
OPTIMIZING SH-SY5Y CELL DIFFERENTIATION INTO
NEURONS AND INVESTIGATING THE EFFECTS OF

FLAVONOIDS ON NEURODEGENERATION

by

Meryem Şahin

B.S., in Chemistry, Bogazici University, 2013

Submitted to the Institute of Biomedical Engineering

in partial fulfillment of the requirements

for the degree of

Master of Science

in

Biomedical Engineering

Boğaziçi University

2019



iii

ACKNOWLEDGMENTS

I would like to dedicate this thesis to my grandfather. Seeing him live with

Parkinson’s Disease has been very painful. But his kind heart and continuous love,

even when going through this devastating disease, have always reminded me of the

things that are the most important in life.

I would like to express my deepest gratitude to my thesis supervisor Prof. Dr.

Hale Saybaşılı for her guidance and patience throughout my studies. Being in her class,

and then joining her laboratory to learn about neuroscience and electrophysiology was

one of the greatest fortunes I have had.

I am also grateful to Assoc. Prof. Dr. Bora Garipcan as he opened his cell

culture laboratory to me. In addition, I thank Alp Özgün and Fatma Zehra Erkoç for

their immeasurable help with the numerous problems I have encountered about cell

culture.

I also would like to thank Prof. Dr. Ayşegül Köroğlu for trusting me with

Sideritis brevibracteata extracts.

I sincerely thank Gül Öncü, Murat Can Mutlu and Sefa Erdoğan for their help

with the electrophysiology experiments and setup.

Lastly, I want to thank my mother and my father for their endless love and

support. Their happiness with my interest in pursuing academic studies fuels me to

work harder.

This thesis was partly funded by Boğaziçi University Research Fund Grant No.

13362.



iv

ACADEMIC ETHICS AND INTEGRITY STATEMENT

I, Meryem Şahin, hereby certify that I am aware of the Academic Ethics and

Integrity Policy issued by the Council of Higher Education (YÖK) and I fully acknow-

ledge all the consequences due to its violation by plagiarism or any other way.

Name : Signature:

Date:



v

ABSTRACT

OPTIMIZING SH-SY5Y CELL DIFFERENTIATION INTO
NEURONS AND INVESTIGATING THE EFFECTS OF

FLAVONOIDS ON NEURODEGENERATION

Parkinson’s disease is the second most common neurodegenerative disease both

in Turkey and in the world. The studies show the effects of inflammatory mechanisms

and reactive oxygen species in the neurodegenerative diseases. In this respect, study-

ing anti-inflammatory and antioxidant drugs on the models of Parkinson’s is of great

importance. Sideritis brevibracteata (P.H. Davis) is a plant endemic to Turkey that is

being consumed by local people as tea to treat rheumatic pain, gastrointestinal tract

problems and the common cold. Previous studies show the water-soluble flavonoids

of the plant have antioxidant and anti-inflammatory effects. SH-SY5Y neuroblastoma

cells are commonly used in the literature as neuronal models, however, there is no

agreed-upon differentiation protocol to conduct reliable research. In this thesis, dif-

ferentiation of SH-SY5Y cells into neurons was optimized, then Parkinson’s Disease

was modeled in SH-SY5Y neuroblastoma cells using rotenone. Then, S. brevibracteata

extract was investigated to see whether or not it has an effect on these cells in terms of

protection, using a cell viability assay. Results showed that 1 µg/mL S. brevibracteata

can protect the cells against 20 µM rotenone induced toxicity.

Keywords: SH-SY5Y, electrophysiology, Western blot, Sideritis brevibracteata, , neu-

rodegenerative diseases.
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ÖZET

SH-SH5Y HÜCRELERİNİN NÖRONA
FARKLILAŞTIRILMASININ OPTİMİZASYONU VE

SIDERITIS BREVIBRACTEATA ÖZÜTÜNÜN
NÖRODEJENERASYON İNDÜKLENMİŞ SH-SY5Y
HÜCRELERİNE ETKİLERİNİN İNCELENMESİ

Parkinson Hastalığı Türkiye ve dünyada en yaygın ikinci nörodejeneratif hasta-

lıktır. Nörodejeneratif hastalıklarda enflamatuar mekanizmaların ve reaktif oksijen

türevlerinin etkili olduğu düşünülmektedir. Bu açıdan, antienflamatuar ve antioksi-

dan ilaçların Parkinson hastalığının modellerinde incelenmesi büyük bir öneme sahip-

tir. Sideritis brevibracteata (P.H. Davis) Türkiye’ye endemik, Akdeniz Bölgesi’nde

yerel halk tarafından romatizmal ağrıları, mide-bağırsak sistemi rahatsızlıklarını ve

soğuk algınlığını tedavi etmek için çay olarak tüketilen bir bitkidir. Yapılan çalışmalar

bitkinin özütünden elde edilen suda çözünebilen flavonoitlerin antienflamatuar ve an-

tioksidan özelliklere sahip olduğunu göstermektedir. SH-SY5Y nöroblastoma hücreleri,

literatürde sıklıkla nöron modeli olarak kullanılmaktadır, ancak henüz bu hücrelerin

farklılaştırılması için üzerinde anlaşılmış bir farklılaştırma protokolü bulunmamaktadır.

Bu tezde, SH-SY5Y hücrelerinin nörona farklılaştırılması optimize edilmiş, ardından

hücrelerde rotenon ile Parkinson hastalığı modellenmiştir. Daha sonra, bir canlılık

testi ile S. brevibracteata özütünün hastalık modellenmiş hücrelerde koruyucu bir etk-

isi olup olmadığı incelenmiştir. Sonuçlar 1 µg/mL S. brevibracteata’nın, 20 µM rotenon

ile indŭklenen toksisiteye karşı hücreleri koruduğu belirlenmiştir.

Anahtar Sözcükler: SH-SY5Y, elektrofizyoloji, Western blot, Sideritis brevibractea-

ta, nörodejeneratif hastalıklar.
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1. MOTIVATION

The progressive degeneration of the neurons in the nervous system and related

functional losses in the body is called neurodegeneration. Neurodegenerative diseases

affect millions of people throughout the world [1]. Even though it has been shown that

the neurodegenerative diseases cause %25 of all deaths and disabilities throughout the

world, effective treatments for these diseases are yet to be found [2]. To better study

the possible protective and treating agents researchers are trying to find valid models

in vitro. For the time being, the available treatments for managing these disorders are

not adequate. One of the commonly used models for neurodegeneration research is SH-

SY5Y human neuroblastoma cell line. However, there is no agreed-upon differentiation

protocol into neurons for this cell line.

During my thesis work, my aim was to first refine the differentiation protocol

of SH-SY5Y human neuroblastoma cell line through analyses with electrophysiological

recordings, Western blotting, and immunocytochemistry, and then, to test Sideritis

brevibracteata which is an endemic species to Turkey in terms of its protective effects

against rotenone-induced neurodegeneration using differentiated SH-SY5Y cells.
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2. INTRODUCTION

2.1 Differentiation of Neuroblastoma Cells into Neuron Like

Cells

This section deals with the characteristics of SH-SY5Y human neuroblastoma

cell line and its proper differentiation into neuron-like cells. Different applications of

this cell line in modeling neurons and neurodegenerative diseases have made numerous

studies possible, however, the discrepancies between the cell culture and differentia-

tion methods have led us to think about finding the optimal method for differentiating

these cells into neurons. To have a near-perfect model for neurons and study neu-

rodegenerative diseases more accurately, defining an optimal model is essential. Here,

the thought process leading to several different differentiation protocols and various

analysis methods for understanding these cells more closely have been described.

2.1.1 SH-SY5Y Human Neuroblastoma Cell Line

SH-SY5Y cell line is a subclone of SK-N-SH cell line which was obtained from

a 4-year-old neuroblastoma patient’s bone marrow in 1970 [3]. Being cancer cells,

these cells proliferate rapidly in the undifferentiated form. Undifferentiated SH-SY5Y

cells grow in clusters and they have short, truncated processes and bigger cell bodies

than the differentiated cells, whereas the differentiated cells have longer processes with

polarized cell bodies [4]. Differentiation withdraws cells from the cell cycle so that they

will be arrested in the G0 and G1 phases of the cell cycle. This will prevent cells from

proliferating and the number of cells in culture conditions will not grow throughout

planned experiments.

SH-SY5Y human neuroblastoma cells comprise of both adherent and floating

cells. The adherent cells are the S-type epithelial-like cells, whereas the floating cells
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are N-type neuroblast-like cells. Also, being human cells, they express some human-

specific proteins [4], so they are more similar to human neurons than primary rodent

cultures or rodent brain slices. Upon differentiation, neurites elongate and cells express

mature neuron markers, such as growth associated protein (GAP-43), neuronal nuclei

(NeuN), synaptophysin (SYN), microtubule-associated protein (MAP), synaptic vesicle

protein 2 (SV2) [5], and β-tubulin (TUJ1) [6]. Among these markers, TUJ1 and SYN

are widely used in Western blot and immunostaining studies to evaluate the effects of

differentiation [7, 8].

For neuronal differentiation, many protocols have been suggested including a Vi-

tamin A derivative all-trans retinoic acid (RA), 12-O-tetradecanoyl phorbol 13-acetate

(TPA), brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), choles-

terol (CHOL) and estradiol (E2) [6, 9–11]. Encinas et al. published their work on the

differentiation of SH-SY5Y cells with both RA and BDNF, using RA followed by the

addition of BDNF at day 5 of the differentiation. They have shown that the prolifera-

tion of S-type cells increases progressively with longer incubation times with RA. Also,

they have shown that upon the addition of RA, Tyrosine receptor kinase B (TrkB)

expression is induced at the maximum level on day 5, and then BDNF contributes to

morphological differentiation of the cells through acting on these receptors [12].

2.1.2 Differentiation

Even though the differentiating agents and their effects are extensively analyzed

to ensure a complete neuronal differentiation, the optimal concentrations for them have

not been set, yet. The most common RA concentration used in literature is 10 µM

[4,6,10]; but in a number of papers, different concentrations of RA (ranging from 1 nM

to 33 µM) is being used for the same purpose [13–16]. BDNF and NGF concentrations

used in studies also vary from 10 to 100 ng/mL [12,13,17].

In addition to RA and BDNF treatments proposed by Encinas et al., it was

suggested that CHOL and E2 should also be used for differentiating the neuroblas-
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toma cells to neurons [11]. Teppola et al. compared morphology and synaptic vesicle

recycling differences between the different experimental groups, and outcome of their

results indicated that a combination of RA and CHOL should be used to have a better

neuronal model.

2.1.3 Electrophysiology

Electrophysiology studies performed on human neuroblastoma cells are not very

commonly encountered in the literature. Halitzchi et al. reported the existence of

outward K+ and inward Na+ currents in undifferentiated SH-SY5Y cells. However, they

were not able to perform patch-clamp on differentiated cells since they were harder to

clamp [18]. Almost all of the patch-clamp studies on differentiated SH-SY5Y cells use

relatively high concentrations of RA (10 µM) [19]. Arcangeli et al. used 10 µM RA and

100 ng/mL BDNF, which makes their study the only study in the PubMed database

that uses both RA and BDNF for electrophysiological investigation of SH-SY5Y cells

[20].

2.1.4 Western Blotting

Western blotting is a technique that utilizes the size of the different proteins to

separate them along an electric field. The technique was first described by Towbin et

al. [21] and named by Burnette et al. [22]. It is considered a semi-quantitative method,

so one must interpret the Western blot results in terms of comparisons among different

experimental groups, instead of absolute concentrations of proteins. After proteins

are separated, they are transferred onto a membrane to be probed with antibodies of

interest. During my thesis work, Western blot was employed to understand the effects

of different differentiation protocols on expressions of proteins TUJ1 and SYN.
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2.1.5 F-actin & DAPI Imaging

Immunocytochemistry uses the specific antigen-antibody binding properties of

the subcellular materials. The antibodies with fluorescent stains attached to them

help visualize the proteins and other subcellular materials, in vitro. This visualization

gives an idea about the presence and location of that antigen. For example, fluorescent

conjugated phalloidin forms tight complexes with filamentous F-actin, but it does not

form complexes with globular G-actin (monomer of F-actin) [23]. 4’,6-diamidino-2-

phenylindole (DAPI) stain fluoresces when it is bound to the nuclear DNA [24]. These

stains are commonly used to visualize actin structure and nuclei of the cells.

2.2 Evaluation of the Neuroprotective Effects of Sideritis bre-

vibracteata

This section explains Parkinson’s Disease (PD) and the necessity for a neu-

roprotective agent against PD. Rotenone was used to model PD in SH-SY5Y human

neuroblastoma cell line and Sideritis brevibracteata (P.H. Davis) was evaluated in terms

of its efficacy in protecting the cells from neurodegeneration induced by rotenone.

2.2.1 Parkinson’s Disease

Parkinson’s Disease is characterized by motor symptoms such as resting tremors,

rigidity, gait impairments and bradykinesia and non-motor symptoms such as; cognitive

dysfunction, depression and sleep disorders. The second most common neurodegener-

ative disease after Alzheimer’s Disease, PD affects 1-3% of the population over the age

of 65. Pathologically, loss of dopaminergic neurons in substantia nigra pars compacta

(SNc) and appearance of insoluble α-synuclein aggregations (Lewy bodies) are observed,

leading to the degeneration of nigrostriatal pathway and decrease of dopamine (DA)

in the brain.
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The motor symptoms of PD results from the impairment of the control of the

basal ganglia over motor cortex. The schematic of this control is given in Fig. 2.1. The

basal ganglia act as brakes on voluntary movement. The brakes can be removed when

DA is released from SNc [25]. In PD, the cortico-striatal pathway becomes degenerated

and associated motor problems arise [26].

Figure 2.1 Effects of basal ganglia on movement through direct and indirect pathways. Glu: glu-
tamate; ACh: acetylcholine; Enk: enkephaline; DA: dopamine; SNc: substantia nigra pars compacta;
SNr: substantia nigra pars reticularis; GPe: globus pallidus external; GPi: globus pallidus internal;
STN: subthalamic nucleus [27].

Levodopa, which is the most common medication given to PD patients, can

elevate the quality of life of the patients and decrease the mortality rates during the

first years of the disease onset. However, some of the symptoms of PD such as postural

instability and problems with speech are not affected by this drug. And even the

symptoms that improve with levodopa, become unstoppable after the tenth year of

the disease onset in almost all patients [28]. After Pfizer terminated their research

on Alzheimer’s and Parkinson’s Diseases, the challenges surrounding the treatments of

diseases have become even deeper [29].
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2.2.2 Preventive Approaches against Neurodegeneration

As more and more researchers point out the effectiveness of protecting the or-

ganism, before it breaks down, various studies revealed protective measures, lifestyle

and diet can prevent neurodegeneration or delay the disease onset [30,31]. In a study,

447 healthy subjects were divided into three groups [32]. The first group was asked to

follow a Mediterranean diet with the requirement to have 1 L olive oil per week. The

second group was asked to have a Mediterranean diet with the requirement to have 30

g nuts per day. And the third group was asked to continue with their normal diet to

be the control group of the study. Four years after the start of the experiment, it was

found that the cognitive functions are better in the first two groups than in the control

group. Another study found Alzheimer-like brain atrophy in the brains of healthy in-

dividuals, who do not follow a Mediterranean diet [33]. Moreover, a sixteen year-long

survey study with 130,000 participants revealed that Mediterranean diet lowers the

risk of PD [34].

These studies call forth the question of the biological mechanisms on which

Mediterranean diet acts to prevent neurodegeneration. As a possible answer, the re-

sponsible effects of Mediterranean diet may stem from high anti-inflammatory and

antioxidant content of the foods that are consumed in relatively large amounts in this

diet [35]. This implication is important in that the anti-inflammatory and antioxidant

molecules may be evaluated as preventive medicine for neurodegenerative diseases.

2.2.3 Inflammation and Neurodegeneration

In the physiological sense, inflammation is a crucial mechanism in protecting

the body from microorganisms and ensuring maintenance and repair of the tissues.

Normally, inflammation steps in only when it is needed and once the problem subsides,

it goes back to a quiet standby. This type of inflammation is called acute inflammation

[36]. However, aging, autoimmune disorders and neurodegeneration result in chronic

inflammation. When chronic inflammation cannot be stopped, outcomes may become
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devastating for the organism [37]. Even though the brain does not possess all properties

of peripheral inflammation, neuroinflammation is an important aspect of the brain’s

reaction to cellular stress and injury. The most significant indicator of neuroinflamma-

tion is the activation of astrocytes and microglia. During an inflammatory reaction,

the cell bodies of these cells become more spherical, their nuclei enlarge, and their

processes elongate [38].

In PD, the increased amount of cytokines shows microglia involvement in neu-

rodegeneration which implies neuroinflammation. Also, a positive correlation was

found between experiencing head trauma during the early years of life and having PD

later in life, which is another indicator implying inflammatory involvement in PD [39].

SNc has a higher microglia content which makes it more vulnerable to inflammation

[40].

2.2.4 Oxidative Stress and Neurodegeneration

The brain is readily susceptible to oxidative stress as a result of its high demand

for energy production via aerobic respiration. In a tissue which has increased oxida-

tive stress, the concentration of Reactive Oxygen Species (ROS) is increased. These

species are molecules with a single electron in their valance shell. Having a single

electron alone makes the molecules very reactive because of its need to stabilize itself

by taking another electron from the environment, so that the single electron in the

valance shell is paired. In biological organisms, these electrons are paired with elec-

trons that they transfer from biological macromolecules such as nucleic acids and lipids

[41]. The loss of electron causes the macromolecules to change their conformation and

thus, lose their function. In a healthy organism, the produced ROS are used in cellular

signaling mechanisms and then, they are stabilized by enzymatic and non-enzymatic

antioxidants. If these mechanisms fail or the production becomes too much for the an-

tioxidants to stabilize, ROS start accumulating. As they stabilize themselves, they will

disrupt the physiological functioning of the cells by breaking down the aforementioned

macromolecules. This process may result in cancer or apoptosis [42,43].
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Electron transport chain in mitochondria is the site where the most ROS are

produced [44]. The activity of electron transport chain site Complex I is decreased in

PD patients. Due to the lower Complex I activity, O2 takes up only one electron and

become partially reduced to O2
•, leading to the generation of a hydroxyl radical OH•

[26].

OH• is the most dangerous radical for the organism. Some of the reactions that

produce hydroxyl radical are given below. Reaction (2.1) shows ionization of a water

molecule by radiation, (2.2) shows the reaction of H2O2 with iron or copper, (2.3) shows

decomposition of peroxynitrite and (2.4) shows the reaction of ozone with phenols [45].

H2O −−→ H• +OH• (2.1)

H2O2 + Fe2+ orCu2+ −−→ OH• +OH− + Fe3+ orCu3+ (2.2)

HONOO −−→ OH• +NO2
• (2.3)

PH +O3 −−→ OH• + P +O2 (2.4)

In above reactions, it can be seen that the presence of excess iron may induce the

conversion of H2O2 into OH• which is a much more unstable ROS. As iron is necessary

for oxygen transportation and neurotransmitter and myelin synthesis, it can be found

abundantly throughout the nervous system which makes brain more susceptible to

oxidative stress [46]. Brain’s high energy demand and high concentration of iron make

antioxidants crucial for healthy functioning of the brain.

Antioxidants are defined to be "any substance that delays, prevents, or removes

oxidative damage to a target molecule" [47]. There are two types of antioxidant systems

in the body: antioxidant enzymes and non-enzymatic small molecule antioxidants. En-

zymes such as superoxide dismutase (SOD) and glutathione peroxidase (GPX) stabilize

more reactive ROS into less reactive H2O2, and catalase turns H2O2 into water and

oxygen [48]. H2O2 metabolism mostly takes place within peroxisomes to avoid damage

to essential cellular structures. Aside from the enzymes, there are non-enzymatic an-

tioxidants which can be grouped as metabolic and nutritional antioxidants [43]. These

substances receive the extra electron from the radicals to make them stable. With this
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extra electron they become unstable themselves, but since their energy is lower than

the ROS, they do not harm the organism. The one caveat is the fact that once they

received that electron, they can no longer act as an electron acceptor. This is why a

constant supply of non-enzymatic antioxidants is necessary for the organism.

Effectiveness of the antioxidant mechanisms such as SOD, GPX and catalase

decline with age, which is thought to play a role in the positive correlation of age with

neurodegenerative diseases [49]. It was observed that the activity of Complex I protein

in electron transfer chain of PD patients is lower than that of the healthy individuals.

In light of this finding, it was suggested that the death of the dopaminergic neurons in

SNc may be a result of increased oxidative stress stemming from the decrease of the

Complex I activity which implies the role of oxidative stress in PD pathology.[48].

2.2.5 Anti-inflammatory and Antioxidant Drugs for Neurodegeneration

Inflammatory mechanisms and oxidative stress are influential both for the oc-

currence and in the destructive results of neurodegenerative diseases. As the hopes

for finding new drugs to treat neurodegeneration, it becomes more and more impor-

tant to study the effects of anti-inflammatory and antioxidant drugs on the prevention

and treatment of neurodegeneration. Epidemiological studies showed that usage of

non-steroidal anti-inflammatory drugs (NSAID) for long periods decreased the risk of

neurodegeneration compared to the people who do not use NSAIDs [50]. Another

study showed that the antioxidant Vitamin E decreased the Amyloid beta induced cell

death in rat pheochromocytoma PC12 cell line [51]. It was also found that Vitamin C

lowers the effect of neurodegeneration in rats [52]. When these vitamins were used in

combination, they can decrease the effects of neurodegeneration in humans [53].

These promising suggestions could not be further tested in large scale con-

trolled experiments because of the gastrointestinal and cardiovascular side effects of

the NSAIDs [50]. Thus, the search of natural products which can give the same ef-

fects as those drugs without the side effects has increased. In this sense, especially
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flavonoids which are a subgroup of polyphenols have gained popularity since the early

2000s. Availability of these substances through food and drinks may explain the inter-

est towards them in the literature [54]. From the studies showing that some flavonoids

can pass through blood-brain barrier [55] and that flavonoid rich foods enhance the cog-

nitive function and prevents neurodegenerative disorders show that flavonoids should

be scrutinized in the laboratories [56].

2.2.6 Sideritis brevibracteata

Sideritis brevibracteata (P.H. Davis) or locally "Alanya Adaçayı" is a plant en-

demic to Turkey. S. brevibracteata was proven to have the highest antioxidant effect

among the Sideritis species [57]. This finding was evaluated more closely when six

different flavonoids purified from n-butanol extract of S. brevibracteata were tested for

their anti-inflammatory and antioxidant activities [58]. In this study, Medium Pres-

sure Liquid Chromatography (MPLC) was used to separate the flavonoids from each

other. In MPLC, 2.72 g of the n-butanol extract was separated as fractions of (1)

88 mg, (2) 142 mg, (3) 13 mg, (4) 292 mg, (5) 118 mg, and (6) 44 mg. Separated

flavonoids were characterized using Proton and Carbon-13 Nuclear Magnetic Resonance

(1H-NMR, 13C-NMR), Mass Spectrometry (MS), Infrared (IR) and Ultraviolet (UV)

spectrometry techniques. The names of these six flavonoids are given below and the

chemical structures and percent concentrations of each flavonoids within the extract of

the compounds are given in Figure 2.2.

1) Hypolaetin 7-O-[6’”-O-acetyl-β-D-allopyranosyl-(1→ 2)]-β-D-glucopyranoside

2) Isoscutellarein 7-O-[6’”-O-acetyl-β-D-allopyranosyl-(1→ 2)]-β-D-glucopyranoside

3) 3’-hydroxy-4’-O-methylisoscutellarein 7-O-[6’”-O-acetyl-β-D-allopyranosyl-

(1→ 2)]-β-D-glucopyranoside

4) Hypolaetin 7-O-[6’”-O-acetyl-β-D-allopyranosyl-(1→ 2)]-6”-O-acetyl-β-D-

glucopyranoside
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5) Isoscutellarein 7-O-[6’”-O-acetyl-β-D-allopyranosyl-(1→ 2)]-6”-O-acetyl-β-D-

glucopyranoside

6) 3’-hydroxy-4’-O-methylisoscutellarein 7-O-[6’”-O-acetyl-β-D-allopyranosyl-

(1→ 2)]-6”-O-acetyl-β-D-glucopyranoside

Figure 2.2 Chemical structures of the flavonoids that are purified from the n-butanol extract of
Sideritis brevibracteata and their percent concentrations within the extract.

Güvenç et al. have investigated above flavonoids for their antioxidant activities

and found that these six flavonoids have IC50 values of 0.57 and 3.48 µg/mL via 1,1-

diphenyl-2-picryl hydrazyl (DPPH) test [58]. These IC50 values were used to select

three different concentrations of S. brevibracteata. The selected concentrations were 1,

5 and 10 µg/mL. Also, they have found that the n-butanol extract as a whole exhibited

the highest anti-inflammatory activity with 26.9% to 43.8% inhibition. Being anti-

inflammatory and antioxidant, S. brevibracteata n-butanol extract and the flavonoids

can be assumed to be effective against neurodegeneration which is related to chronic
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inflammation and oxidative stress [59]. However, to the best of my knowledge, S.

brevibracteata have never been evaluated in terms of its effects of neurons.

Prof. Dr. Ayşegül Köroğlu from Ankara University and Afyonkarahisar Uni-

versity of Health Sciences have generously provided us with n-butanol extract of S.

brevibracteata in its lyophilized form to ensure its stability. During my thesis studies,

I have evaluated the protective effects of the n-butanol extract of S. brevibracteata on

rotenone treated SH-SY5Y human neuroblastoma cells via a cell viability assay.

2.2.7 Rotenone

Rotenone is widely used to model PD in vivo and in vitro. It is extracted from

tropical plants, and used as insect and fish poison. Since rotenone is highly lipophilic

it can reach the brain easily, passing through the blood-brain barrier. Inside the brain,

it will accumulate and act as a Complex I blocker. This accumulation results in high

oxidative stress and leads to neuronal death [60]. In vivo rotenone models of PD

showed bradykinesia and postural abnormalities, and also neuronal death in SNc and

appearance of Lewy bodies. The selective death of SNc neurons in the presence of

rotenone shows the high sensitivity of these neurons to Complex I inhibition [26].

2.2.8 Cell Viability Tests

MTT assay and AO/PI staining are two of the widely used cell viability tests

and in this thesis, these tests were employed to understand the protective effect of S.

brevibracteata against rotenone-induced PD model of differentiated SH-SY5Y human

neuroblastoma cells.



14

2.2.9 MTT Assay

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay is a

colorimetric cell viability test developed in 1983 [61]. MTT is reduced in the mitochon-

dria and other parts of the cells [62]. Live cells can reduce the tetrazolium salt into

formazan crystals, whereas dead cells cannot. MTT test uses this exclusivity to help

visualize the amount of living cells in a cell culture well. After the formed formazan

crystals are dissolved and the absorbance value is read, the ratio of this absorbance

and the absorbance of the control gives the percentage of the living cells compared to

the control.

2.2.10 AO/PI Staining

Acridine orange and propidium iodide (AO/PI) staining is another cell viability

analysis method. AO can readily enter all cells and bind with nucleic acids, however,

PI is a membrane impermeable stain which can only enter the cells via large pores that

are opened during cell death. Upon entering the apoptotic cells, PI binds to nucleic

acids as well [63]. Under the blue filter (excitation 450 nm - emission 490 nm) AO gives

green fluorescence and PI gives orange fluorescence. Under the green filter (excitation

515 nm - emission 560 nm) PI fluoresces red, whereas AO becomes almost invisible.
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3. MATERIALS AND METHODS

3.1 Differentiation of Neuroblastoma Cells into Neuron Like

Cells

In this section, the differentiation protocols and electrophysiological and bio-

chemical analyses of the undifferentiated and differentiated human neuroblastoma cells

are given.

3.1.1 Cell Culture and Differentiation

SH-SY5Y cell line was kindly provided by Dr. B. Garipcan (Institute of Biomed-

ical Engineering, Boğaziçi University). Cells were cultured according to the literature

with some changes in the concentrations of RA and BDNF [10, 18]. Briefly, cells were

grown using Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s F12 supple-

mented with 10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin (Biosera,

France). Cells were seeded at 3 x 104 cells onto 14 mm cover glasses in 24 well plates

and incubated at 37 °C. 24 hours after seeding, media were replaced with differentia-

tion media. RA, E2 (dissolved in dimethyl sulfoxide (DMSO)) and CHOL (dissolved

in absolute ethanol) were added to media (Sigma-Aldrich). Differentiation media also

contained 1% FBS. Five days after the addition of these differentiating agents, media

were replaced with serum-free medium that contains 10 ng/mL BDNF. After 48 hours,

differentiated cells were ready to use for the experiments for 3-4 days.

Throughout the study, experimental groups were as the following: undiffer-

entiated (UNDIFF); 1 µM RA differentiated (RA); 1 µM RA & 10 ng/mL BDNF

differentiated (RB); 1 µM RA, 5 µg/mL CHOL, 1 nM E2 & 10 ng/mL BDNF (RBCE)

differentiated. Solvents of RA, E2 (DMSO) and CHOL (ethanol) was added to each

group to ensure having the same concentration of these toxic vehicles in each well to
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eliminate their effect from the future analyses. Final DMSO concentration was 0.02%

ethanol concentration was 0.1% in all wells. Schematic of the differentiation timeline

is given in Figure 3.1

Figure 3.1 Timeline of differentiation protocols for all four experimental groups.

3.1.2 Electrophysiology

Electrophysiological activities of the cells were recorded under whole cell patch-

clamp conditions [64] using AXOCLAMP 2B patch-clamp amplifier (Molecular Devices,

USA) at room temperature. Electrophysiology setup was on an anti-vibration table

(Newport Corp., USA) with a Faraday cage placed around the table. Data acquisition

was done using ITC-18 DAQ board (Heka Instruments, Germany) and the software

WinWCP (Version 5.4.1, Strathclyde University, UK). Imaging of the patch-clamp

process was done using a PCO Sensicam camera (PCO Imaging Inc., Germany) and

WinFluor imaging software (Version 3.2.23, Strathclyde University, UK). All signals

were low-pass filtered at 1 kHz and the sampling frequency was 50 kHz. Electrophysi-

ology setup and related electronical devices are given in 3.2

Throughout the experiments, borosilicate microelectrodes used had 3-5 MΩ re-

sistances. The intracellular pipette solution (in mM): 4 NaCl, 140 KCl, 2 MgCl2, 10
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Figure 3.2 Electrophysiology setup (left), and analog-to-digital converter (top-right) and patch-
clamp amplifier (bottom-right).

HEPES, 0.8 EGTA; extracellular solution (in mM): 125 NaCl, 4 KCl, 1 MgCl2, 10

HEPES. 2 mM CaCl2 and 10 mM glucose were added to the external solutions just

before each experiment. All chemicals were purchased from Sigma-Aldrich or Merck.

Extracellular solution had a pH of 7.4, which was adjusted with NaOH, intracellular

solution had a pH of 7.2 which was adjusted with KOH.

Experiments were performed on relatively smaller cells to sustain better voltage-

clamp conditions and to have lower membrane capacitances (Cm). The leaky recordings

i.e. recordings with holding currents larger than 80 pA and recordings where series

resistance was more than 15 MΩ were discarded from further analysis, hence series

resistance compensation was not needed. However, capacitive transient cancellation

was performed before each recording using capacitive transient cancellation knob on

the front panel of the patch-clamp amplifier. After the seal is ruptured, recordings

were repeated at least eight times from each cell, to ensure the stability of the seal and

to be able to average the recordings to get rid of any possible oscillations.

3.1.3 Electrophysiological data analysis

The data analysis was performed via a MATLAB script (Version 2018a, Math-

works Inc., MA, USA). The script was used to, first, open the data with the .wcp file

extension, convert the data to double type so that MATLAB can handle it. When
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there is a different number of data points in any one of the recordings, linear inter-

polation was used to make sure the sizes of the data matrices were the same as each

other. The script was able to plot graphs of recordings from a single cell, and to take

the mean values of the currents from recordings from different cells in response to the

same voltages to plot current-voltage (IV) curves.

3.1.4 Western Blot

Cells were differentiated in four groups as it was explained in Section 3.1.1. After

they became ready to use, they were washed with phosphate buffered saline (PBS) and

lysed with radioimmunoprecipitation assay (RIPA) buffer on ice. After centrifuging the

solubilized cells at 10,000x g for 20 min the supernatant was collected. Estimation of

protein concentrations was done by measuring absorbance at 280 nm. Protein samples

were heated at 90 °C for 5 min and 50 µg protein per well were loaded onto a 10%

sodium dodecyl sulfate (SDS)-polyacrylamide gel for resolving. After electrophoresis,

the proteins were transferred to polyvinylidene fluoride (PVDF) membranes (Trans-

Blot Turbo semi-dry system, Bio-rad). After the transfer, membranes were blocked

with 5% fat-free milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T) at room

temperature for 1 h. Then, primary antibodies for target proteins TUJ1 (sc80005,

Santa Cruz) and SYN (ab8049, Abcam) were applied to the membranes in 1:1000 and

1:500 dilution, respectively. The membranes were incubated overnight at 4 °C. After

washing the membranes with TBS-T, the corresponding secondary antibody (ab6789,

Abcam) was applied to the membranes and the membranes were kept on the shaker for

1h at room temperature. After washing membranes with TBS-T, bands were visualized

with a colorimetric TMB substrate (1-step ultra 3,3’,5,5’-tetramethylbenzidine (TMB)

blotting solution, Thermo Fisher). Scanned membrane images were processed using

ImageJ (Version 1.8.0, NIH, USA). Sequentially probed actin bands were used as the

loading control. Five biological replicates were performed for TUJ1 and four biological

replicates were performed for SYN.
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3.1.5 F-actin & DAPI Imaging

Cells were differentiated in four groups with four wells in each group (Section

3.1.1). After they became ready to use, they were first fixed with paraformaldehyde

(PFA), then permeabilized with Triton X to facilitate the binding of the antibodies to

the target antigens. Followingly, they were blocked with bovine albumin serum (BSA)

to prevent non-specific binding of the antibodies. The procedure is shown in Fig. 3.3.

The used solutions were 4% PFA in PBS, 0.1% Triton X in PBS and 1% BSA in PBS

with 0.1% Tween 20.

For staining, phallotoxin solution previously dissolved in methanol was diluted

with 1% BSA to have 25 µL per mL of BSA solution. Enough solution to cover the cells

(300 µL in this case) was added onto the cells. Plate was shaken on the gentle shaker

for 20 minutes in the dark. The cells were checked under the blue excitation filter

before discarding the staining solution, to see whether F-actin filaments are visible.

When the filaments became visible staining solution was discarded and the cells were

washed twice with PBS.

DAPI staining is done as the last step. 2.1 µL DAPI stain previously dissolved in

methanol is diluted in 100 µL PBS. Then, it is diluted 1:1000 in PBS. Enough solution

to cover the cells (300 µL) was added onto the cells. The plate was shaken on the

gentle shaker for 3 minutes. Both staining solutions were used at room temperature,

and the discarded solutions were kept at -20 °C for future stainings.



20

Figure 3.3 Steps of preparation of the cells for F-actin & DAPI staining.
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After the images were collected, number of cells in each of ten images collected

from all of the experimental groups was counted using ImageJ (Version 1.8.0, NIH,

USA). These numbers were compared in order to understand the cell viability with

different differentiation methods.

3.2 Evaluation of the Neuroprotective Effects of Sideritis bre-

vibracteata

In this section, the methods for investigating the effects of S. brevibracteata in

protecting the SH-SY5Y human neuroblastoma cells from rotenone-induced neurode-

generation is explained. Cell viabilities for different concentrations of rotenone and S.

brevibracteata was evaluated and the results of the protective effects of S. brevibracteata

was investigated by comparing the results of all experiments.

3.2.1 Electrophysiology

For the evaluation of the toxic effects of rotenone, 3 x 104 cells were seeded

onto 14 mm cover glasses placed in 24-well plates in five replicate wells for each group.

Differentiation protocol was the same as the protocol found to be most effective for the

differentiation into neurons (i.e. 1 µM RA for 5 days followed by 10 ng/mL BDNF for

2 days).

When the differentiation was completed, rotenone was added onto the cells

at 0.2, 0.5, 1 and 2 nM concentrations, one hour prior to the electrophysiological

recordings. Control group had only 0.02% DMSO added, which is the amount of the

highest DMSO required for dissolving rotenone.
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3.2.2 Cell Viability Tests

Cell viability tests were performed to evaluate the concentration-dependent ef-

fects of rotenone and S. brevibracteata, and to investigate the protective effects of S.

brevibracteata against rotenone, with determined concentrations. After 48 hours of

BDNF treatment, BDNF containing serum-free media was removed and rotenone con-

taining serum-free media was added in different concentrations for 24 hours.

3.2.2.1 MTT Assay. For the MTT assay, 5 x 104 cells were seeded on a 48-well

plate and the cells were differentiated using the determined differentiation method (i.e.

1 µM RA for 5 days followed by 10 ng/mL BDNF for 2 days). 5, 10, 20, 100, 200

and 500 nM rotenone was added one hour prior to the MTT assay. The assay was

performed in the dark. 5mg/mL MTT stock solution was prepared in PBS. Prepared

solution was filtered using a filter with pore size 0.22 µm. MTT stock is diluted to

have 10% v/v of MTT in medium the cell culture medium. For 48-well plate, 30 µL of

MTT stock was diluted in 270 µL cell culture medium. The old cell culture medium

was removed from the wells and the freshly prepared 10% MTT solution was added to

the wells. The plate was incubated at the incubator for 4 hours. After 4 hours, the

medium containing MTT was removed from the wells and 100 µL of DMSO was added

to dissolve the formazan crystals formed. Plate was kept on the gentle shaker for 5

minutes. Absorbance of each well was read at 570 nm with the reference absorbance

at 740 nm using the microplate reader (iMark, Bio-Rad).

3.2.2.2 AO/PI Staining. For the AO/PI staining, 2 x 104 cells were seeded on

a 48-well plate and the cells were differentiated using the determined differentiation

method (i.e. 1 µM RA for 5 days followed by 10 ng/mL BDNF for 2 days). Con-

centrations tested for rotenone was 20 and 50 µM with 12 and 24 hours application

time. S. brevibracteata was added at concentrations of 1, 5 and 10 µg/mL. These

concentrations were selected according to the determined antioxidant IC50 values by

Güvenç et al. [58]. Cells were preincubated with S. brevibracteata for 48 hours be-
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fore the rotenone application and rotenone was added 24 hours prior to the imaging.

Rotenone was added to the cells in combination with fresh S. brevibracteata. Control

group had only 0.02% DMSO added which is the amount of the highest DMSO needed

for dissolving rotenone. Each group had three wells and four images were collected

from each cell. Each image covers an area of about 1.1 mm2.

5 mg/mL AO and 3 mg/mL PI solutions were prepared in absolute ethanol.

For the staining solution, 1 µL from each dye solution was mixed in per mL of PBS.

The medium was removed from the wells to be stained and 100 µL from the staining

solution was added to each well. The plate was shaken gently for 1 minute. After 1

minute, the wells were washed with 100 µL of PBS. 100 µL of PBS was added after

washing. Cells were imaged under the green filter which shows all cells green. Dead

cells will be orange under the same filter and they should appear red under the blue

filter. After the images were collected, ImageJ (Version 1.8.0, NIH, USA) was used to

count the cells.

3.3 Statistical Analyses

Statistical analysis was performed using SPSS (Version 25, IBM, USA). For all

the data, first, outliers were eliminated according to the graphical representations of

the data produced by SPSS. Then, Shapiro-Wilk normality analysis was performed to

decide whether to use a parametric or non-parametric test. For normally distributed

Western blot, MTT and AO/PI data, one-way ANOVA followed by Tukey multiple

comparisons test was performed and p < 0.05 was considered statistically significant.

All values are given as means ± standard deviations. For electrophysiology data, no

statistical test was applied as the sample sizes were not enough for statistical analysis.

Throughout the results, n represents the number of samples.
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4. RESULTS

4.1 Differentiation of Neuroblastoma Cells into Neuron Like

Cells

4.1.1 Electrophysiology

Voltage clamp experiments were performed on each experimental group de-

scribed in Section 2.1. Sample sizes were six for undiff, one for RA, three for RB

and one for RBCE. Holding potential was selected to be -90 mV according to the liter-

ature [19]. Depolarizing voltages were applied as 15 steps of 10 mV pulses. Exemplary

recordings of four experimental groups are given in Figure 4.1 - 4.4.

Figure 4.1 Exemplary electrophysiological voltage-clamp recordings of an undifferentiated cell where
the voltages given in top right show applied voltage steps.
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Figure 4.2 Exemplary electrophysiological voltage-clamp recordings of an RA differentiated cell.

Figure 4.3 Exemplary electrophysiological voltage-clamp recordings of an RA and BDNF differen-
tiated cell.
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Figure 4.4 Exemplary electrophysiological voltage-clamp recordings of an RA, CHOL, E2 and BDNF
differentiated cell.

Electrophysiological recordings were further examined using current voltage (IV)

curves. Since only the small cells were patched membrane capacitances (Cm) were in

the range of 10 pF. Hence, the IV graphs throughout this paper are given as (mV,

pA) instead of (mV, pA/pF). Overall IV curves given in Figure 4.5 showed that the

undifferentiated cells (n=6) can continue responding at voltages where differentiated

cells cannot respond. Also, they show that undifferentiated cells produce much larger

outward currents (350 pA at 50 mV), compared to the other experimental groups (180

pA at 50 mV).
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Figure 4.5 Overall current-voltage curve collected from cells that are voltage-clamped starting from
-90 mV and increasing in 15 steps as 10 mV voltage steps.

IV curves where only the inward currents from each group were depicted were

given in Figure 4.6. They imply the higher excitability of RB cells (n=3) compared to

the other three group. RB group can produce its highest inward currents at around

-38 mV, whereas other groups produce their highest inward currents between -20 and

-6 mV. Undiff cells elicited minimal inward currents (50 pA) starting from around -20

mV.
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Figure 4.6 Inward current-voltage curve collected from cells that are voltage-clamped starting from
-90 mV and increasing in 15 steps as 10 mV voltage steps. This graph shows only the inward current
responses.

Outward currents (Figure 4.7) of the undifferentiated cells were found to be

highest (300 pA) among the experimental groups.

Figure 4.7 Outward current-voltage curve collected from cells that are voltage-clamped starting
from -90 mV and increasing in 15 steps as 10 mV voltage steps. This graph shows only the outward
current responses.
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4.1.2 Western Blot

Evaluation of neuron-specific protein expressions was carried out to have an

understanding of biochemical changes upon neuronal differentiation. Effects of different

differentiation protocols on the expression levels of the selected proteins (TUJ1, SYN)

was measured with Western blotting on five and four biological replicates, respectively.

The results are given in Figure 4.8.

TUJ1 expression was found to be statistically significantly increased in RB and

RBCE groups compared with the UNDIFF group (p < 0.05). The results of differentia-

tion with RA did not show a statistically significant change in the expression of TUJ1.

On the other hand, SYN expression was decreased with any differentiation method

used compared with the undifferentiated cells (p < 0.05). However, when comparing

the effects of various differentiation methods on SYN expression, RBCE group showed

a higher expression of SYN protein than the RA group (p < 0.05).

Figure 4.8 Exemplary western blots (upper panels) and normalized protein expression graphs (lower
panels) for the proteins TUJ1 and SYN.
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4.1.3 F-actin & DAPI Imaging

F-actin & DAPI Imaging was successfully completed, the images collected from

the samples are given below as merged images of F-actin and DAPI fluorescence (Figure

4.9, Figure 4.10).

Figure 4.9 20x zoomed images of the F-actin & DAPI stained images of (A) undiff, (B) RA, (C)
RB and (D) RBCE groups. Green structures are F-actin filaments, blue structures are DAPI stained
nuclei.
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Figure 4.10 40x zoomed images of the F-actin & DAPI stained images of (A) undiff, (B) RA, (C)
RB and (D) RBCE groups. Green structures are F-actin filaments, blue structures are DAPI stained
nuclei.
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Number of cells in ten images collected from each experimental group was

counted using ImageJ, and resulting cell numbers are given in Figure 4.11. Only in

RBCE treated group, the number of cells statistically significantly decreased compared

to control.

Figure 4.11 Number of cells in each experimental group counted using DAPI stained nuclei.

4.2 Evaluation of the Neuroprotective Effects of Sideritis bre-

vibracteata

4.2.1 Electrophysiology

Electrophysiology experiments were not successful. Rotenone treated cells were

unresponsive to negative suctions applied to form gigaseals. This problem resulted in

the need for application of the cell viability tests.
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4.2.2 Cell Viability Tests

Cell viability tests were performed to find out the toxicity effects of different con-

centrations of rotenone and then to evaluate the protective effects of S. brevibracteata.

4.2.2.1 MTT Assay. MTT assay was performed twice and both yielded very low

absorbance values. When it was tried for the third time, the absorbances become

slightly higher. Resulting cell viability graph is given in Figure 4.12. According to the

graph, increasing rotenone concentrations increased cell viability up to 50 nM.

Figure 4.12 MTT cell viability assay with different rotenone concentrations.
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4.2.2.2 AO/PI Staining. For AO/PI experiments, higher rotenone concentra-

tions were preferred. Cells in the collected images were counted using ImageJ. Number

of dead cells were subtracted from number of all cells, to have the number of live cells.

The results of the rotenone toxicity analysis is given in Figure 4.13.

This graph showed three important points; (i) Control groups with and without

the vehicle (DMSO) can statistically be considered the same, (ii) for observing toxicity,

24 hour incubation is crucial and (iii) 20 µM rotenone decreases cell viability 50%.

Figure 4.13 Rotenone toxicity analysis.
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Taking previous results into consideration, analyses with S. brevibracteata was

performed. As control group had no difference with control group containing vehicle,

only the second group was used. Selected rotenone application was 20 µM for 24 hours.

Resulting images are given in Figure 4.14 - 4.21.

Figure 4.14 Acridine orange/Propidium iodide (AO/PI) images of control cells w/Vehicle collected
using fluorescence microscopy. Green cells are stained with AO and they contain both dead and live
cells. Red cells are stained with PI and they are dead cells.

Figure 4.15 AO/PI images of 20 µM Rotenone treated cells.

Figure 4.16 AO/PI images of 1 µg/mL S. brevibracteata treated cells.

Figure 4.17 AO/PI images of 5 µg/mL S. brevibracteata treated cells.
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Figure 4.18 AO/PI images of 10 µg/mL S. brevibracteata treated cells.

Figure 4.19 AO/PI images of 20 µM Rotenone and 1 µg/mL S. brevibracteata treated cells.

Figure 4.20 AO/PI images of 20 µM Rotenone and 5 µg/mL S. brevibracteata treated cells.

Figure 4.21 AO/PI images of 20 µM Rotenone and 10 µg/mL S. brevibracteata treated cells.

The resulting graphs for the evaluation of the toxic effects of S. brevibracteata

is given in Figure 4.22. It was found that the n-butanol extract of S. brevibracteata

becomes toxic to cells starting from the 5 µg/mL concentration.
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Figure 4.22 S. brevibracteata toxicity analysis.

The results of the investigation of the protective effects of S. brevibracteata

against rotenone induced neurodegeneration is given in Figure 4.23. According to the

graph, 1 µg/mL S. brevibracteata group is not different than the control group. It is

statistically significantly different than the rotenone group.
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Figure 4.23 Evaluation of the protective effects of S. brevibracteata against 20 µM rotenone induced
toxicity.
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5. DISCUSSION

5.1 Differentiation of Neuroblastoma Cells into Neuron Like

Cells

Models for neuroscience research range from using brain slices of different ani-

mals to primary neuronal cultures and in vitro neuron-like cultures. As neuroscience

studies become more and more widely conducted, the pitfalls of these models started to

be investigated, more closely. Using brain slices and primary rodent neuronal cultures

is an important method, however, differences between human and rodent brains should

not be overlooked. Instead of using rodent cells, human stem cells can be differentiated

into neurons but understanding and incorporating optimal differentiation methods are

necessary to obtain cells that resemble real neurons as much as possible.

SH-SY5Y cell line is widely used as an in vitro neuronal model and also as a

neuroblastoma cancer model. There are many studies where these cells are considered

to be neuron-like cells in their undifferentiated form, in which they are cancer cells, in

principle. Goldie et al. looked into the studies using SH-SY5Y cells between the years

of 2000 and 2014 and they have shown that among 2307 articles, only 393 of them used

a differentiation protocol in their experiments. Among the 393 studies, 283 used RA,

45 of which also included BDNF in their differentiation protocol [65]. Another review

reported that among the 962 studies using SH-SY5Y cells as a model of Parkinson’s

Disease, 159 incorporated a differentiation protocol and only 13 of them used both RA

and BDNF [66].

At the time of writing this thesis, a PubMed search of the keywords patch-

clamp and SH-SY5Y resulted in 96 articles for human species. When the search is

updated to include the word "differentiated", the number of results decreases to 21. If

the differentiating agents retinoic acid and brain-derived neurotrophic factor are also

added to the search, only 1 article can be found in the PubMed database [20], where
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the researchers investigated the inwardly rectifying human ether-a-go-go related gene

(HERG) coded inward K+ currents.

The absence of a commonly agreed differentiation protocol might be the rea-

son for the small number of studies that include a differentiation protocol. Also, the

required laboratory work and expense of differentiation protocols might be the other

reasons for the preference of undifferentiated neuroblastoma cells for research. But our

results clearly show that undifferentiated cells cannot be accepted as a neuron model.

RA induced differentiation withdraws cells from the cell cycle and stops cell

proliferation. It increases the expression of membrane-associated cytoskeletal elements

and other neuron-specific proteins [5]. Even though BDNF is a growth promoting

agent and it induces proliferation, application of RA prior to BDNF helps keep cells in

their non-proliferating state and BDNF acts for further neuronal differentiation. Also,

BDNF was found to increase the sodium channel expression in PC12 cells [67].

In patch-clamp experiments, we observed that successful patching of the cells,

when they were treated with a high concentration of RA (10 µM), was difficult be-

cause of the increased rigidity of the membrane. This high rigidity might be due to

the overexpression of membrane-associated cytoskeletal proteins such as doublecortin,

vimentin, neurofilament-68 and tau [18]. In our experiments, the differentiation of

SH-SY5Y human neuroblastoma cells was done by using 1 µM RA application to the

medium. In our hands, low concentration of RA (1 µM) has provided more successful

recordings from these cells.

According to our results, patch-clamp experiments performed on SH-SY5Y neu-

roblastoma cells showed that undifferentiated cells exhibited little or no inward cur-

rents. On the other hand, the outward currents, which are the potassium currents had

high amplitudes (150-300 pA). The undifferentiated cells had the highest amplitude of

outward currents among the other experimental groups. This finding is not surprising

in the sense that K+ channels are generally more active in cancer cells than normal

cells. Dysregulation of potassium channels is implicated in several important aspects
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of cancer initiation and progression. The K+ channel subgroup responsible for the high

amplitude of outward currents in undifferentiated neuroblastoma cells has been identi-

fied to be big Ca2+ activated potassium channels (BK) with minor contributions from

small Ca2+ activated potassium channels (SK) and other Kv channels [68]. However,

another study concludes that these currents are due to the delayed rectifier potas-

sium channels with no significant effect from A-type or calcium-dependent potassium

channels [19].

Even though RA differentiated cells show statistically significantly lower potas-

sium currents compared to UNDIFF cells, their inward currents are still lower compared

to RA + BDNF treated cells. However, higher sample sizes are required to draw certain

conclusions.

Inward currents, which are the sodium currents of the RB group have the high-

est amplitude among inward currents of all experimental groups. Previously, it was

observed that BDNF increases the expression of sodium channels in PC12 cells via its

actions on TrkB receptors [67]. Our results were consistent with this finding.

The high amplitude of K+ currents and the absence of Na+ currents in un-

differentiated cells with the low amplitudes of Na+ currents in RA differentiated cells,

support the necessity of the application of RA + BDNF as differentiating agents in SH-

SY5Y cells. Electrophysiological measurements are one of the most accurate methods

that can prove successful differentiation.

Western blot analyses showed different trends for the proteins of interest. Previ-

ous studies investigating the expression of TUJ1 and SYN in SH-SY5Y cells showed that

the expression of these proteins increased with differentiation, however, they failed to

report statistically significant results [7, 69]. In our experiments, we found that TUJ1

expression statistically significantly increased only in experimental groups including

BDNF (RB & RBCE, p < 0.05). As a neuron-specific protein, TUJ1 expression is

considered to be one of the important markers of neurons. Even though it is found in

undifferentiated neuroblastoma cells as well, it is expected to increase with differenti-
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ation in neurons [8, 69]. The statistically significant increase of TUJ1 in the presence

of BDNF shows that presence of BDNF is essential for the differentiation of SH-SY5Y

cells to neurons.

SYN protein is involved in several different processes in neurons, including

synaptic biogenesis, vesicle protein sorting and exocytosis and endocytosis [70]. How-

ever, it can be used as a clinical marker for neuroblastoma tumors and more generally

for neuroendocrine tumors [71]. Western blot results of our experiments show a statis-

tically significant decrease of SYN protein upon differentiation of neuroblastoma cells

into neurons (p < 0.05), which is consistent with the clinical usage of this protein as a

tumor marker. However, we also observed an increase in RBCE group compared to the

RA group (p < 0.05). This is thought to be due to the upregulation of SYN expression

in the presence of CHOL and E2 [72,73].

F-Actin & DAPI stainings showed that the F-actin filaments are gathered closer

to the nuclei in undifferentiated cells compared to other groups. However, especially in

the RB group, the F-actin bands are more structurally organized and they are elongated

through the neurites. This may be due to the increased expression of neuron-specific

cytoskeletal proteins such as TUJ1.

When the number of DAPI stained nuclei was counted, it was found that in

RBCE group, the number of cells statistically significantly decreased with respect to

undifferentiated cells. This is in line with our observations that the vehicles (ethanol

and DMSO) used to dissolve CHOL and E2 exceeds the limits of safe application of

these vehicles on the cells.

To summarize, several interesting and remarkable points can be deduced from

the electrophysiology recordings, Western blot and immunocytochemistry analyses per-

formed. Undifferentiated SH-SY5Y human neuroblastoma cells are cancer cells and

differentiation of these cells are essential for their consideration as a model in neurode-

generative disease studies. High amplitude outward (potassium) and low amplitude

inward (sodium) currents observed in undifferentiated cells are not a characteristic
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property of the neurons. Also, the high expression of SYN in undifferentiated cells

strongly indicate the cancerous biochemical structure of the SH-SY5Y cells.

RA treatment alone cannot fully differentiate neuroblastomas into neuron-like

cells. Our electrophysiological recordings showed a decrease in outward currents of the

RA group, however inward current amplitudes were still small compared to RB and

RBCE groups. In addition, TUJ1 expression did not statistically significantly increased

in RA group, whereas both RB and RBCE groups showed higher TUJ1 expressions

(p < 0.05) as an indicator of increased β-tubulin expression in differentiated SH-SY5Y

cells. This implies the need for BDNF to accompany RA for a complete differentiation.

Lastly, the addition of CHOL and E2 to the medium does not provide any

additional benefits for the differentiation. The electrophysiological and biochemical

comparisons of RB and RBCE did not show statistically significant differences. In light

of our experiments, we conclude that undifferentiated SH-SY5Y human neuroblastoma

cells cannot be used to model neurons, but differentiation allows these cells to be

considered neurons. And, to induce differentiation of SH-SY5Y human neuroblastoma

cells into neurons RA and BDNF application is required, however, CHOL and E2 are

not essential.

5.2 Evaluation of the Neuroprotective Effects of Sideritis bre-

vibracteata

S. brevibracteata showed a statistically significant effect in terms of neuropro-

tection when it is applied at a concentration of 1 µg/mL. However at higher doses, it is

toxic to the cells. Further investigations are required including increasing the sample

sizes and repeating the experiments with different flavonoids that are purified from the

S. brevibracteata extract. Also, changing the drug treatment times are necessary in

order to evaluate the time dependency of this protection.
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The effective concentration of 1 µg/mL was significant in the sense that in a

previous study, the purified flavonoids from S. brevibracteata showed antioxidant IC50

values ranging from 0.57 to 3.48 µg/mL [58]. However, in a study that investigates

the S. brevibracteata extract as a whole, it was found that the extract had 160 µg/mL

antioxidant IC50 [57]. The discrepancy in the effective concentrations may be explained

with the fact that in the referred study, liposomes was used to evaluate the antioxidant

effect of the extract.

Electrophysiological recordings could not be collected from rotenone treated

cells. This may be due to the increased stiffness of the rotenone treated cells which

resulted in the inability of cells to approach the patch pipette. MTT tests were also not

successful. The observed effect of concentration dependant toxicity of rotenone could

not be observed using MTT. Higher number of cell per well values may be necessary

in order to collect data from the MTT readings of these type of cells. Also, lower

concentrations of rotenone used in MTT analyses may also have caused the meaningless

results.
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6. CONCLUSION

Some biological questions can be most accurately answered when an interdis-

ciplinary approach is employed. The combination of the results from patch-clamp,

Western blot and immunocytochemistry investigations presented here gives a broad

perspective when trying to answer the question of the optimal differentiation of SH-

SY5Y human neuroblastoma cells. After thorough experimentation and analyses, we

conclude that undifferentiated SH-SY5Y cells should not be used as a model for neu-

rons, and it is necessary and sufficient to use 1 µM RA and 10 ng/mL BDNF to induce

neuronal differentiation of these cells. CHOL and E2 have minimal additional effects

in promoting neuronal differentiation, hence their application is not a requirement.

The second part of this thesis yielded in an exciting finding, which is the observed

protective effect of S. brevibracteata against rotenone induced neurotoxicity modeled

in differentiated SH-SY5Y human neuroblastoma cells. Further investigations are re-

quired to understand whether and how S. brevibracteata can be employed in helping

patients with Parkinson’s Disease.
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APPENDIX A.

Identification of Inward and Outward Currents

This part of the study was conducted by both myself and Gül Öncü.

The characteristics of inward and outward currents in the electrophysiological

recordings were investigated by blocking sodium and potassium channels. To isolate

inward currents, KCl in the intracellular pipette solution was replaced with the same

concentration of cesium chloride (CsCl) to block the Kv channels [74,75]. Doing so, we

found that outward currents almost entirely diminished in the presence of CsCl. Being

CsCl sensitive, these currents were shown to be the K+ currents. This finding is not

surprising in the sense that K+ channels are generally more active in cancer cells than

normal cells. Dysregulation of potassium channels is implicated in several important

aspects of cancer initiation and progression.

To make sure that the inward currents were also eliminated, NaCl was replaced

by the same concentration of NMDG+. When Na+ ions in the extracellular solution

were replaced with NMDG+, the inward current was abolished, indicating that Na+

ions were responsible for this current.
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APPENDIX B.

Atomic Force Microscopy

This part of the study was conducted by myself, Gül Öncü and Lt. Commander

Dr. Doğuş Özkan from Turkish Naval Academy

Atomic Force Microscopy (AFM) is a powerful device for obtaining three-di-

mensional high resolution topographical images, and real-time, quantitative elasticity

characteristics of living cells. AFM measurements in this study were taken using probes

with silicon nitride tips and spring constants of 0.178 N/m. Averages of 10 Young’s

modulus measurements from 4 different cells from each group were taken into consider-

ation for comparison of the nanomechanical characteristics of the undifferentiated and

RA and BDNF treated (RB) SH-SY5Y human neuroblastoma cells. Measurements

were taken at day 8 of differentiation. To ensure cell viability, all experiments have

been completed in under 2 hours after cells were taken from the incubator.

Figure B.1.a shows the AFM image of an undifferentiated SH-SY5Y human

neuroblastoma cell and one force curve result which was extracted from the area labeled

with red rectangle. Average Young’s modulus of the undifferentiated SH-SY5Y cells

was found to be 3618.44 Pa ± 1153.98, while the average Young’s modulus of the RA

and BDNF treated SH-SY5Y cells was 6884.31 Pa ± 3725.29 (see Figure B.1.b). The

increase in stiffness upon differentiation was found to be not statistically significantly

different according to ANOVA. This may be due to the low number of samples (n=4).

However, the softer undifferentiated cells were observed to be very sticky and harder

to separate from the AFM probe. The number of samples should be increased to be

able to draw certain conclusions.

Information about the stiffness of the cells is accepted as a good indicator of

the physiological state of the cells [76]. Although tumors are sensed to be stiff masses;

single cancer cells are found to be softer than their normal counterparts [77]. Being
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Figure B.1 Topography images and force-distance curves collected from a) UNDIFF, b) RB treated
cells.

more deformable, cancer cells can move, migrate and divide more easily. Young’s

modulus data collected from UNDIFF and RB groups in our study are in accordance

with this information. RB cells were found to be almost two times stiffer than the

UNDIFF cells.

Elastic properties of the cells are correlated with the amount of actin that they

carry. The softness of single cancer cells is attributed to the loss and disorganization

of actin filaments and microtubules [77]. Having very long extensions throughout the

organism, neurons rely on the structural integrity and the stability stemming from the

increased amount of membrane-associated cytoskeletal elements. This is evident in our

AFM and Western blot analyses where the stiffness of the cells and the expression of

β-tubulin increase. Also, in F-actin & DAPI staining, actin filaments were observed to

be more organized in RB group, compared to the undifferentiated cells.
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