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OZET

Yiiksek Lisans Tezi

Dilara SABIRTAS
Manisa Celal Bayar Universitesi
Lisansiistii Egitim Enstitiisii
Biyomiihendislik Anabilim Dah

Damsman: Dr. Ogretim Uyesi Seyma TASDEMIR

Alzheimer hastalig1 (AH) biligsel gerileme ile tanimlanan nérodejeneratif bir
hastaliktir. AH’nin en bilinen patofizyolojisi; AP peptitlerinin ve fosforile olmus Tau
proteininin birikimidir. AP peptitlerinin birikimi senil plaklar ile sonuglanirken;
fosforile olmus Tau noérofibriler yumak olusumuna neden olmaktadir. Diger
patofizyolojiler ise noroinflamasyon, kolinerjik ndron dejenerasyonu ve genetik
bozulmalar olarak sayilmaktadir. Diinya genelinde milyonlarca insan etkileyen ve en
yaygin gorilen norodejeneratif hastalik olan AH’nin tam olarak patogenezinin
aydinlatilmasi, evrelerinin anlasilmasi ve yeni tedavi stratejilerinin gelistirilmesi i¢in
giivenilir ve gergege yakin in vitro modellere ihtiyag duyulmaktadir. Bu tez
calismasinda, AH’ye yonelik ila¢ etken madde arastirmalarina katki saglamak
amaciyla yenilik¢i in vitro modeller olusturulmasi amaclanmistir. Bu dogrultuda,
SHSYS5Y ve NO hiicre hatlarinin ABi-42 peptidi ile birlikte, hem iki boyutlu (2B) hem
de mikro doku teknigiyle ii¢ boyutlu (3B) in vitro AH modelleri gelistirilmistir.
Modelleme siirecinde, ilk olarak patofizyolojik bir belirte¢ olan AP peptidi
kullanilarak, kolinerjik néron 6zellikleri tagiyan SHSYSY hiicre hatti ile hem 2B hem
de 3B in vitro modeller olusturulmustur. Ardindan, AH nin immiin sistem ile iligkisini
incelemek ve in vivo’ya daha benzer bir model olusturabilmek amaciyla modele
mikroglia hiicresi olan N9 hatt1 eklenmis; mikroglial aktivasyonu saglamak i¢in
ortama lipopolisakkarit (LPS) ilave edilmistir. Sonrasinda olusturulan AH
modellerinin karakterizasyonu i¢in Alamar mavisi ile hiicre canliligi, ger¢ek zamanl
polimeraz zincir reaksiyonu (Q-PCR) ile AH ile iliskili genlerin ekspresyon
seviyesinin belirlenmesi, asetilkolin esteraz (AchE) aktivitesi ve fosforillenmis tau
(pTau) miktar1 6l¢limii yapilmistir. Elde edilen bulgular sadece SHSYSY hiicreleri ile
gelistirilen 3B in vitro AH modelinin gelecek arastirmalar i¢in 6nemli bir umut vaat
ettigini ortaya koymaktadir. Bununla birlikte, SHSY5Y ve N9 hiicrelerinin ko-kiiltiirii
ile olusturulan, ndéroinflamasyon hipotezine dayali 2B ve 3B AH modellerinde, hiicre-
hiicre etkilesimi ve proinflamatuar aktivite beklenen diizeyde gozlemlenememistir.
Elde edilen bu bulgu, hiicreler arasi etkilesimlerin modellenmesinde hiicre tipi
uyumunun kritik roliinii ortaya koymaktadir.

Anahtar Kelimeler: Alzheimer Hastaligy, in vitro hastalik modelleri, mikro doku,
3B kiiltiir, mikroglia

2025, 82 sayfa



ABSTRACT

M.Sc. Thesis

Dilara SABIRTAS

Manisa Celal Bayar University
Graduate School of Education
Department of Bioengineering

Supervisor: Asst. Prof. Dr. Seyma TASDEMIR

Alzheimer's disease (AD) is a neurodegenerative disease characterized by
cognitive decline. The most well-known pathophysiology of AD is the accumulation
of AP peptides and phosphorylated Tau protein. The accumulation of AP peptides
results in senile plaques, while phosphorylated Tau leads to the formation of
neurofibrillary tangles. Other pathophysiologies include neuroinflammation,
cholinergic neuron degeneration, and genetic disorders. Reliable and realistic in vitro
models are needed to fully elucidate the pathogenesis of AD, the most common
neurodegenerative disease affecting millions of people worldwide, understand its
stages, and develop new treatment strategies. This thesis aims to create innovative in
vitro models to contribute to drug-active ingredient research for AD. In this regard, in
vitro AD models were developed using both two-dimensional (2D) and three-
dimensional (3D) micro-tissue techniques using the AP1.42 peptide of SHSYS5Y and N9
cell lines. During the modeling process, both 2D and 3D in vitro models were created
using the SHSYSY cell line, which exhibits cholinergic neuron characteristics, using
the AP peptide, a pathophysiological marker. Subsequently, to examine the
relationship between AD and the immune system and to create a model more similar
to the in vivo model, the N9 microglial cell line was added to the model.
Lipopolysaccharide (LPS) was added to the medium to ensure microglial activation.
Subsequent characterization of the generated AD models included cell viability with
Alamar Blue™, quantitative real-time polymerase chain reaction (QRT-PCR) to
determine the expression levels of AD-related genes, acetylcholine esterase (AchE)
activity and phosphorylated tau (pTau) levels. The findings suggest that the 3D in vitro
AD model developed exclusively with SHSYS5Y cells holds significant promise for
future research. However, in 2D and 3D AD models based on the neuroinflammation
hypothesis, created by co-culture of SHSYSY and NO cells, cell-cell interactions and
proinflammatory activity were not observed at the expected levels. This finding
demonstrates the critical role of cell type compatibility in modeling intercellular
interactions.

Keywords: Alzheimer's Disease, in vitro disease model, microtissue, 3D culture,
microglia

2025, 82 pages
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SECTION ONE

1. INTRODUCTION

Alzheimer's Disease (AD) was first discovered by German Alois Alzheimer,
who give name to disease in 1907. After pathological examination of the brain ofa 51-
year-old woman showing signs of dementia, Alois Alzheimer discovered
neurofibrillary tangles (NFT) and senile plaques (SP) in the cerebral cortex of the brain
(Ramirez-Bermudez, 2012).

AD is an advanced stage of dementia that includes various behavioral
disorders, memory impairments, and cognitive decline (Jack et al., 2018). In addition,
dementia in AD has been reported to occur before the disease is diagnosed. According
to data published in 2024, there are 35 million people with AD. A quarter of a century
later, it is estimated that 140 million people suffering from AD (Abdul Manap et al.,
2024).

In the early stages of AD, individuals may experience attention deficits and
difficulty concentrating. This is due to a disorder in the temporal periphery of the brain
(Farooq et al., 2022). In the advanced stages of Alzheimer’s disease, symptoms may
manifest through both psychological and behavioral alterations. Alterations can
significantly impact the quality of life of both the patient and their caregiver. These
symptoms can also affect the individual's mood, such as hallucinations, depression,

anxiety, and aggression (Cerejeira et al., 2012; Farrimond et al., 2012).

1.1 Alzheimer's Disease Types

When diagnosing AD, the age of the patient at diagnosis is crucial. AD is
examined in two ways: Early Onset AD (EOAD) which patients are known to be
younger than 65 age and Late Onset AD (LOAD) which patients are known to be older
than 65 age. This is because the causes of EOAD and LOAD are different.
Approximately 5% of AD patients are reported as EOAD cases, and almost all cases

are reported as early-onset Alzheimer's due to genetic factors (Udin et al., 2021).



95% of people with AD are diagnosed with LOAD. The occurrence of LOAD
in an individual depends on factors such as genetic factors, environment and lifestyle,
hypertension,  epidemiological  factors, = metabolic =~ derangement,  and
neuroinflammation. A schematic representation of the types and causes of Alzheimer's
disease is shown in Figure 1 (Wightman et al., 2020; Chaudhary et al., 2018; Stoccoro
et al., 2017; Eskandari-Sedighi and Blurton-Jones, 2023; Raulin et al., 2019).
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Figure 1: Schematic representation of LOAD and risk factors causing LOAD (Valdez-
Gaxiola et al., 2024)

A detailed review of the risk factors for EOAD and LOAD is provided below.

1.1.1 Early Alzheimer’s Disease

Three genes are responsible for the development of EOAD: Amyoid Precursor
Protein (4PP) gene which encodes APP, Presenilin 1 (PSENI), and Presenilin 2
(PSEN2) (Dai et al.,, 2017). They are located on chromosomes 21, 14, and 1,
respectively (Levy et al., 1995).

When evaluated for EOAD, the most common mutation in the disease is found

in the PSENI gene. Mutations in the PSENI and PSEN2 genes lead to increased



encoding of the y-secretase enzyme complex, which cleaves the membrane of the APP
protein (Sherrington et al., 1995). Patients diagnosed with EOAD have autosomal
dominant PSENI and PSEN2 mutations, which are transmitted to the next generation

(Reitz et al., 2011).

The APP gene produces the integral membrane protein APP. This protein is
responsible for synaptic protection and synaptic flexibility (Priller et al., 2006). APP
is proteolyzed by B-secretase to form the B peptide, and a-secretase to form the o
peptide (Bird, 2008). If this occurs, mutations in the APP gene are responsible for 10—
15% of the cases of EOAD, and 69 missense mutations have been reported (Scheuner

et al., 1996).

1.1.2 Late Alzheimer’s Disease

Unlike EOAD, LOAD has multiple causes, including genetic factors,
environmental influences (heart diseases, dietary habits, addictions, physical activity),
and pathological characteristics (Wightman et al., 2020).

The gene responsible for LOAD is the apolipoprotein E (4POE) gene.
Mutations in the APOE genes alleles, which APOE4 alleles can cause damage or
increase amyloid-f (AP) accumulation in the medial temporal lobe of the brain, which
is responsible for memory and learning (M Di Battista et al., 2016). The APOE4 allele
has been found to increase the severity of pathological findings associated with the
disease, not only in AD but also in other types of neurodegenerative diseases such as
Parkinson's (Pankratz, N et al., 2006).

The APOE protein is found in two distinct regions: the periphery and the
central nervous system (CNS). The reason for this different location is the blood-brain
barrier (BBB) (Linton et al., 1991). While peripheric APOE and CNS-based APOE
cause AD, their pathogenesis differs due to their locations and functions. Peripheral
APOE is important for cardiovascular health and immune regulation (Liu et al., 2013).
CNS-based APOE is responsible for lipid and cholesterol transport for the formation
of new synapses and repair of newly formed tissues (Bu, 2009). Conversely, CNS-
based APOE is overexpressed, in the presence of activated microglia or pathological

markers that appear in the presence of neurodegenerative disease (Raulin et al., 2022).



Another important factor that plays a role in Alzheimer's disease is thought to
be the immune system, namely microglia, found in the central nervous system.
Microglia are innate cells that protect the brain from factors such as viruses, bacteria,
cell debris, and trauma (Perdiguero et al., 2015). In addition to pathological conditions,
they are also responsible for cell homeostasis. They also have various functions, such
as regulating myelination and neuronal plasticity (Long et al., 2022). In fact, they also
play an active role in EOAH and LOAH (Sudduth et al., 2013). However, while gene
mutations are generally responsible for EOAH, it is thought that microglia, due to their
overactivation, may cause LOAH (Salih et al., 2019; Zhouet al., 2018).

Because NFTs originating from AP plaques in EOAH eliminate cells that
should undergo apoptosis through phagocytosis, thus providing a healthy transition
from the proinflammatory M1 phase to the anti-inflammatory M2 phase, thus showing

protective properties (Hickman, et al., 2008).

However, the situation is more complicated in LOAH. Because microglia are
overactivated in LOAH, the proinflammatory phase lasts longer than expected. A
prolonged proinflammatory phase means increased neurotoxicity. This occurs through
the release of cytokines such as tumour necrosis factor-a (TNF-a), interleukin-6 (IL-
6), IL-1B, and IL-12 over a longer period of time (Colonna and Butovsky, 2017). While
microglia clear AP peptide and phosphorylated tau (pTau) proteins, which are
pathological hallmarks of AD, they also release cytokines such as TNF-a and IL-1J,
causing both cognitive loss due to neuronal damage and the progression of AD (Ismail
et al., 2020). On the other hand, overactivated microglia trigger the formation of ptau
protein, causing synapse apoptosis. In short, this causes an endless cycle between the

long M1 phase and the short M2 phase, thus exacerbating AD (Hansen et al., 2018).

Another immune response associated with AD is the adaptive immune system,
and astrocytes are responsible for this. Astrocytes are also located in the CNS (Sun
and Jakobs, 2012). Astrocytes are responsible to regulating ion balance, they
contribute to BBB integrity and are also responsible for homeostasis in the brain.
Astrocytes activated by brain damage such as pathogens or trauma (Dai et al., 2023).
However, in the brain with a disrupted BBB, in a neurotoxic environment, they can
release signals to attract white blood cells or peripheral macrophages present in the
body to the cerebral parenchyma, the part of the brain where neurons and glia receive

support (Price et al., 2021).



Similar to microglia, A1 and A2 phases are observed. The Al phase is
responsible for pro-inflammation, while the A2 phase is responsible for anti-
inflammation. AP or neurofibrillary tangles (NFTs) accumulation leads to a change in
astrocyte morphology. In advanced AD, as in microglia, they can cause neuronal
damage. This neuronal damage results in an increase in NFT levels (Stanca et al.,

2023).

Another cause of late-onset Alzheimer's disease is sedentarism (Gogniat et al.,
2025). Sedentarism or inadequate exercise can trigger physiological changes in the
brain that can lead to neuroinflammation. in vitro and in vivo studies suggest that being
physically active and exercising regularly increases microglial homeostasis (Diniz et
al.,2024). They also revealed that people who exercise regularly have higher levels of
presynaptic proteins, which facilitate neural connections in the brain (Casaletto et al.,

2022).

Type 2 diabetes mellitus (T2DM) is the inability of cells to respond to the
insulin hormone, resulting in insufficient insulin production and hyperglycemia which
1s LOAD and T2DM are closely linked (Duran et al., 2022). Insulin resistance leads to
AP accumulation in the brain, leading to senile plaque formation (Hayden, 2019).
Furthermore, insulin resistance triggers apoptosis in neurons, initiating inflammation,
and thus contributing to the pathogenesis of AD and the progression of dementia

(Wainaina et al., 2014).

Another cause of late-onset Alzheimer's disease is smoking. Smoking increases
reactive oxygen species in the brain, leading to AP accumulation and synaptic
dysfunction. Because reactive oxygen species are highly reactive. Normally they
regulate the cellular signalling pathways and homeostasis. Their overexpression in the
brain causes neurodegenerative diseases markers (Wang et al., 2014). Smoking also
disrupts the regulation of the APP protein, leading to the formation of pTau. Smoking
also contributes to vascular dementia in the brain, causing an imbalance in cerebral
blood flow. Smoking also causes inflammation in the brain. It triggers the immune

system, leading to overactivation of microglia (Honda et al., 2004).

Cardiovascular disease and LOAD cause cognitive decline, their relationship
has recently become a focus of research. This is primarily because both diseases share

common risk factors such as smoking, hypertension, poor nutritional intake, obesity
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and insulin resistance (Nordestgaard et al., 2022). Another contributing factor is
inflammation, as chronic inflammation and oxidative stress occur in individuals with
cardiovascular disease. This process, as mentioned above, can ultimately lead to brain

degeneration and the emergence of AD pathological markers (Gong et al., 2021).

Genes expressed at the cellular level are also responsible for AD. These genes
include APP, ADAMY, BACEI, MAPT, ACHE, Brain-Derived Neurotrophic Factor
(BDNF) and CREB. These genes expressions are just a few of the genes known to
cause AD. Cleavage of APP produced from the APP gene by B-secretase and y-
secretase leads to AP accumulation. This accumulation results in the formation of
senile plaques, which cause neurotoxicity (Morotz et al., 2019). Downregulation of
ADAMY gene expression also leads to cleavage of APP by a-secretase, leading to AP
accumulation. BACE] is the gene responsible to produce B-secretase, and its
overexpression also results in the pathological hallmark of AD (Chen et al., 2012). The
MAPT gene is responsible for tau protein synthesis. ACHE is responsible for the
acetylcholine esterase protein and has been reported to be increased in AD (Wang et
al., 2009). The BDNF gene encodes a protein responsible for neuronal development
and plasticity. A decrease in the BDNF gene is observed in AD (Caccamo et al., 2010).
CREB is responsible for the transcription factor that regulates the expression of genes

like BDNF in the brain (Jin et al., 2013).

1.2 Alzheimer’s Disease Pathological Markers

Mutations in the APP gene lead to the formation of the most toxic form of the
AP peptide, the pathological marker in AD. This form accumulates and causes the
formation of AP plaques (Yan and Wang, 2006). This specific histopathological
finding that is checked for in the diagnosis of AD. These include the accumulation of
AP, the formation of NFTs by pTau, and the decrease or degeneration of cholinergic

neurons (Murphy and LeVine, 2010; Stanciu et al., 2020).

Tau protein normally functions to stabilize neuronal microtubules. However,
hyperphosphorylated tau protein accumulates in the brain, forming neurofibrillary
tangles and contributing to the development of AD (Stanciu et al., 2020). Tau is
microtubule associated protein, which binds to microtubules in neurons responsible

for axonal transport (Weingarten et al., 1975). In the healthy brain, tau protein

6



phosphorylation is important for maintaining the structural integrity of microtubules.
However, when it becomes hyperphosphorylated, it disrupts the structural integrity of
axons and leads to the formation of NFTs in the neocortex (Jicha et al., 1997). Below
is a schematic representation of what tau protein looks like in healthy individuals and
those with AD. While tau found in healthy axonal regions is found in a soluble form,
it is found in three different forms in the axons of individuals suffering from AD:

soluble, fibrillated, and oligomeric (Krishnamurthy et al., 2025).
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Figure 2: Tau protein status in healthy and AD patients (Krishnamurthy et al., 2025)

Acetylcholine (ACh), a neurotransmitter secreted by cholinergic neurons, is
responsible for memory and learning. Damage to these neuron types reduces the
amount of ACh secreted, aided by the enzyme acetylcholine esterase (AChE). This, in
turn, may contribute to the development of AD by causing the production of Af
peptide and hyperphosphorylation of tau (Chen et al., 2022). AchE formation and its

consequences are shown in Figure 3.
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Figure 3: AchE formation and its consequences (Gajendra et al., 2024)

1.3 Engineered Models of Disease

The goal of many disease modeling studies is to understand disease
mechanisms or develop new treatments. Although progress has been made in in vivo
disease modelling, the targeted disease model remains elusive due to physiological and
structural differences between species (Phan et al., 2017). These limitations can lead
to therapeutic drugs with confirmed preclinical efficacy failing in the clinic or to a lack
of complete understanding of the disease mechanism. To overcome these limitations,
new in vitro disease models, including different cell types and building block
molecules, need to be developed (Benam et al., 2015). In vitro disease models are

divided into two main groups: 2D and 3D models.

1.3.1 2 Dimensional (2D) Disease Models

2D in vitro models are models in which cells are grown in a single layer in a
petri dish or flask. /n vitro 2D models offer the advantage of being easier to perform,
faster, and more cost-effective than in vivo models (Fogliette et al., 2021). Despite
these advantages of 2D in vitro models, there are limitations such as distortion in cell
morphology and therefore not being able to fully reflect the function and mechanism

of the disease or tissue being modeled and not being able to adequately mimic tissue
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complexity (Kapalczynska et al., 2016). Another limitation of 2D models is that cell
surface receptors grown in a single layer are exposed to more therapeutic agents than
those in a 3D environment. This causes cells to respond differently to toxicological

studies conducted on them than those in the organism (Louit et al., 2023).

As an alternative to traditional 2D in vitro models, human induced pluripotent
stem cells (hIPSCs) are also being used. Their superiority over traditional methods
includes their ability to differentiate into the desired cell type. Because they are derived
from individual somatic cells, they also carry the patient's genetic background, making
them attractive for disease modeling. In this way, personalized 2D in vitro disease
models can be made (Liu et al., 2018). However, as a disadvantage of hIPSCs, the cell-
cell and cell-matrix interaction is insufficient, which can lead to cell morphology loss,

maturation and differentiation problems (Castellanos-Montiel et al., 2023).

1.3.2 3 Dimensional (3D) Disease Models

Due to the limitations of 2D in vitro models, studies on designing 3D diseases,
tissues or organs in vitro that are more similar to their natural environment have
accelerated (Huskin et al., 2023). Ideal 3D models are those that allow cell-cell and
cell-matrix interactions, where different cell types can exist in the same environment,
where sufficient nutrients and oxygen are provided, and where the physiological or
pathophysiological characteristics of the tissue or disease are present (Langhans,
2018). 3D models offer the advantage of being tissue- or disease-specific, allowing for
increased cell density and cell-to-cell and cell-to-matrix signals. However, they are
also disadvantaged by the difficulty of standardization and the short lifespan of the
models produced (Collins et al., 2019).

Animal models provide the best physiological conditions for preclinical studies
and are still considered the most suitable. However, they are time-consuming and
costly, and they also face numerous ethical limitations. This has led to a shift toward
working with in vitro or ex vivo models (Humpel, 2015). Furthermore, due to genetic,
biochemical, and metabolic differences between species, they cannot fully reflect

human organisms. Therefore, in vitro cell culture studies are crucial for mimicking the



in vivo environment to examine the true functions and pathophysiology of tissues (Huh

etal., 2011).

Conventional 2D cell culture techniques fail to capture the complex structure
and physiology required for modeling the human central nervous system (CNS) and
neurodegenerative diseases. Hierarchical 3D models, incorporating 3D extracellular
matrix structures and cellular components, using tissue engineering methods are
needed for in vitro simulation of neural physiology. 3D in vitro cultures are particularly
important in disease models and drug trials because they reproduce the physiological
microenvironment and can biomimetically simulate in vivo responses (Caleb vd.
2020). 2D cell culture studies differ in cell morphology, receptor expression,
extracellular matrix communication, and overall cellular mechanisms compared to 3D

cultures (Zuliani et al., 2025).

The inability to reflect the real extracellular matrix with 2D cultures leads
researchers to develop alternative 3D disease models that can mimic a more realistic
environment and bridge the gap between in vifro and in vivo models (Franco and

Cedazo-Minguez, 2014).

In tissue engineering and regenerative medicine applications, 3D tissue
modeling techniques are divided into two categories: scaffold-based and scaffold-free.
In scaffold-based 3D models, the scaffolds are fabricated using polymeric or
biomaterials. In scaffold-free models, cells self-assemble to form 3D structures. Cell
sheeting, single-cell injection, and microtissue generation techniques are some of the
techniques used to create 3D cell aggregate, spheroids and organoids models without
scaffolding (Kelm and Fussenegger, 2010). 3D printing is a production technology that
enables objects with desired properties and geometric shapes to be obtained by
depositing successive layers on a platform (Al-Dulimi et al., 2021). With the 3D
bioprinting method, the natural structures of cells are imitated and cell-cell interaction
is allowed between cells. The most important factor for the models created by this
method is the bioink used. Bioink contains essential materials and cells required while
forming the tissue. Depending on the polymer type in the bioink, problems may occur
in vascularization, oxygen distribution capacity and nutrient uptake rate (Agarwal et
al.,2020). With this technology, 3D in vitro culture environments can be created by

combining bioinks, hydrogels, cells and growth factors in appropriate shapes.
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(Jammalamadaka et al., 2018). On the other hand, spheroids are an example of a
scaffold-free method. Spheroids are simple 3D in vitro structures that mimic the
natural environment of cells (Dousti et al., 2024). They can be produced using the
hanging drop or 3D Petri Dish® method (Misun et al., 2020; Roopesh et al., 2022).
They provide a productive microenvironment that can be used in various fields, from
different cell types and cancer to drug testing (Benmeridja et al., 2020). However, large
spheroids can have difficulties with heat and mass transfer, leading to necrosis of cell

nuclei. Therefore, they should be optimized for the field of study (Janji¢ et al., 2021).

1.4 In vitro Alzheimer's Disease Models

The scarcity of in vitro models suitable for studying the human nervous system
compared to in vivo models is a significant limitation for neuroscience research,
including AD studies. Therefore, developing realistic 3D in vitro models is crucial.
Choosing the correct cell type for simulating brain tissue in 2D and 3D models is
crucial for the model. Immortalized cell lines are generally preferred for in vitro
engineered disease models. Because primary cells which are obtained directly from
tissue have limited proliferation capacity. The most commonly used cell lines are
SHSYS5Y, Neuro2a, PC12, MN9D, and N27 (Tarricone et al., 2022). SHSYSY cells
are widely used in AD models. This is primarily due to their sensitivity to the toxic
effects of AP and also shows cholinergic neuron behaviour withouth differantiation.
In the presence of AP, they can exhibit oxidative stress responses and synaptic and
mitochondrial dysfunction (Stockburger et al., 2014; Dodurga et al., 2019). Their
ability to differentiate into neuron-like cells, both physiologically and
morphologically, is a reason they are frequently included in research compared to other
cells. They are also preferred for active ingredient testing and high-throughput
screening in the pharmaceutical industry. This is because they are a cell line in which
mitochondrial functions can be evaluated in the presence of AP and they allow the

changes caused by AP to be monitored at the cellular level (Forster et al., 2016).

Cholinergic neurons have become a focus of interest in in vitro AD modeling.
Cholinergic neurons are associated with memory and attention. They also secrete

acetylcholine, and cholinergic neurons are the first to be damaged in the development

11



of AD (Zhu et al., 2017). In in vitro AD modeling, SHSYS5Y cells are incubated with
retinoic acid or BDNF to induce their differentiation into cholinergic neurons
(Medeiros et al., 2019). SHSYSY cells, which differentiate into cholinergic neurons
with BDNF or retinoic acid and form neurites, can exhibit cholinergic properties even
without differentiation. However, undifferentiated SHSYS5Y cells have been reported

to have lower neuron-specific biomarkers (Dodurga et al., 2019).

3D experimental models are needed to understand AD metabolism and to
develop alternative, more realistic, and effective treatment methods that can address
the many variations seen in AD (Murphy et al., 2017). There are several key reasons
which 3D approach is important in the AD model. Creating a degenerative
environment to mimic brain structure in the AD model is a crucial step. Cell-to-cell
interaction is better in 3D models than in 2D models, resulting in improved
intercellular communication (Seidel et al., 2012). Neuronal differentiation occurs more
rapidly than in 2D models. Senile plaques, which form due to AP aggregation in
spheroid structures, are better formed in 3D (Raja et al., 2016). This allows for a
triculture system where microglia, neurons, or astrocytes coexist. This triculture
system may not occur in 2D structures and, naturally, does not fully reflect the AD
mechanism (Park et al., 2018). Agholme et al. (2010) investigated the effect of 3D
culture of SHSYSY cells in extracellular matrix (ECM) gel combined with various
factors reported to have neurodifferentiating effects to obtain cells with neuronal
differentiation and function. The researchers demonstrated that SHSYS5Y cells in the
3D gel had branched neurites, distinct neuronal morphology, expressed various
neurospecific markers, and expressed mature Tau isoforms. In another study, SHSYSY
cells were cultivated on bacterial nanocellulose as a new 3D in vitro model that could

mimic the complexity of nervous tissue (Innala et al., 2014).

1.5 Neuroinflammation Associated with Alzheimer’s Disease

Microglia are the primary and innate immune cells in the central nervous
system. They maintain homeostasis in the brain by initiating a proinflammatory

response in the presence of pathogenic activity in the brain or in conditions such as
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brain injury (Pal et al., 2022). In the AD, accumulating A in the brain activates
microglia, initiating a proinflammatory process as a neuroprotective response (Mathys
et al., 2017). While the primary purpose of this response is to protect the brain against
degeneration, the ongoing chronic inflammation caused by the presence of AP in
individuals with AD. In people suffering from this disease microglia which can cause
the initially protective effect to brain to evolve into a degenerative response over time
through cytokine release (Cinar, 2022). There are also studies indicating that microglia
gather around AP plaque and pTau protein (Heneka et al., 2024). Another feature of
microglia is that they can bind to oligomers and fibrils, which are different forms of
AP, through toll-like receptors and initiate an immune response (Heneka et al., 2015).
Numerous studies in the literature examine the relationship between A presence and
microglial activity. For example, in a study conducted by Lin et al., (2022), it was
reported that phagocytosis was observed in the study in which microglial activation
was triggered with AP by human microglia HCM3 and human monocyte THP-1. Not
only the presence of AP but also molecules found in the outer membrane of gram-
negative bacteria, such as lipopolysaccharide, can be used to trigger chronic
inflammation in microglia (Yu et al., 2022). Jung et al. (2023) conducted a study on
mice given lipopolysaccharide (LPS), demonstrating through behavioral tests that
microglia increased their activity in the presence of LPS and that the mice exhibited

cognitive decline.

Other immune system cells are also involved in neuroinflammation in AD,
such as astrocytes, monocytes, and macrophages. Astrocytes maintain BBB integrity
and are responsible for ion balance, which plays a crucial role in synaptic
communication and neurotransmission in neurons (Romeo et al., 2021). They are cells
that can change their morphology. In AD, the accumulation of AB and pTau proteins
in the brain causes astrocytes to become reactive (Dai et al., 2023). Because their over
reactivity causes a prolonged proinflammatory response, they also produce neurotoxic
effects by secreting IL-6 and TNF-a cytokines. As a result of the neurotoxic effect, the
BBB may be disrupted, allowing monocytes and macrophages to enter the brain from
the circulatory system (Zhang & Jiang, 2015). While all these responses initially
provide a protective effect, the longer the proinflammatory response, the progression

of AD, and therefore neuronal damage, continues (Li et al., 2018).
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This thesis aims to develop 2D and 3D in vitro models that more realistically

reflect AD.

In the first phase, both 2D and 3D AD models will be created using only the
SHSYSY cell line in the presence of APi42. In the second phase, the model's
complexity will be increased by incorporating the N9 cell line, which represents
microglial cells, into the system, and adding LPS to the medium to stimulate microglial
activation. In this context, an AD model will be developed for the first time in which

SHSYS5Y and N9 cells are co-cultured in a 3D Petri Dish®.

This study aims to develop a 3D engineering-based in vitro AD model that is
relatively low-cost, easy to use, produces rapid results, and better mimics physiological
conditions. The developed model is expected to enable a better understanding of the
molecular mechanisms of Alzheimer's disease, the testing of therapeutic agents in a
more realistic microenvironment, and its use as a high-throughput screening platform
in new drug development. Furthermore, this thesis aims to systematically evaluate the

effects of microglia on Alzheimer's pathophysiology in vitro.
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SECTION TWO

2.MATERIALS & METHODS

2.1 Study Design

The design and methods used in this study are given schematically in the Figure

@ SHSY5Y spheroid

@ & SHSYSY + N9 spheroid

2 days

Cell viability qPCR pTau

Figure 4: Schematic representation of experimental design

In this study, First, 2D and 3D Alzheimer's disease models were developed
using the SHSYSY cell line. During this phase, a pathological environment was
created by adding the APi-s peptide to the medium, and the model's validity was
confirmed with various tests. Cell viability was determined using the Alamar Blue™
assay. Furthermore, the Alzheimer's model was characterized using biochemical
markers such as acetylcholinesterase (AChE) activity, phosphorylated Tau (p-Tau),
and protein levels. Thus, monoculture models reflecting the fundamental

neurodegenerative features of Alzheimer's disease were obtained.

Next, to understand the neuroinflammatory process in Alzheimer's disease,

SHSYSY cells were cocultured with N9 microglia cells. Similarly, coculture models
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were developed first in a 2D environment and then in a 3D culture system. In this
phase, neuroinflammatory responses associated with Alzheimer's pathology were
evaluated in models involving neuron-microglia interactions. Neurodegenerative
changes were also examined by measuring p-Tau expression and AChE activity. Thus,
Alzheimer's disease models have been expanded to encompass not only neuronal

degeneration but also its immunological aspects.

In addition, the expression of genes that play a critical role in the
pathophysiology of Alzheimer's disease was also included in the characterization
process. For this purpose, expression levels of APP, ADAMY, BACEI, MAPT, AChE,
BDNF and CREB genes were analyzed using quantitative real-time polymerase chain
reaction (QRT-PCR). 2D and 3D Alzheimer's disease models were comprehensively

evaluated in detail from biochemical, molecular and genetic perspectives.

2.1. Cultivation, Passaging and Stocking of SHSYS5Y and N9 Cells

SHSYSY cell line obtained from Ege University Bioengineering Department
EBIOPHASE laboratory was cultivated with DMEM high glucose (DMEM HQG,
Sigma-Aldrich, Lot: RNBN2208) medium containing 10% fetal bovine serum (FBS,
Sigma-Aldrich, Lot: 0001689456) and 0.1% gentamicin (Capricorn, Lot: CP21-4333)
at 37°C, 5% CO2, 95% humidity.

N9 cells were cultured in RPMI (Sigma-Aldrich, Lot: RNBG3769) medium
containing 10% FBS, and 0.1% penicillin-streptomycin at 37°C in a 5% CO2, 95%

humidity incubator.

The cultures mediums were changed every two days. SHSYSY cells were
separated from the surface using 0.25% trypsin/EDTA (Euroclone, Lot: EUMO021)
solution when they reached 90% confluency and were transferred to new cell culture
dishes and multiplied. The multiplied cells were also taken to a freezing medium
containing 10% Dimethylsulfoxide (DMSO, AppliChem, Lot:4Y017835) and 90%
FBS and first frozen at -86°C overnight and then transferred to liquid nitrogen at -
196°C for long-term storage. Thus, a master stock was created for the cells and then a

working stock was prepared to continue the studies at the same passage number.
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2.2 Engineered Model of AD Disease

2.2.1 Preparation of APi-42 Peptide Stock

Commercially available ABi-42 (Sigma-Aldrich, A9810) peptide was dissolved
in sterile, cell culture-friendly DMSO at a concentration of 4 uM according to the
manufacturer's instructions. The APi.42 dissolved in DMSO was then aliquoted and

stored at -20°C.

2.2.2 Development of 2D AD Model

The prepared Api-42 stock was first tested on SHSYSY cells in 2D using the

following method to create an AD model;

e The APi-42 peptide was removed from the stock at -20°C and then kept at 37 °C
for 5 days at the incubator (Yamamoto et al., 2004).

e Then, the ABi.42 peptide was added to the DMEM HG medium and kept at 37°C
for 1 day to ensure fibrillation and to obtain soluble fibril formation of ABi.42
(Mensinger et al., 2020).

e SHSYSY cells were cultured in 96 well plate with DMEM HG which contains
10% FBS, 1% L-glutamine, and 0.1% gentamicin at a concentration of 5x10*
cells/mL.

e APi-42 peptide was applied to the cells with a serial dilution method with an
initial concentration of 8 uM 24 hours after the cells adhered to the surface.

e In the Alzheimer's disease model, the presence of the ABi-42 peptide, which is
a toxic form for cells, causes a decrease in cell viability. Therefore, in order to
find the optimum amount of APi.42 peptide for the AD model, cell viability test
was performed with Alamar Blue™ assay. The APi.4 peptide concentration
that observed a significant decrease in cell viability in the AD model was
accepted as the appropriate amount for AD.

e SHSYSY cells were incubated with media containing Ai-42 peptide at the
concentration given above for 24, 48 and hours.

e At the end of the 24th, 48th and 72th hours, Alamar Blue™ Assay was

performed.
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2.2.3 Development of 3D AD Model

e The 3D “Petri Dish® (MicroTissues Inc. USA)” method was used to create 3D
microtissues (Gong et al., 2015). For the creation of molds and 3D gels, a 3%
(w/v) agar (Sigma-Aldrich, A1296-100G) solution containing 0.1% (w/v)
NaCl was sterilized in an autoclave at 121°C and 1.02 atm pressure for 30
minutes.

e 330 uL of the sterile agar solution was placed in the chamber of the mold and
the agar was waited for gelation. After gelation, the mold was turned upside
down and the 3D non-adhesive agar gel, where the microtissues would be
created, was placed in a 24-well culture dish. Agar gels were conditioned in a
nutrient medium at 37°C and 5% CO: in a 95% humidity incubator for 30
minutes before cell cultivation.

e After conditioning, SHSYSY cells were seeded into each of the microtissue
mold at a density of 7x10° cells/mL, allowing microtissues to form for 24
hours.

e After 24 hours, the upper phase of the formed microtissues was taken, and the
APi1.42 peptide was added at an initial concentration of 20 uM, and the serial
dilution method was applied.

e Subsequently, the Alamar Blue™ assay was performed to find the variationin

cell viability and the optimum amount of APi.42.

2.2.4 2D in vitro Co-Culture AD Model

The cell lines cultivated were SHSYSY and the N9 cell line. Cultivation
conditions and adaptation processes to DMEM HG media described in the section

2.24.1and2.2.4.2.

2.2.4.1 Growth Kinetics of N9 Cells

e Cells were detached with 0.25% trypsin-EDTA  solution when
confluence reached 80-90%. Then, they were seeded into 96-well plates at

densities of 10° cells/mL, 5x10° cells/mL, 10* cells/mL, 5x10* cells/mL, 10°
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cells/mL, 5x10° cells/mL, and 10° cells/mL for 14 days. After waiting 24 hours
for the cells to attach, their growth behavior was observed daily using 3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) (Sigma-
Aldrich, Lot: M5655) analysis until day 14.

e At the end of the specified incubation periods, serum-free RPMI medium
containing 10% (v/v) MTT solution was added to each well, and the cells were
incubated for an additional 3 hours at 37°C, 5% CO..

e Subsequently, the MTT-containing medium was removed, and
Dimethylsulfoxide (DMSO) was added to the wells to dissolve the formed
formazan crystals.

e Absorbances were measured at 570 nm and 690 nm wavelengths on a
spectrophotometer.

e To obtain viability results and eliminate background absorbance values, the
690 nm data were subtracted from the 570 nm data.

e After generating the growth graph, the cell concentration indicating adaptation,

logarithmic, stationary, and death phases was selected.

2.2.4.2 Adaptation of N9 Cells to Co-Culture Medium

e Optimizing the growth media of SHSYSY and N9 cell lines is crucial for co-
culture.

e After determining the growth kinetics of N9 cells cultivated in the original
medium, the cells were gradually transferred to the DMEM HG medium to be
used for co-culture.

e After this step, a gradual transition from RMPI medium to DMEM HG was
achieved. Initially, the RPMI: DMEM HG ratio was 75:25, and cells were
gradually passaged until the ratio reached 0:100.

o After the cells were fully adapted to DMEM HG, their behavior was monitored
for 14 days in DMEM HG at a concentration of 5x10° cells/mL. This can be

seen in Figure 9.
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2.2.4.3 Development of a 2D in vitro Co-Culture AD Model

e To establish a 2D in vitro AD model, the co-culture behavior of SHSYSY and
N9 cells was first examined. For this purpose, SHSYS5Y:NO cells were seeded
into 48-well plates at SHSYS5Y:NO ratios of 2:1, 1:1, 1:2, and 2:2.

e (ell behavior was monitored for 3 days. Based on the results, it was decided to
continue with the 1:2 SHSYS5Y:NO ratio.

e To develop the co-culture AD model, cells seeded at a 1:2 ratio and incubated
at 37°C, 5% CO: for 3 days.

e At the end of the 3 days, the cells were incubated with DMEM HG medium
containing APi.42 using a serial dilution method, containing 10 puM and 1
mg/mL LPS (He et al., 2016).

e Alamar Blue™ analysis was performed after 48 hours.

2.2.5 Development of a 3D in vitro Co-Culture AD Model

e The 3D Petri Dish® (MicroTissues Inc. USA) method was used to create 3D
microtissues (Gong et al., 2015).

e For 3D microtissue production, 3% (w/v) agar solution containing 0.1% (w/v)
NaCl was prepared and sterilized in an autoclave at 121°C and 1.02 atm
pressure for 30 minutes.

e 330 pL of sterile agar solution was placed in the mold chamber and allowed to
mold formation.

e After a time, the mold was inverted, and the 3D agar gel, from which the
microtissues would be created, was placed in a 24-well culture dish.

e The agar gels were conditioned by incubating them in the nutrient medium in
an incubator at 37°C and 5% CO., with 95% humidity, for 30 minutes before
cell seeding.

e Following the conditioning step, SHSYSY and NO cells were seeded into
micromolds at a 1:2 ratio (SHSYSY cells 2.33x10° cells/mL and N9 cells
4.67x10° cells/mL, 35 uL each).

e At the end of 24 hours following cell seeding, the medium on the cells was
replaced with medium containing 1 mg/mL LPS and serially diluted Ap1-42,

starting with a 20 uM initial concentration.
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e Alamar Blue™ Analysis was performed after 48 hours of incubation.

2.3 Characterization of AD Model

2.3.1 Alamar Blue™ Assay

The Alamar Blue™ Assay (Invitrogen, Lot:2359067) is a calorimetric test that
indicates cellular viability and metabolic activity. A decrease in cell viability is
expected in the AD model (Rampersad, 2012; Stephenson et al., 2013; Rezai-Rad et
al., 2015). The Alamar Blue™ Assay described below was performed in the same

manner for both co-culture and monoculture.

Alamar Blue™ Assay in 2D AD Model:

e The medium on the cells is first removed.

e Serum-free medium which contains 10% Alamar Blue™ dye was added to the
cells.

e The cells were incubated at 37°C, 5% CO: in the dark for 4 hours.

e At the end of 4 hours, absorbance was measured with a spectrophotometer at
570 and 600 nm wavelengths.

e To eliminate background absorbance, raw data is obtained by subtracting the

600 nm wavelength from the 570 nm wavelength.

Alamar Blue™ Assay in 3D AD Model:

Harvesting microtissues step is crucial to accurate assess cell viability.
Therefore, a method was developed based on the microtissue harvesting performed by

Dogan (2017) and the Alamar Blue™ test was performed.

e To determine cell viability, agar micro tissue molds were inverted with sterile
forceps. Then, they were centrifuged for 5 minutes, 1000 rpm and 4 °C.

e The medium containing the micro tissues was transferred to the eppendorf tube.
In order for the micro tissues to come together and form a pellet, the tubes were
centrifuged for 5 minutes at 1000 rpm.

e The supernatant was removed.
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e A total volume of 150 pL of medium containing 10% Alamar Blue™ dye and
90% serum-free medium was added to each eppendorftube and the pellets were
dispersed.

e 150 pL of each sample was added to the 96-well plate and plate was incubated
at 37°C, 5% CO: for 4 hours.

e After 4 hours of incubation, the samples were taken back into the eppendorf
tube and centrifuged for 5 minutes at 1000 rpm.

e A 100 pL volume of sample from each tube was added into a 96-well plate.

e Viability analysis results were obtained in a spectrophotometer at a wavelength
of 570-600 nm.

e To eliminate background absorbance, raw data is obtained by subtracting the

600 nm wavelength from the 570 nm wavelength.

2.3.2 Quantitative Real Time Polymerase Chain Reaction (QRT-PCR)

Polymerase Chain Reaction is the process of multiplying RNA obtained from

samples such as cells and tissues by converting it into cDNA (Shiao, 2003).

e First, the AD model was created for the polymerase chain reaction (PCR).

e Then, the cells were harvested.

e To harvest the cells, the following steps were followed in order:

e The supernatant of the cells was thrown away.

e The cells were gently washed with Ca*?, Mg*? free PBS.

e The cells were separated from the well plate with 0.25% trypsin-EDTA.

e Subsequently, the medium was added to dilute the trypsin-EDTA and the cells
were collected in an eppenforf tube.

e C(ells were centrifuged at 1000 rpm for 5 minutes.

e At this stage, the step of obtaining total Ribonucleic Acid (RNA) isolation was
started.

e RNA isolation kit (Lucigen, MC85200) was used for total RNA isolation.

e C(ells were treated with lysis and protein precipitation solution.
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RNA was precipitated with isopropanol, washed with 70% ethanol, and
vortexed.

Absorbances at 260 nm and 280 nm wavelengths were measured to determine
the concentration and purity of isolated RNA.

The isolated total RNAs were used in complementary Deoxyribose Nucleic
Acid (cDNA) synthesis as at least 3 pg.

The cDNAs obtained as a result of the synthesis were diluted with nuclease-
free water at a ratio of 1:4 and used for qRT-PCR processes.

For the synthesis of cDNA, RNAs which A260/A280 ratios between 1.8-2
were selected and then cDNA synthesis procedure (Applied Biological
Materials-abm Inc, G236) performed.

Changes in mRNA expression levels of genes were affecting AD such as
ADAMY, APP, BACEI, MAPT, ACHE, CHAT, BDNF and CREB genes were
investigated with qRT-PCR.

For real-time PCR, ADAMY, APP, BACEI, MAPT, ACHE, CHAT, BDNF,
CREB and BACT (beta actin) primers were diluted to 10 pM.

1 pL of diluted cDNA, 0.5 puL of 10 uM forward (F) and reverse (R) primers
were mixed with 8 pL of nuclease-free water and 10 uL of SYBR Green
mixture (Applied Biological Materials-abm Inc, G891) was added.

Initial denaturation was performed at 95 °C for 3 minutes, followed by a total
of 40 cycles; PCR program was created to denaturate at 95 °C for 15 seconds,
annealing and chain extension at 60 °C for 1 minute.

For the melting curve analysis, another segment was added at the end of the
40th cycle for 1 minute at 95 °C, 30 seconds at 55 °C and 30 seconds at 95 °C.
The presence and purity of PCR products were checked with melting curve
analyses.

In the analysis of the expression levels of gene products, -Act was used as the
reference gene and relative mRNA expression levels were calculated compared

to the control group using the “Comparative AACT” method.
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2.3.3 Bicinchoninic Acid (BCA) Assay

Bicinchoninic Acid Assay (BCA) is a colorimetric method that allows
determining the protein concentration in biological samples such as cells and tissues

(Olson and Markwell, 2007).

e To perform BCA assay (Thermo Scientific, 2327), firstly the cells are
harvested and lysed.

e The methods of lysed cells in 2D and 3D AD models are different from each
other. For 2D AD model, first the upper phase of the cells was discarded. Then
the cells were washed with Ca*?, Mg*? free PBS.

e Cells were separated from the plate surface with the help of trypsin-EDTA.

e DMEM HG was added to the cells separated from the surface and they were
collected in an eppendorf tube.

e In the AD model created with the 3D microtissue method, the microtissue
molds were turned upside down with the help of sterile forceps.

e The plate was centrifuged for 5 minutes at 1000 rpm.

e Then the cells in each mold were collected and placed in an eppendorf tube.

e After these steps, each process was continued as follows in the 2D and 3D AD
models.

e Harvested cells were centrifuged for 5 minutes at 1000 rpm.

e The medium was removed from tubes. It was washed again with Ca*?, Mg*?
free PBS.

e Lysis buffer was added to each eppendorf tube.

e The cells were sonicated with a sonicator for 30 minute.

e In order to remove insoluble material, the tubes were centrifuged again after
the sonication process.

e The supernatant was taken to a clean eppendorf for use.

e Each sample was kept on ice until the BCA analysis was completed.

e 2mg/mL BSA stock solution was used to create the standard curve of the BCA
analysis. Protein contents with known concentrations were obtained by serial
dilution.

e Standards and samples were taken into 96 well plates as 25 pL.
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e Working reagent (50:1) was created with BCA Protein Assay Reagent A and
BCA Protein Assay Reagent B.

e 200 pL was added to each sample and standards.

e After shaking for 30 seconds, it was incubated at 37 °C for 30 minutes.

e Following incubation period, plate was cooled to room temperature and
absorbance values was read at 562 nm on the spectrophotometer.

e A standard curve was generated with absorbances for known protein
concentrations.

e According to the standard curve, protein concentrations were obtained from

the absorbance values of the samples.

2.3.5 pMAPT/pTau Amount Determination

An increase in the amount of pTau is expected in AD model (Tarasiuk et al.,
2018). The following protocol was performed according to the manufacturer’s

instructions for the pTau ELISA kit (Elabscience, E-BC-K028-M).

e Biotinylated Detection Ab Working Solution, HRP Conjugate Working
Solution, Wash Buffer and standards are prepared in the amount to be used.

e 2D and 3D AD models were created. Cells were harvested for the assay as
described in the BCA assay.

e Following cell harvesting, 100 puL of standards and samples were added to the
96-well which contains to the samples.

e Incubation was carried out for 90 minutes at 37°C in a CO;-free incubator.

e Assoon as the liquid was removed from the well after 90 minutes, biotinylated
detection Ab working solution was added to each well and the 96 well plate
incubated for 1 hour at 37°C in a CO»-free incubator.

e At the end of the incubation time, biotinylated detection Ab working Solution
was removed from the plate and washed three times with wash buffer.

e Subsequently, 100 uL. of HRP conjugate working solution was added to the
well containing the samples and incubated for 30 minutes at 37°C in a CO2-

free incubator.
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e After removing the liquid medium, the plate was washed five times with wash
buffer.

e Once the washing was completed, 90 puL of substrate reagent was added and
incubated for 15 minutes at 37°C in a CO»-free incubator.

e At the end of 15 minutes, stop solution was added to each well.

e Measurements were immediately taken with a spectrophotometer at a

wavelength of 450 nm.

2.3.6 Acethylcholinesterase (AchE) Activity Assay

An increase in AchE levels is expected in the AD model (Garcia-Ayllon et al.,
2021). The protocol for this assay was established in accordance with the

manufacturer’s instructions provided with the kit (Elabsciense, E-BC-K174-M).

e First, AD models in both 2D and 3D formats were constructed.

e Following step, cells were harvested for the assay as described in the BCA
assay.

e 200 pL of lysis buffer was added to each eppendorf tube and sonicated for 30
minutes.

e After sonication process, samples were centrifuged for 5 minutes at 1000 rpm.

e The supernatant was transferred to a new eppendorf tube.

e BCA analysis was performed to determine protein concentration ratios before
starting the acetylcholine esterase assay.

e Following the BCA analysis, 20 pL of each sample was taken into the plate
provided in the kit for the AchE assay.

e Then, 170 pL of chromogenic solution was added, followed by 10 pL of
substrate working solution.

e Absorbance measurements were performed in two stages. Before the first
measurement, the plate was mixed in the spectrophotometer for 5 seconds.
Measurements were taken at 412 nm wavelengths for 30 and 330 seconds to
obtain AA. The absorbance at 30 seconds was recorded as Aj, and the
wavelength at 330 seconds was recorded as A».

e AChE levels (U/mL) were quantified according to the following formula:
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%4
AchE Activity (U/mL) = (A= GHx107)+ (CprxVsample) ~TXS _ 245XMA+CprXf
y Cell Viability Cell Viability

AA = A, — A,

€ = molar extinction coefficient 0SSf TNB, 1.36x10* L/mole/cm,

d = optical path of the 96 wells microplate, 0,6 cm,

Viotal = total volume of reaction system, 2x10™ L,

Vsample = volume of sample added into the reaction system, 2x102 mL,
10° = unit conversetion, 1 mol = 10° nmole,

T = reaction time, 5 min,

Cpr = concentration of protein in sample, mg/mL,

f = diluton factor of sample before test.
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SECTION THREE

3. RESULTS

3.1 Alzheimer’s Disease Model

3.1.1 2D Alzheimer’s Disease Model

Figure 5 shows inverted phase microscope images of SHSYSY cells treated
with ABi-42 peptide at 8, 4, and 2 uM for 48 hours. When the images are examined, it

is seen that the change in cell form begins after 48 hours at the highest dose.

Control

Addition of 8
uM ABi.42
peptide, 24 h

Addition of 4
uM A4
peptide, 24 h

Addition of 2
uM ABi-42
peptide, 24 h
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Cell control 48
hours

ABi-42 peptide, 48 APi-42 peptide, 48

Addition of 2 uyM  Addition of 4 uM  Addition of 8§ uM

APi.42 peptide, 48 h

Figure 5: 2D Alzheimer's Disease Model Experimental Images at different APi.42
concentrations and on different days (4X magnification, Olympus CK40)

3.1.2 3D Alzheimer’s Disease Model

Inverted phase microscope images at 10X magnification of microtissues treated
with 20-0.625 pM APi-42 peptide for 48 hours are shown in Figure 6. The phenomenon
observed here is similar to that observed under 2D conditions. Spheroid disintegration
began at 48 hours and at the highest dose of 20 uM. The structural integrity of the

spheroids appears to be preserved as the dose decreases.
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48 h

Figure 6: 3D Alzheimer's Disease Model Experimental Images at different APi-42

Addition of 1.25
uM ApPi.42 peptide,

Addition of 0.625
uM ApPi-42 peptide,
48 h 42 peptide, 24

concentrations and on different days (10X magnification, Olympus CK40)

3.1.3 Co-culture 2D Alzheimer’s Disease Model

3.1.3.1 N9 Growth Kinetics

The NO cell line is a gift from the Genc Laboratory of the Izmir Biomedicine
and Genome Center. Because the cells brought to the laboratory from abroad and the
SHSYS5Y cell line to be cocultured were in a different medium, the growth kinetics of

the cell were studied for adaptation.

3.1.3.2 Growth Kinetics of N9 Cells in RPMI Medium

The growth behavior of N9 cells was observed in RPMI medium at different
concentrations for 14 days. Spectrophotometric measurements were taken at 570 and
690 nm wavelengths for MTT analysis, and the 690 nm wavelength was subtracted
from the 570 nm wavelength to remove background absorbance The results are shown

in Figure 7 below.
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Figure 7: Growth Kinetics Results of N9 Cells in RPMI Medium

Since lag phase, log phase, stationary phase and death phase were observed,

the cell density selected for acclimation to DMEM HG medium was 5x10° cells/mL.

3.1.3.3 Growth Kinetics of N9 Cells in DMEM HG Medium

After adapting N9 cells to DMEM HG medium, MTT analysis was performed
for 14 days to observe their behavior. Spectrophotometric measurements were taken
at 570 and 690 nm wavelengths for MTT analysis, and the 690 nm wavelength was
subtracted from the 570 nm wavelength to remove background absorbance. The results

are shown in Figure 8.
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Figure 8: Growth Kinetics Result of N9 Cells in DMEM HG Medium

3.1.3.4 Coculture Results of SHSYS5Y and N9 Cells

The results of the MTT test, performed to see which ratios of SHSYS5Y and N9
cells create a healthier growth environment, are shown in Figure 9. Based on the
results, the cell ratio determined for the appropriate coculture was selected as 5x10°

cells/mL:10* cells/mL(1:2) ratio for SHSYSY:NO.
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g
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<
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—@— SHSY5Y- 5x1073 cell/mL —@— N9 - 5x10"3 cell/mL
SHSY5Y- 1074 cell/mL —8— N9 -10"4 cell/mL
—@— SHSY5Y+N9:10"4:5x10"3 cell/mL SHSYS5Y+N9:5x1073:5x1073 cell/mL

—@— SHSY5Y+N9:5x1073:1074 cell/mL. =——@==SHSYS5Y+NO9:1074:10"4 cell/mL

Figure 9: Coculture Results of SHSYSY and N9 Cells
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Figure 10 shows inverted phase microscope images of an in vitro co-culture
model of N9 and SHSYS5Y cells using 1 mg/mL LPS and 10 uM APi.42 peptide and its
serial dilutions to create a 2D AD model.These observations suggest that, compared to
the control group, when the ABi.42 peptide dose was high, the N9 ratio in the medium
increased significantly, and SHSYS5Y cells became undetectable in the culture

medium.

10 uM ABj42 + 1 Control
h

S5uM ABra +1
I mg/mL LPS, 24 mg/mL LPS,24h mg/mL LPS, 24 h

2.5 UM ABia2 +

1.25 uM ABi42 +
1 mg/mL LPS, 24
h
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Figure 10: Experimental Images of 2D Coculture Alzheimer's Disease Model at
Different ABi42 Concentrations and Different Days (4X magnification, Olympus
CK40)

3.1.4 Co-culture 3D Alzheimer’s Disease Model

The appearance of N9 and SHSYSY cells co-cultured using the 3D Petri Dish
method is quite different from the images obtained from the AH model created with
SHSY5Y cells alone. To create the model, microtissues were also incubated in medium
containing 20 uM APi42and 1 mg/mL LPS for 48 hours. However, even in the control
group, the tissues failed to develop structural integrity, and the cells were observed to

be more dispersed, particularly in the 20 uM Ai-42+ 1 mg/mL LPS and 48-hour group.

Control

20 uM ABia2 + 1
mg/mL LPS, 24 h
~

10 uM AB142 + 1
mg/mL LPS, 24 h
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10 uM AB1a2 + 1

SuM AP+ 1
mg/mL LPS,48h  mg/mL LPS, 48 h

2.5 uM ABia2 + 1
mg/mL LPS, 48 h

1.25 uM ABia2 +
1 mg/mL LPS, 48
h

0.625 uM ABi42 +
1 mg/mL LPS, 48
h

Figure 11: Experimental Images of 3D Coculture Alzheimer's Disease Model at
Different APi.42 Concentrations and Different Days (10X magnification, Olympus
CK40)
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3.2 Cell Viability

The results of the Alamar Blue™ Analysis performed at wavelengths of 570-
600 nm are given in Figure 12, 13, 14, 15, 16, 17 and 18. It was determined that the
data showed normal distribution and statistical analyses were performed using the one-

way ANOVA method.

3.2.1 2D Cell Viability

The optimum Api-42 concentration found in the 2D monoculture AD model was

4 uM at 48 hours incubation.

Incubation of SHSYSY cells with ABi-42 peptide for 24 hours did not cause any

significant change in cell viability. It shown in the Figure 12.
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Figure 12: Cell viability data after 24 hours of incubation to determine the optimum

AP1-42 peptide concentration in a 2D AD model

After 48 hours of incubation with Ai.42 peptide, the viability of SHSYS5Y cells
was statistically significantly decreased (**p<0.01) at 8 uM (Figure 13).
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Figure 13 : Cell viability data after 48 hours of incubation to determine the optimum

AP1-42 peptide concentration in a 2D AD model

After 72 hours of incubation with A1.42 peptide, the viability of SHSYS5Y cells
was statistically significantly decreased (****p<0.01) at 8 uM (Figure 14).
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Figure 14: Cell viability data after 72 hours of incubation to determine the optimum

APi-42 peptide concentration in a 2D AD model

3.2.2 3D Cell Viability

In the 3D monoculture AD model, the optimum Api-4> concentration was found
to be 20 uM after 48 hours of incubation. In the 3D AD model, no statistically

significant change in cell viability was observed after 24 hours of incubation with Ap;.

42 peptide.
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Figure 15: Cell viability data after 24-hour incubation to determine the optimum Ap;.-

42 peptide concentration in a 3D monoculture AD model

In contrast to 24 hours, after 48 hours, a significant decrease (*p<0.05)
occurred at the initial ABi-42 concentration of 20 uM in the 3D AD model compared to
the other concentrations. The optimal amount of ABi42 in the 3D AD model was

determined to be 20 uM. Cell viability results are shown below in Figure 16.
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Figure 16: Cell viability data after 48 hours of incubation to determine the optimum

AP1-42 peptide concentration in a 3D AD model

3.2.3 2D Co-Culture Cell Viability

In the model optimized by co-culture of the 2D AD model developed with
SHSY5Y and NO cells and added 1 mg/mL LPS and 10 uM APi.42 peptide as an initial
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concentration, a decrease in cell viability occurred at 10 uM APi42. Details are shown

in Figure 17.
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Figure 17: Cell viability data after 48 hours of incubation to determine the optimal

APi-42 peptide concentration in the 2D Co-culture AD model

3.2.4 3D Co-Culture Cell Viability

To determine the optimal concentration of APi.42 peptide, a 3D AD model
consisting of SHSYSY and NO cells was incubated with 20 uM and diluted
concentrations of APi.42 peptide and 1 mg/mL LPS for 48 hours. In Figure 18, cell
viability results showed that 20 uM APi42 peptide increased cell viability after 48

hours, but this increase was not statistically significant compared to the control group.
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Figure 18: Cell viability data after 48 hours of incubation with 1 mg/mL LPS to

determine the optimal Ai-42 peptide concentration in the 3D Co-culture AD model
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3.3 Quantitative Real Time Polymerase Chain Reaction (QRT-PCR)

3.3.1 qRT-PCR Results for 2D AD Model

To establish the Real Time PCR set, the total RNA concentration and
A260/A280 ratio obtained from SHSYS5Y cells are shown in Table 1. When the amount
of total RNA obtained from cells in the 2D AD model was examined, the concentration
in the control group was almost three times higher than in the AD model. RNA
integrity and purity were assessed by spectrophotometry, and only samples with an

A260/A280 ratio between 1.8 and 2.0 were used for RT-PCR.

Table 1: Concentrations and purities of RNAs obtained from control and 2D AH

model groups

A260/A280 Concentration (ng/pL)
Control 2,01 1378,10
2D AD Model 1,99 489,57

Changes in mRNA expression levels with ADAMY, APP, BACEI, MAPT,
ACHE, BDNF, CREB and BACT primers were demonstrated by quantitative PCR and
the results are given in Figure 19. When the genes expressed in the 2D AD model were
examined, significant increases were observed in APP, BACE1, and MAPT expression
levels, while no statistically significant changes were detected in ACHE, and CREB.
Also, ADAMY and BDNF genes expression levels statistically were decreased.
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Figure 19: Relative APP, ADAMY9, BACE1, MAPT, ACHE, BDNF and CREB genes

expression levels in 2D AD and control groups

3.3.2 qRT-PCR Results for 3D AD

Model

The concentration and purity of the isolated total RNAs were measured

spectrophotometrically, and the results are presented in Table 2. In 3D AD model,

spectrophotometric analysis (A260/A280) indicated that the samples were sufficiently

pure for qRT-PCR. Total RNA concentration was higher in this group than the control

group.

Table 2: Amount and purity of RNA obtained from the 3D AD model and control

group
A260/A280 Concentration (ng/pL)
Control 1,95 233,78
3D AD Model 1,97 394,00
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The relative expression levels of genes are presented in Figure 20. According
to qRT-PCR results, the genes with increased expression levels in the AD model
compared to the control group were BACEI, MAPT, and ACHE, while ADAMY,
BDNF, and CREB genes showed decreased expression. No significant difference was

observed in APP gene expression level.
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Figure 20: Relative APP, ADAMY, BACEI, MAPT, ACHE, BDNF and CREB

expression levels of 3D AD and control groups

3.3.3 qRT-PCR Results for 2D Co-Culture AD Model

Results including RNA concentrations and A260/280 values are presented in
Table 3. Spectrophotometric measurements showed that the isolated RNAs were of

sufficient concentration and purity, and no contamination was detected according to

the A260/280 ratio.
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Table 3: Amount and purity of RNA obtained from the 2D co-culture AD model and

control group

A260/A280 Concentration (ng/pL)
2D Co-Culture Control 1,94 83,55
2D Co-Culture AD Model 1,74 29,59

Changes in mRNA expression levels with ADAMY9, APP, BACEI, MAPT,
ACHE, BDNF, and CREB primers were demonstrated by qRT-PCR and the results are
given in Figure 21. qRT-PCR analysis demonstrated that, in the 2D co-culture AD
model, expression levels of APP, ADAMY, BACEI, ACHE, BDNF, and CREB genes
were significantly reduced compared with the control group. MAPT expression was

not detectable in this model.
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Figure 21: Relative APP, ADAMY, BACEI, MAPT, ACHE, BDNF and CREB

expression levels of 2D co-culture AD and control groups
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3.3.4 qRT-PCR Results for 3D Co-Culture AD Model

The quality of the nucleic acids was verified, and samples meeting the purity
threshold were subjected to RT-PCR analysis. These outcomes are presented in Table
4.

Table 4: Amount and purity of RNA obtained from the 3D co-culture AD model and
control group

A260/A280 Concentration (ng/pL)
3D Co-Culture Control 1,97 83,55
3D Co-Culture AD
1 2
Model 98 9,59

According to qRT-PCR analysis, in the 3D co-culture AD model, APP,
ADAMY, and BACE| expression levels were significantly upregulated compared to the
control group. Conversely, MAPT, BDNF and CREB were downregulated, while
ACHE expression was present at low but measurable levels. The overall gene

expression patterns are illustrated in Figure 22.
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Figure 22: Relative APP, ADAMY, BACEI, MAPT, ACHE, BDNF and CREB

expression levels of 3D co-culture AD and control groups

3.4 Bicinchoninic Acid Assay (BCA)

In BCA analysis, a graph was created to determine protein concentrations and
unknown protein concentrations were calculated using the resulting equation.

y=0.001x+0.1765 and R*=0.996. The standard curve graph is shown in Figure 23.
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Figure 23: Standard curve used for BCA analysis

49



Protein values were measured spectrophotometrically at a wavelength of 562
nm and the values obtained are shown in the Table 5. Since the optimum A4
concentration could not be optimized in coculture AD models, the highest applied AB:-

42 concentration was used in the experiments.

Table 5: Protein values measured in the AD model and control group

Control (mg/mL) AD Model (mg/mL)
2D AD 0,85 +0,03 0,30 + 0,08
3D AD 0,63 £0,08 0,58 +0,10
2D Co-culture AD 0,28 £ 0,05 0,19 +0,04
3D Co-culture AD 0,50 £ 0,07 0,58 £ 0,07

3.5 Acetylcholinesterase (AchE) Activity

In AchE analysis, a standard curve is created for the unknown amount of AchE
from absorbance values. Groups were analyzed using the One Sample t Test method.
The equation obtained from the standard graph is y = 0.001x + 0.1765 and R* = 0.996.

The created curve is shown in Figure 24.

50



ot
th

7z 2
=
@
A 1,5
[-5]
(5]
=
g 1
2 v = 0,001x + 0,1765
g R? = 0,996
205

0

0 500 1000 1500 2000 2500

Protein Concentration (ng/mL)

Figure 24: Standard Curve Used for Determination of AchE Activity

3.5.1 AchE Activity in 2D AD Model

The AchE activity of the 2D AD model created with SHSHSY cells is evaluated
in Figure 25. When the AchE activity of the AD model was evaluated, a statistically

significant increase (***p<(0.001) was observed compared to the control group.
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Figure 25: AchE Analysis in 2D AD Model
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3.5.2 AchE Activity in 3D AD Model

The AchE Specific Activity results of the 3D AD model created with SHSYSY
cells are shown in Figure 26. A statistically significant increase (*p<0.05) in AchE

specific activity was observed in the AD model compared to the control group.
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Figure 26: AchE Analysis in 3D AD Model

3.5.3 AchE Activity in 2D Co-Culture AD Model

The results of AchE specific activity in the 2D coculture AD model created
with N9 and SHSYSY cells are shown in Figure 27. Although there was no statistically
significant difference in the amount of AchE specific activity in the AD model

compared to the control group, an increase was observed.
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Figure 27: AchE Analysis in 2D Coculture AD Model
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3.5.4 AchE Activity in 3D Co-Culture AD Model

The results of AchE specific activity in the 3D coculture AD model created
with N9 and SHSY5Y cells are shown in Figure 28. When the AchE specific activity
was compared, the AchE value of the control group was higher and no statistically

significant difference was obtained between them.
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Figure 28: AchE Analysis in 3D Coculture AD Model

3.6 pMAPT/pTau Assay

The standard curve created to calculate the human pMAPT/pTau concentration
obtained from the samples is given below. Also, results were analyzed using the One
Sample t Test method. The curve equation is y=0.0008x+0.06638. The R? value was
found to be 0.9996.
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Figure 29. Standard curve graph created to calculate human pMAPT/pTAU amount

3.6.1 pMAPT/pTAU Analysis in 2D AD Model

The pMAPT/TAU results of the AD model created with SHSYSY cells are
shown in Figure 30. When the amount of pMAPT/TAU in the control group and the
AD model was compared, a statistically significant increase occurred in the AD model

(***%p<0.0001).
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Figure 30: pMAP/TAU Analysis in 2D AD Model
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3.6.2 pMAPT/pTAU Analysis in 3D AD Model

The pMAP/TAU results of the 3D AD model created with SHSYSY cells are
shown in Figure 31. According to the results, the amount of pMAP/TAU increased in
the AD model compared to the control group (*p<0.05).
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Figure 31: pMAP/TAU Analysis in 3D AD Model

3.6.3 pMAPT/pTAU Analysis in 2D Co-Culture Model

The pMAPT/pTAU results in the coculture AD 2D model created with N9 and
SHSYSY cells are shown in Figure 32. The amount of pMAPT/pTAU showed a
statistically significant increase (*p<0.05) in the control group compared to the AD

model group.
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Figure 32: pMAPT/pTAU Analysis in 2D Co-Culture AD Model
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3.6.4 pMAPT/pTAU Analysis in 3D Co-Culture Model

The pMAPT/pTAU results in the coculture AD 3D model created with N9 and
SHSYS5Y cells are shown in Figure 33. The amount of pMAPT/pTAU was higher in
the control group than in the AD model, but not significant difference was observed

between them.
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Figure 33: pMAPT/pTAU Analysis in 3D Coculture AD Model
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SECTION FOUR

4. DISCUSSION

Cell viability results showed that the Afi4> concentration that made a
significant difference in the 2D AD model was 8 pM after 48 h of incubation, as shown
in Figure 13. However, because cell viability continued to decrease dramatically, the
APi-42 concentration used in the development of the AD model was 4 uM after 48 h of
incubation. In designing the 3D AD model, the optimum Afi.42 concentration for 48 h
was determined as 20 uM, as shown in Figure 16. As presented in Figure 18, ABi.42
administration did not cause a significant change in cell viability in the co-culture
model. However, while a decrease in cell viability was expected at 48 hours, as in the
2D mono-culture AH model, an increase in cell viability was observed in the 2D co-
culture AH model. It is thought that this situation may have occurred due to the
proliferation of microglia activated by proinflammatory stimuli (LPS). (Zhang et al.,

2024).

In the microscope images of the 2D AD monoculture and co-culture models
shown in Figures 5 and 10. When the images were examined, it was seen that cell
morphology in AD models changed compared to the control groups and cells
demonstrated disrupted integrity. These results clearly demonstrate that amyloid beta
peptide in the culture medium exhibits toxicity (Wiles et al., 2017). In the 3D co-
culture AD model images shown in Figure 10, it is noteworthy that the cells form bulky
structures instead of the typical microtissue form, and irregular boundaries are
observed even in the control group. Bassil and colleagues (2021) reported that co-
culturing mouse and human cells weakened cell-to-cell interactions. Similarly, this
study also involved co-culturing cells of different origins (mouse and human), which
may have led to poor cell-to-cell interactions. Possible reasons for this could include

differences in cell metabolic rates or changes in the culture medium (Vis et al., 2020).

AD model was established in both 2D and 3D monoculture systems, and
differences in disease-related gene expression were detected. As shown in Figure 19,
in the 2D AD monoculture model compared to the control BACE1, APP, MAPT gene
expressions were significantly upregulated, while ADAMY and BDNF gene expression
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was downregulated. ACHE, and CREB expression was not significant. However,
when the ACHE levels measured by ELISA at the protein level in Figure 25 were
examined, an increase is observed in the AD model. This suggests that ACHE mRNA
may have been degraded within the cell but was captured by the ELISA because
translation occurs, and the protein is released outside the cell. Therefore, the reason
for the lack of ACHE gene expression observed in qRT-PCR may be that the mRNA
is degraded within the cell before being translated into protein (Shaltiel et al., 2012).
BDNF, a key regulator of neuronal survival and plasticity, was decreased in the AD
model, confirming its role in synaptic dysfunction and cognitive decline (Baghi et al.,
2021). CREB, atranscription factor activated by BDNF signaling, also showed reduced
expression, further supporting impaired neuronal survival pathways (Sheng et al.,

2012; Sohn et al., 2021).

In the 3D AD monoculture model, which shown in Figure 20, APP levels did
not show a significant change, whereas ADAMY, BDNF, and CREB were decreased,
and BACE1, MAPT, and ACHE genes expression were markedly increased. Reduced
APP expression in the 3D system may be explained by APi42 supplementation
suppressing APP transcription (Martinsson et al., 2022), hypoxic stress within the 3D
environment, or the fact that 3D culture more closely mimics in vivo APP regulation

compared to 2D (Whitehouse et al., 2025; Fang et al., 2024).

ADAMY downregulation in both models (2D and 3D monoculture) indicates
enhanced APP cleavage by B-secretase, promoting AP accumulation (Moss et al.,
2011). The observed increase in BACE| supports literature findings that f-secretase
activity is elevated under oxidative stress and inflammation in AD pathology
(Cervellati et al., 2019; Baek et al., 2025). MAPT upregulation in both systems
suggests tau hyperphosphorylation and tangle formation, supporting AD establishment
(Gultekin et al., 2024; Zheng et al., 2023). Elevated ACHE levels confirm cholinergic
dysfunction and decreased acetylcholine availability (Deenathayalan & Brindha et al.,
2023; Sivaraman et al., 2022). Together, these results indicate that the 3D monoculture
AD model reflects AD pathology more accurately than the 2D model (Ko et al., 2022).

In the 2D co-culture AD model shown in Figure 21, APP expression was
significantly decreased in the AD group compared to the control, although an increase

would generally be expected in Alzheimer’s pathology due to its role as the precursor
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of AP peptides. This reduction may reflect transcriptional feedback inhibition caused
by AP accumulation or inflammatory regulation mediated by microglia (Park, et al.,
2024). ADAMY expression was also reduced, which is consistent with the shift of APP
processing from the a-secretase to the fB-secretase pathway (Wang, et al., 2024). In
contrast, BACEI expression was markedly increased, supporting the enhanced
amyloidogenic processing observed in AD (Andrew, et al., 2017). MAPT levels didn’t
expressed in the AD model. Importantly, both ACHE, BDNF and CREB expression
were decreased. These results may highlight that microglial activation in the 2D
culture contributes to anti-inflammatory signaling thereby supporting neuronal

survival and synaptic plasticity (Feng, et al., 2020).

In the 3D co-culture AD model, which shown in Figure 22, a different pattern
was observed. APP expression was strongly increased in the AD group compared to
controls, suggesting that the combined effects of hypoxia and microglial-derived
inflammation in the 3D environment more profoundly suppress APP transcription
(Kauppinen et al., 2011). ADAM9 expression was elevated, whereas BACEI showed
robust increases, confirming the activation of amyloid and tau pathologies.
Interestingly, ACHE and BDNF expression did not show a significant change, whereas
CREB expression was markedly reduced. BDNF transcription is relatively preserved
in the 3D system. Similar to the work of Yin et al., our findings suggest that this model
can also exhibit proinflammatory responses, as observed in the 2D co-culture model.

These results are consistent with data reported in the literature (Yin, et al., 2020).

Taken together, in the co-culture models, microglia appear to play a protective
role. Although several genes such as BACEI, MAPT, APP reflect AD pathology,
further confirmation is required by examining inflammatory mediators such as TNF-a
and TGF-f. On the other hand, in the monoculture models (2D and 3D), the consistent
upregulation of AD-related genes supports that an AD model has been successfully

established.

When BCA results were evaluated, the 3D AD model generated with SHSYSY
cells had the highest protein concentration. Interestingly, although viability was high
in the 2D co-culture AD model, the resulting protein concentration was significantly
lower than in the 2D AD model. There is a complex relationship between protein

concentration and viability. High protein concentrations can lead to protein
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misfolding, which can lead to apoptosis in cells, or activate different signaling
pathways within the cell, enabling survival (Akter et al., 2019). Therefore, particularly
in 2D AD modeling, a low protein concentration despite high viability can indicate

misfolding or degraded protein levels.

When AchE levels were examined which is shown in Figure 25 and Figure 26,
monoculture AD model, an increase in AchE levels was observed in both the 2D and
3D models, as expected. However, the results in the cocultured AD model which found
in the Figure 27 and Figure 28 were slightly different. An increase in AchE levels was
observed in the 2D cocultured AD model, but this increase was not statistically
significant. In the 3D model, the control group had higher AchE levels. This may be
because the 3D in vitro environment better mimics the real AD microenvironment (Tao
et al., 2022). Neuronal responses from SHSYS5Y cells may have been suppressed in
the presence of LPS (Matis et al., 2017). This explains the lower than expected AchE
release in both the 2D and 3D constructs. Another reason may be that activated
microglia due to the proinflammatory response due to the presence of APi42 may
activate the P2Y6 and P2X7 signaling pathways, which are responsible for the

regulation of proinflammatory responses (Ngamjariyawat et al., 2013).

As shown in Figures 30 and 31, pMAPT/TAU levels in SH-SYSY cells were
significantly different in pMAPT/pTAU compared to the control, consistent with
AD.This is because the amount of pTAU, a pathological marker of AD, increases,
leading to NFTs. The presence of APi.42 also expressed genes characteristic of AD at
the cellular level. However, the most striking results for pMAPT/pTAU were obtained
in the 2D and 3D AD models generated with cocultured N9 and SHSYSY cells shown
in Figure 32 and Figure 33. In the Figure 32, 2D AD model, pTAU levels were higher
in the ABi-42 and LPS-free group than in the LPS-containing group. This may be due
to several factors. First, it is suggested that N9 and SHSYSY cells are of different
origins (Vatter & Brinton, 2014). The interaction between AP and tau depends on the
microenvironment. The regulatory mechanisms of tau protein may be inactivated in
the presence of LPS (Rajendrakumar et al., 2024). For a similar reason, the addition of
N9 microglia to the coculture medium may have hindered the measurement of pTau
levels due to the cytokines they secrete as a result of the immune response. Conversely,

the proinflammatory response may have increased the ability to prevent tau from

60



becoming hyperphosphorylated, thus reducing its hyperphosphorylation (Feng et al.,
2019).

The findings obtained from the 3D co-culture Alzheimer's disease model do
not overlap with the results obtained from the 3D monoculture model and even reveal
opposite responses. There are several possible explanations for this: First, SHSYSY
cells are human-derived neuroblastoma cells, while N9 cells are mouse-derived
microglia. The use of human and mouse cells in this study is linked to the existence of
evolutionarily conserved biological pathways across species, as these two species
share orthologous genes. In in vivo experiments, mouse models capable of mimicking
AP protein accumulation through mutations in the APP gene are widely used, allowing
for the convenient modeling of Alzheimer's disease pathology due to the presence of
orthologs (Yokoyama et al., 2022). But in these research coculture of cells from
different species may not produce the expected cytokine responses or metabolic
activities. Cell-cell interactions or signals that activate pathways may come from
different origins, which may have caused the signals not to be transmitted (Vatter &
Brinton, 2014). Therefore, AD may have progressed in this model due to degeneration
of SHSYSY cells. Third, in the presence of LPS, microglia have the ability to kill
healthy cells. The additional presence of different cell lines and the human origin of

SHSY5Y may have led to its perception as an additional pathogen (Dai et al., 2015).

In summary, the AD model generated in the presence of SHSYSY and APi-4
exhibited the expected AD markers, while the AD model in coculture did not. This is
primarily due to the different origins of the cocultured cells (Vatter & Brinton, 2014).
Another reason is that creating a coculture AD model using the 3D Petri Dish method
may not be appropriate. An alternative to this method is to create an AD model using
an insert. In this case, microglia activated in the presence of LPS and Ai.42will not
phagocytose the SHSYSY cells, providing the necessary signals and cytokines, thus
eliminating a decrease in cell viability and resulting in more accurate results. This will
allow for a more controlled microenvironment (Beca et al., 2019). However, this

method can also yield more accurate results using human derived HMC3 microglia.

Instead of microglia, which also cause an increase in cell numbers as a
proinflammatory response, astragalus cells, which change cell morphology when

activated, may be suitable for studying the immune system and AD disease (Ontiveros-
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Angel et al., 2024). Another reason is that, especially in the 3D co-culture AD model,
an anti-inflammatory response was expected in this model. However, considering that
the 3D model better mimics the real microenvironment, the AD model may exhibit an
anti-inflammatory response rather than a pro-inflammatory response. This may
explain the decreased levels of cell viability, AchE and pTau in the 3D coculture AD
model compared to other groups (Jang et al., 2020; Pislar, et al., 2021).

62



SECTION FIVE

5. CONCLUSION & RECOMMENDATIONS

In this study, the Alzheimer's disease model created by using the SHSYSY cell
line as a monoculture and adding the ABi.42 peptide, as well as 2D and 3D models in
which SHSYS5Y and NO cell lines were co-cultured and LPS was added to ensure
microglial activation in addition to the ABi-42 peptide, were evaluated in a multifaceted
manner. While a significant decrease in cell viability was observed after 48 hours of
incubation following application of 8 uM Api-42in the 2D model, this decrease became
evident only at a concentration of 20 uM in the 3D model. In coculture models,
application of 10 uM APi-42 resulted in an increase in viability. However, in general,
the optimum concentration of AD models created solely with SHSYSY have been
confirmed to be successful through quantitative analyses. But coculture AD models
created with N9 and SHSYS5Y cells did not yield results as successful as those using a
single cell line. This, in turn, demonstrates that the immune system influences AD
pathology. Therefore, anti-inflammatory tests with TNF-3 or pro-inflammatory tests
with TNF-a could illuminate the model's characterization. The 3D Petri Dish method
may not be suitable for coculture. To understand this, different 3D in vitro methods,
such as inserts, could be used. To investigate the effects of AD on the immune system,
astrocytes, which are members of the adaptive immune system, can be used instead of
microglia because they change morphology when activated. Peptide in the 3D
environment was determined to be 20 uM. Similarly, pMAPT/pTAU levels increased
significantly in 2D and 3D SHSY5Y models, while a decrease was observed in
coculture models compared to the control group, but this difference was not
statistically significant. Overall, these findings demonstrate the effectiveness of AD
models developed with SHSYSY and N9 cells on pathological markers and indicate

that cellular responses may vary in different models.

2D and 3D AD models developed with SHSYS5Y have been confirmed to be
successful through quantitative analyses. While the co-culture AD models with N9 and
SHSYSY cells did not mirror the monoculture AD model outcomes, they provided

additional insights into cell—cell interactions relevant to Alzheimer’s disease. This, in
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turn, demonstrates that the immune system influences AD pathology. In the co-culture
AD models may have pro-inflammatory response. Therefore, anti-inflammatory tests
with TNF-B or pro-inflammatory test TNF-a with could illuminate the model's
characterization. The 3D Petri Dish method may have limitations when applied to co-
culture systems. To understand this, different 3D in vitro methods, such as inserts,
could be used. To investigate the effects of AD on the immune system, astrocytes, can

be used instead of microglia because they change morphology when activated.
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