered.  

Taking that Aβ is a part of the amyloid family which share the same 

conformational homology, it would be interesting to investigate other amyloid proteins 

and their effects of HBMVECs. These proteins share similar aggregation kinetics and β-

sheet structures. Investigation into if other members of the amyloid family do induce a 

decrease in TEER of HBMVECs would offer insight to relating these proteins and 

finding commonality among the diseases that they characterize.  

Recommendations for taking this experimental assay closer to a reproducible 

means for detection and other amyloid proteins that could elucidate a similar electrical 

response are detailed in this Chapter. 
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7.2 Translating measurements to patient samples  

Transforming this experimental set up from Aβ spiked cell culture media to CSF 

samples containing Aβ will bring this experimental platform closer to a clinically 

available method for early detection.  HBMVECs are quite sensitive to their environment, 

and to switch from a controlled medium to CSF which is slightly alkaline may pose 

challenges; therefore, testing the cellular response to CSF a must be observed. 

7.2.1 Validation of model with CSF 

To ensure that changes in TEER, permeability, and TJs are due to the Aβ in the 

samples and not from the CSF itself, cells will be treated with purchased CSF diluted in 

cell culture medium. Next, to ensure that a cellular response to oligomeric Aβ in CSF 

samples is observable, the cellular response will be investigated.  

Before treating cells with patient samples, experiments should be conducted with 

CSF samples from healthy subjects to ensure that CSF alone does not cause unwarranted 

results from the cells. Cells will be grown and TEER will be followed until optimal 

TEER is reached. Cells treated with CSF diluted in cell culture medium with and without 

H2O2 and TEER observed. If there is not a reduction in TEER, further testing will be 

executed as described below. If the diluted CSF samples induce a reduction in TEER, 

then additional dilution with cell culture will be implemented and repeated experiments 

performed.  

To confirm that Aβ oligomers in CSF samples will induce a change in the cellular 

monolayer, CSF will be doped with physiological concentrations synthetic of Aβ1-42 

oligomers, and TEER measurements will be monitored. Physiological concentrations of 
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monomer will serve as a control. Anticipated results are that CSF samples containing 

only monomeric Aβ will have no reduction in TEER, and the oligomeric samples will 

display a TEER reduction, with a more pronounced response seen in sensitized 

monolayers.  

7.2.2 Translating measurements to CSF samples 

Utilizing the sensitization protocol will help to determine if AD patient samples 

induce an observable response compared to samples from healthy patients.  A 

manageable sample size is needed to validate this method for detection of oligomeric Aβ.  

To achieve a more pronounced response, cells will be simultaneous treated with 

patient samples and H2O2, and TEER measurements will be observed at the optimal time 

previously established. TEER changes should be able to infer if there is a presence of Aβ 

oligomers in the sample. It is hypothesized that TEER measurements of cells sensitized 

and incubated with CSF samples will distinguish AD patients and healthy subjects. 

Power calculations were performed to determine the minimum number of patient 

samples for an adequate study power. The statistical parameters to determine the sample 

size were anticipated means of 1 ± 0.1 fraction of TEER retained for oligomer negative 

patient samples. Oligomer positive patients samples would have at least a decrease of at 

least 10% in TEER after cell treatment for a fraction of TEER retained being less than or 

equal to 0.9.72 With type I error, or α, fixed at 0.05 and type II error, or β, fixed at a level 

of 0.20, meaning that there is a less than 20% chance of a false-negative conclusion, the 

resulting minimum sample size is a total of 8 patient samples. To further reduce error, 12 

patient samples will be used for this study, 6 healthy and 6 diagnosed with AD.  
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Patient samples will be provided by a local physician at Southeastern Neurology 

and Memory Clinic. Samples are from patients participating in a longitudinal study for 

AD and dementia. Samples were taken from patients genetically predisposition for AD 

by being a carrier for the APOE4 gene, patients who have familial history of AD, and 

patients without a known relation to the disease. Along with providing CSF samples, 

blood samples and a series of cognitive test were periodically acquired and followed by 

the Clinic. To test for the presence of Aβ oligomers in patient samples, the samples will 

be diluted with cell culture media containing H2O2, and introduced to HBMVEC 

monolayers. TEER measurements will be taken at the optimal time established above.  

7.3 Characterization of the endothelial cellular response to other amyloid proteins    

Over 30 unrelated proteins are known to form amyloid fibrils in vivo.73,74  

Amyloidosis is a clinical disorder caused by extracellular deposition of amyloid fibrils 

that originate from aggregation of misfolded proteins that are  soluble as monomers. The 

defining structural feature of amyloid proteins occurs from the cross-β fold that 

aggregates share.75 Aβ aggregates interact with endothelial cell surface receptors that are 

pattern recognition receptors, such as, RAGE and the low-density lipoprotein receptor-

related protein (LRP)-1.76  These receptors recognize the conformation of the β-plated 

sheet rather than the protein sequence suggesting that other amyloid proteins could elicit 

similar cellular responses seen with Aβ. It is hypothesized that due to the conformational 

homology among amyloid proteins, similar endothelial cellular responses to aggregates 

are expected. 

Work toward this hypothesis could entail testing of the physiological activity of 

oligomers utilizing the protocol developed for Aβ to demonstrate an endothelial cells 
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response to α-synuclein, insulin, amylin, and atrial natriuretic peptide oligomers. 

Oligomers of each protein will then be introduced to cellular monolayers, and TEER will 

be measured.  TEER investigations and breakdown of tight junctions by oligomers of 

each of these amyloid proteins will determine whether oligomeric forms of other amyloid 

proteins elicit the same reduction in TEER observed with Aβ. This work will 

demonstrate, for the first time, a generalization of the endothelial permeability cellular 

response among different amyloid proteins and validate a means for detection of multiple 

amyloid oligomers. A few diseases that are characterized by amyloid aggregation are 

described below.  

7.3.1 Parkinson’s disease  

Parkinson’s disease (PD) is a neurodegenerative disease with outward symptoms 

of bradykinesia, rigidity, and rest temors.77 Pathologically, the main hallmark in PD is the 

presences of Lewy bodies (LBs) and Lewy neurites (LNs) in the brain, which are made of 

aggregated α-synuclein, a presynaptic protein.78  Aggregation of α-synuclein is 

pathogenic and related to the propagation to the disease.79  Soluble oligomers of α-

synuclein disrupt cellular homeostasis and cause neuronal death, through multiple 

intracellular targets79, and can enhance membrane permeability.75  Oligomeric α-

synuclein detection would assist in early disease detection for PD.  

7.3.2 Type II diabetes  

Amylin hormone, also known as islet amyloid polypeptide (IAPP), is co-secreted 

with insulin from the pancreatic β-cells.80  Aggregates of IAPP inhibit the activity of 

insulin and glucagon leading to the cause type 2 diabetes mellitus (TDM2).80  In the 
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disease, aggregated IAPP is frequently present in the Islets of Langerhans in diabetics 

patients, but not universally.73  In autopsy studies, amyloid in the pancreatic islets has 

been detected 50-90% more frequently in patients with TDM281. Studies have shown that 

IAPP fibril formation can cause death of β-cells by inducing apoptosis, and the oligomers 

of the peptides are considered the most detrimental to cell viability81, similarly thought in 

AD.  While apoptosis of β-cells has been identified the vascular effects aggregated 

amylin have not. Detection of the presence of IAPP oligomers could help with early 

diagnosis of TDM2 and provide information of the vascular effects of TDM2.  

7.3.3 Insulin-derived amyloidosis  

Similarly, insulin derived amyloidosis arises from amyloid aggregation in insulin 

therapies. It can cause a rigid subcutaneous mass at the site of injection, resulting in 

injection site inflammation.  Unpredictable release of insulin within the mass is a risk of 

this aggregation and can be dangerous for diabetic patients by causing unstable blood 

glucose levels and severe hypoglycemia.82  While this protein has a native structure in 

pharmaceutical production processing it can become unfolded which can lead to 

misfolding and aggregation. Detecting aggregated insulin would allow bad batches of 

insulin to be removed from pharmaceutical production incidentally reducing the risk of 

insulin-derived amyloidosis for insulin dependent patients.  

7.3.4 Atrial amyloidosis  

Cardiac atrial amyloidosis (CAA) is characterized by the deposition of amyloid 

throughout the myocardium83. Atrial natriuretic peptide (ANP) is a normal hormone 

secreted by cardiomyocytes, but in cardiac amyloidosis it aggregates and deposits. 
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Isolated CAA is associated with dysrhythmia following cardiac surgery.  The detection of 

oligomeric ANP prior to patient surgery could offer insight into post-operation 

therapeutics for patients and doctors.77  
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