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Introduction  
Alzheimer’s disease (AD) is the most common form of dementia affecting approximately 
50 million people worldwide, and this number is expected to increase up to 152 million 
by 2050. There is still no effective treatment and no cure in sight, which might be caused 
by the fact that the mechanisms of neurodegeneration in AD are still not completely 
understood. Many efforts have been made to create appropriate models for studying 
AD. As opposed to rodent primary cultures, immortalized cell cultures of human origin 
are simpler to use for evaluating the neuropathological mechanisms of AD since, 
obviously, no genetic modifications are required for „humanization” of such cells.  
To date, the human neuroblastoma cell line SH-SY5Y has been one of the most widely 
used cellular models for AD studies. The untreated SH-SY5Y cells lack many features of 
mature neurons such as expression of various neuronal markers and outgrowth of 
neurites with synaptic connections and consequently cannot form neuronal networks.  
At the same time, there are also advantages of using SH-SY5Y cells as AD model e.g. the 
cell line has been comprehensively described in literature and can be differentiated into 
a neuron-like culture with several neuronal properties resembling the diversity of 
neurons found in the brain. The two main hallmarks of AD are the accumulation of 
extracellular amyloid plaques and intracellular neurofibrillary tau tangles. Amyloid beta 
peptide (Aβ), the main component of the plaques, has been shown to form toxic species 
in the brain that may trigger neurodegeneration or contribute to disease progression.  
In the current study, SH-SY5Y cells were differentiated into neuron-like cultures using 
three different protocols to obtain cells with distinct neuronal properties for subsequent 
use in testing Aβ toxicity by using of different assays. The protocol for Aβ preparation for 
toxicity studies was also optimized. The results show that differentiated SH-SY5Y cells 
have different sensitivity toward in situ fibrillizing Aβ as compared to non-differentiated 
cells. Moreover, noradrenergic and cholinergic cultures were more sensitive to Aβ 
toxicity as compared to dopaminergic culture. These findings are consistent with the 
cholinergic and noradrenergic hypothesis of AD, since these types of neurons are among 
the first to die in the course of the disease. Elaborated models based on differentiated 
SH-SY5Y cells can be used to reveal the mechanisms of neurodegeneration as well as for 
preliminary studies of new drug candidates.  
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Abbreviations 
2D two dimensional 
3D three dimensional 
ACh acetylcholine 
AChE acetylcholine esterase 
AD Alzheimer’s disease 
ApoE apolipoprotein E 
APP amyloid precursor protein 
ATCC American Type Culture Collection 
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iPSC induced pluripotent stem cells 
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MAP2 microtubule associated protein 2 
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NMR nuclear magnetic resonance 
PBS phosphate buffered saline 
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PKC protein kinase C 
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PS2 presenilin 2 
RA retinoic acid 
RPMI Roswell Park Memorial Institute 
sAD sporadic Alzheimer’s disease 
sAPPα secreted ectodomain APP alpha 
sAPPβ secreted ectodomain APP beta 
TEM transmission electron microscopy 
TH tyrosine hydroxylase 
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Review of the literature  
1. Alzheimer’s disease 

In 1906 German psychiatrist, Alois Alzheimer described a demented patient with a 
postmortem histopathological finding of amyloid plaques and neurofibrillary tangles in 
her brain for the first time. This type of the disease now bears his name: Alzheimer’s 
disease (AD). According to the Alzheimer’s Association’s annual report for 2019,  
5.8 million people in USA have AD and this number is expected to grow in the future due 
to aging of the baby boom generation (Gaugler, James et al. 2019). It was also estimated 
in the report that AD is the sixth leading cause of death in the United States. In general, 
AD is an age-dependent disease, characterized by neuronal cell loss that is accompanied 
by memory impairment and cognitive decline. Importantly, the first symptoms of AD 
appear many years after the formation of amyloid plaques (Jack, Knopman et al. 2010). 
Approximately 95% of AD patients have the sporadic disease form (sAD) with onset after 
65 years. Less than 5% of AD patients have familial AD (fAD), with the average age of 
onset being 45 years (Masters, Bateman et al. 2015). AD has been intensively studied by 
multidisciplinary approaches and state-of-the-art techniques for many decades (Cline, 
Bicca et al. 2018, Molinuevo, Ayton et al. 2018). It has been known since the mid-1980s 
that extracellular amyloid plaques and intracellular neurofibrillary tangles, the hallmarks 
of AD, mainly consist of fibrillized amyloid beta (Aβ) peptides and hyperphosphorylated 
tau proteins, respectively (Hardy and Selkoe 2002). However, there is still no clear 
understanding of the mechanisms of neurodegeneration.  

2. Amyloid beta origin and physiological role 

Aβ is a product of proteolytic cleavage of amyloid precursor protein (APP),  
a transmembrane protein expressed in several isoforms mainly in neuronal tissue 
(Nalivaeva and Turner 2013). To date, APP has been shown to be involved in a number 
of physiological processes such as nervous system development, function and formation 
of synapses, modulation of neural circuits (Muller, Deller et al. 2017). APP is typically 
processed in two ways: a non-amyloidogenic pathway and an amyloidogenic pathway 
(Figure 1); however, there are also non-canonical pathways such as the C-terminal 
cleavage by caspases that are involved in neuronal apoptosis (Muller, Deller et al. 2017). 
APP processing usually happens in the endosomal compartment originating from  
trans-Golgi Network, or on the cell membrane (Chow, Mattson et al. 2010). In the case 
of the non-amyloidogenic pathway, α-secretase cleaves APP to produce a soluble 
derivate, sAPPα, and APP carboxy-terminal fragment α (C83) that is membrane 
anchored. This fragment is subsequently cleaved by γ-secretase into the p3 fragment and 
the APP intracellular domain (Chow, Mattson et al. 2010). In the amyloidogenic pathway, 
APP is cleaved by β-secretase into sAPPβ and APP carboxyl-terminal fragment β.  
The latter fragment is processed by γ-secretase, resulting in formation of APP 
intracellular domain (C99) and Aβ (Chow, Mattson et al. 2010). γ-secretase enzymatic 
complex consists of 4 proteins: nicastrin, presenilin enchancer-2 (PEN-2), anterior 
pharynx defective-1 (Aph-1), presenilin 1 (PS1) or presenilin 2 (PS2) that are all required 
for the γ-secretase activity (Zhang, Li et al. 2014). γ-secretase participates not only in APP 
processing, but also in the Notch signaling pathway, which controls various developmental 
and physiological processes (Bray 2016). PS1 and PS2 are aspartyl proteases that play a 
major role in determining the length of the Aβ produced. The released Aβ peptide 
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contains 37-43 amino acid residues, since γ-secretase complex performs intramembrane 
step-by-step carboxyterminal cleavage of the polypeptide chain (Steiner, Fukumori et al. 
2018). The approximate proportions of the various Aβ peptides produced are: Aβ40 - 
80%, Aβ42 - 10%,  Aβ38- 10%,  Aβ43 and  Aβ37 - less than 1% (Steiner, Fukumori et al. 
2018). Aβ has a hydrophilic N-terminal and hydrophobic C-terminal parts. The N-terminal 
part of the peptide is involved in binding of transition metal ions. His6,  His13 and His14 
residues can bind Zn2+ and His13, His14 and Asp1 of Aβ coordinate Cu2+ (Tiiman, Palumaa 
et al. 2013, Srivastava, Pittman et al. 2019). The C-terminal part of Aβ (25-35aa) is 
involved in formation of intermolecular β-sheets and Aβ peptide fibrillization (Pike, 
Walencewicz-Wasserman et al. 1995).  

Figure 1 a) Amyloidogenic and non-amyloidogenic processing of amyloid precursor protein,  
α-secretase cleavage site is indicated in green; β-secretase cleavage site is indicated in blue;  
γ-secretase cleavage site is indicated in red; b) Amino acid sequence of Aβ42 

Following amyloidogenic cleavage of APP, Aβ is released into the extracellular space 
with several possible outcomes. The peptide monomer may interact with other 
monomers and form a nucleus that gives rise to fibrillary structures, or it may form 
soluble oligomers that do not grow into fibrils (Srivastava, Pittman et al. 2019). 
Importantly, various Aβ aggregates can be removed by microglia (Lee and Landreth 2010) 
or degraded with neprilysin, a peptidase expressed by the presynaptic terminals of all 
neurons (Saido 2013). Aβ can also be transported across the blood-brain barrier to the 
blood plasma for further degradation (Deane, Bell et al. 2009).  
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In spite of vast amount of information regarding Aβ neurotoxicity, there are some 
proponents of the beneficial physiological roles of Aβ in the brain. These opinions are 
based on the following observations: Aβ has antimicrobial activity, plays a role in tumor 
suppression, general brain recovery after a head trauma and may protect the brain by 
intercepting viruses, toxic compounds etc. (Brothers, Gosztyla et al. 2018). These roles of 
Aβ were mainly suggested by analyzing mice where β-secretase had been genetically 
eliminated or suppressed - it was concluded that the absence of β-secretase was not 
beneficial for nervous system performance (Brothers, Gosztyla et al. 2018).  Recovery 
after the spinal cord injury was slower in β-secretase deficient mice than in the control 
group (Pajoohesh-Ganji, Burns et al. 2014), or synaptic plasticity during memory 
formation was abolished when β-secretase had been partially suppressed (Lombardo, 
Chiacchiaretta et al. 2019). Consistently with the phenotype of β-secretase knock-out 
mice (Munro, Nash et al. 2016), a number of serious side effects, including worsening of 
cognitive capabilities were documented in clinical trials of β-secretase inhibitors, which 
were therefore terminated (Liu, Xie et al. 2019).   

To conclude, the mechanisms of Aβ production are known in considerable detail; 
however, the role of this peptide in the brain has not been unequivocally established. 
Obviously, Aβ’s physiological and non-physiological roles need further investigation. 

3. Amyloid cascade hypothesis 
In 1992 Hardy and Higgins proposed the „Amyloid cascade hypothesis” of AD (Hardy and 
Higgins 1992). The proposed cascade begins with Aβ accumulation in the brain and 
continues with the formation of tau tangles, accompanied with widespread 
neurodegeneration in the brain (Figure 2). This hypothesis was based on genetic studies 
of APP and the first published reports of Aβ toxicity. Several years later, discovery of 
mutations in presenilin and APP genes in the fAD patients supported the hypothesis 
(Hardy 1996). Several years later an extended version of the „amyloid cascade” was 
published, where Aβ oligomers rather than fibrils or monomers were regarded as the 
toxic species that cause neuronal death; however, no explanation was proposed for their 
origin in the brain (Hardy and Selkoe 2002).  

 
Figure 2.  Amyloid cascade hypothesis of AD.  

Aβ
accumulation

Tau tangles

Neurodegeneration
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These days, the amyloid hypothesis is not universally accepted and its critics like to 
point out a number of inconsistencies. First, the amount of amyloid deposition does not 
correlate with the severity of the disease including memory loss (Kametani and 
Hasegawa 2018). Second, amyloid plaques have been also found in the brains of patients 
without a dementia (Higashi, Nishii et al. 2018). Third, rodent AD models with only fAD 
mutations in APP or presenilin genes do not develop tau tangles (Oakley, Cole et al. 2006). 
However, neurofibrillary tangles are formed in primary cultures following the expression 
of human tau isoforms (Jin, Shepardson et al. 2011) or in the induced pluripotent stem 
cell-based models following introduction of only fAD mutations (Muratore, Rice et al. 
2014). Rapoport et al. showed that primary hippocampal neurons become more sensitive 
towards Aβ in the presence of hyperphosphorylated tau (Rapoport, Dawson et al. 2002). 
While the amyloid hypothesis is consistent with the data obtained from fAD patients, 
sAD, i.e. the prevalent from of the disease, does not fit well with the amyloid cascade 
hypothesis. For example, sAD is not accompanied by life-long overproduction of Aβ.  
The authors based their hypothesis regarding sAD on many independent studies, 
proposing that impaired Aβ clearance mechanisms induce accumulation of amyloid 
peptide into plaques with further enhancement of the cascade (Selkoe and Hardy 2016).  

Analysis of AD biomarkers indicates that a decrease of Aβ levels in the CSF points to 
the peptide accumulation in the brain; and those are the first events occurring in the 
disease pathogenesis (Jack and Holtzman 2013). The cascade of events triggered by Aβ 
includes many pathological processes such as synaptic dysfunction, microglia activation 
and inflammation, oxidative stress and tau hyperphosphorylation (Selkoe and Hardy 2016).               

Nonetheless, the amyloid cascade hypothesis is supported by many observations and 
studies; however, the ultimate cause of neurodegeneration as well as the exact role of 
Aβ in AD pathology remain unclear. 

4. Neurodegeneration in AD 
4.1. Amyloid fibrils and plaques 
It has been long known that amyloid plaques consist of fibrillary amyloid peptides of 
different lengths with non-truncated and truncated N- or C-termini, e.g. Aβ3pE-42 with 
pyroglutamate at N terminus (Iwatsubo, Saido et al. 1996). Plaques can be divided into two 
types: cored plaques and diffuse plaques with various compositions and surroundings, e.g. 
diffuse plaques containing ApoE or cored APP positive plaques that are surrounded by 
APP-positive neurites (Thal, Capetillo-Zarate et al. 2006). The diffuse plaques do not stain 
with amyloid specific fluorescent dyes Thioflavin S or Congo red and do not co-localize 
with activated microglia or astrocytes. Cored neuritic plaques, in contrast, are Thioflavin 
S-positive and usually surrounded by dystrophic neurites and are therefore termed 
neuritic plaques (Thal, Capetillo-Zarate et al. 2006). In a recent study, Michno et al. showed 
that the core of AD patient plaques mostly consisted of Aβ40, but not Aβ42. N-terminally 
truncated pyroglutamated Aβ3pE-42 and Aβ11-42 peptides were present in the diffuse 
plaques (Michno, Nystrom et al. 2019). These findings suggest that N-terminal 
modifications of Aβ may induce the formation of new plaques since pyroglutamated 
peptide is more hydrophobic and aggregates faster than Aβ1-42 (D’Arrigo, Tabaton et al. 
2009).  

AD is similar to a prion disease, as it can spread and induce pathological 
transformations of Aβ (Jucker and Walker 2018), e.g. injection of AD brain extracts into 
the hippocampus of APP transgenic mouse induces amyloid deposition in the brain 
(Kane, Lipinski et al. 2000, Langer, Eisele et al. 2011).  
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An intriguing study was performed with „seeding” of Aβ fibrillization with the extracts 
from AD brain cortex (Qiang, Yau et al. 2017). „Seeding” means the ability of the 
preformed small fibrillary aggregates to initiate growth of new fibrils. Qiang et al. showed 
that the amyloid seeds extracted from different AD brain parts are highly heterogeneous 
and initiate fibrils with different morphology as revealed by TEM experiments and 
structure as identified with NMR, especially in the case of Aβ42 when compared to Aβ40. 
This observation demonstrates the diversity of amyloid intermediates even within one 
brain extract (Qiang, Yau et al. 2017). Thus, these data indicate that the appearance of 
pathological seeds might be a factor defining the onset of AD.  

Another hypothesis associates amyloid aggregation into plaques with a head trauma, 
since traumatic brain injury has been identified as a risk factor for accelerating the age 
of AD onset by two or more years (Li, Risacher et al. 2016). After a head trauma,  
pro-inflammatory mediators are released, e.g. S100A9, that modulate Aβ aggregation 
(Wang, Klechikov et al. 2014, Wang, Iashchishyn et al. 2018). 

There is growing evidence that already formed amyloid fibrils can serve as templates 
for Aβ monomers for increasing the number of new nucleation centers in a process 
termed secondary nucleation (Linse 2017, Linse 2019). Cohen et al. showed that toxic Aβ 
oligomers can be produced via secondary nucleation. Moreover, selective inhibition of 
the secondary nucleation reduced Aβ42 toxicity in cell lines and mouse brain slices 
(Cohen, Arosio et al. 2015). The idea of secondary nucleation is also consistent with fAD 
onset, since Yang et al. showed that some familial mutations of Aβ increase the rate of 
secondary nucleation or generation of oligomers (Yang, Meisl et al. 2018).  

Metal ions are enriched in amyloid plaques: the concentrations of copper, iron and 
zinc in AD plaques exceed those in healthy brain tissue by more than twofold (Lovell, 
Robertson et al. 1998). The role of fibril-associated metal ions is still not known  
(Liu, Nguyen et al. 2019). Metal ions bound by plaques can be involved in generation of 
hydroxyl radicals; and accumulation of metals in plaques may cause an imbalance of 
metal ions in brain, e.g. reduce superoxide dismutase activity (Bayer, Schafer et al. 2003).  

To conclude this section, both amyloid plaques and fibrils most likely have important 
roles in generation of Aβ toxic species and seeds and can cause changes in the metal ion 
homeostasis. 

4.2. Aβ Oligomers 
As an outcome from many studies with AD models and AD patient samples, the amyloid 
oligomers were identified as the main toxic species of amyloid peptide, although their 
origin is still not fully understood (Selkoe and Hardy 2016, Cline, Bicca et al. 2018).  

To date, Aβ oligomers have been shown to induce synaptic dysfunction and reduce 
synaptic density, cause tau hyperphosphorylation and oxidative stress, disrupt Ca2+ 
homeostasis, induce microglia activation, endoplasmic reticulum stress, inhibition of 
axonal transport, insulin resistance etc. (Viola and Klein 2015, Cline, Bicca et al. 2018). 
These effects of Aβ oligomers were studied using oligomers extracted from patient brain 
or CSF samples and in vitro made oligomers. There was strong criticism regarding the use 
of detergents to induce Aβ oligomerization and artificial production of oligomers for  
in vitro and in vivo studies (Benilova, Karran et al. 2012), thus the effects of Aβ oligomers 
described in many studies can be overestimated. 

Cline and co-authors divided Aβ oligomers into two types in a recently published 
review: 1) oligomers derived from Aβ monomers immediately after APP processing and 
associated with memory impairment and 2) oligomers derived from amyloid plaques or 
plaque seeds and not affecting memory (Cline, Bicca et al. 2018). However, such division 
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of oligomers is based on data from various AD mouse models and there is no clear 
evidence that the same types of oligomers are present in AD brain. Importantly, it was 
shown that the plaque to oligomer ratio in the brain allows to distinguish between 
demented and non-demented patients (Esparza, Zhao et al. 2013). Thus, Hardy and 
Selkoe proposed that diffuse plaques can „hold” oligomers until the disease onset, when 
oligomers diffuse from the plaques into neighboring brain compartments, thereby 
causing neurodegeration (Selkoe and Hardy 2016). 

Importantly, the toxic properties of monomeric, oligomeric and fibrillar forms of Aβ 
are quite variable when comparing results from separate studies (Cavallucci, D’Amelio  
et al. 2012). Therefore, it remains to be determined whether the toxic oligomeric species 
are generated by soluble monomeric Aβ, by amyloid fibrils, or by a combination of 
monomers with fibrils. 

4.3. Tau protein in AD pathology 
One of the main hallmarks of AD is the presence of hyperphosphorylated tau protein that 
forms intracellular, insoluble neurofibrillary tangles. Tau is expressed mainly in neurons, 
where it associates with microtubules (Guo, Noble et al. 2017). In mature neurons, tau is 
located mainly in axons and stabilizes microtubules (Guo, Noble et al. 2017). The most 
important posttranslational modification of tau is phosphorylation, because it causes 
aggregation of tau and subsequent destabilization of microtubules. While tau has 85 
phosphorylation sites, it can also be acetylated, glycosylated etc. (Tapia-Rojas, Cabezas-
Opazo et al. 2019). Tau glycosylation has been proposed to be protective against 
hyperphosphorylation of tau and subsequent tangle formation (Liu, Iqbal et al. 2004). 
Except for frontotemporal dementia caused by certain mutations of microtubule-associated 
protein, tau pathology is usually accompanied by accumulation of amyloidogenic protein 
such as Aβ, α-synuclein or huntingtin (Guo, Noble et al. 2017). Recent studies have shown 
that tau is not only localized intracellularly, but it can also be secreted into extracellular 
space, and thereby tau pathology is also propagated throughout the brain (Yang and 
Wang 2018, Pernegre, Duquette et al. 2019). The consequent cascade of events in AD 
indicates that formation of tau tangles is a secondary event after amyloid deposition 
suggesting that Aβ can induce tau hyperphosphorylation (Selkoe and Hardy 2016). 
Importantly, the presence of tau tangles correlates with the disease progression (Braak 
and Braak 1991, Jack and Holtzman 2013). Taking together, tau hyperphosphorylation 
contributes to AD progression. 

4.4. Autophagy impairment in AD 
A considerable amount of literature has been published regarding impairment of 
autophagy as a potential pathological mechanism underlying AD (Funderburk, Marcellino 
et al. 2010, Uddin, Stachowiak et al. 2018). Autophagy is a physiological process responsible 
for removal of impaired organelles and other long-lived cytoplasmic structures. 
Autophagosome is a vesicle formed around an organelle or a large supramolecular 
structure. Autophagosomes are subsequently delivered to lysosomes for degradation 
(Hara, Nakamura et al. 2006). The transport of structures destined for degradation is highly 
important for postmitotic cells e.g. neurons, where autophagosomes reside mostly in 
dendrites or axons and lysosomes locate mainly in the cell body. Thus, an efficient 
transport of autophagosomes from the periphery to the cell body is vital for neuronal 
health (Nixon 2007). Fusion of autophagosomes with lysosomes is a microtubule-dependent 
process. Consequently, hyperphophorylated tau might impair axonal traffic and lead to 
the accumulation of autophagic vesicles containing Aβ (Nixon, Wegiel et al. 2005).  
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In case of AD, several authors have proposed that endosomal-lysosomal pathway acts 
as a regulator of APP processing (Grbovic, Mathews et al. 2003, Pasternak, Bagshaw  
et al. 2003). Studies in APP/PS1 mouse model showed that autophagic vacuoles include 
γ-secretase complex and APP (Yu, Cuervo et al. 2005). Also, it was shown that failure to 
deliver autophagic vacuoles to the lysosomes in cell bodies for the degradation results in 
abnormal accumulation of amyloid in neurites (Funderburk, Marcellino et al. 2010). 
Pickford et al. found a relationship between Aβ overproduction and beclin 1, a component 
of a lipid kinase complex that is essential for autophagy. The APP transgenic mice crossed 
with beclin 1 deficient mice are characterized by reduced autophagy and accumulation 
of abnormal lysosomal structures. In contrast, when beclin 1 was overexpressed to 
enhance autophagy, extracellular and intracellular levels of Aβ were reduced. Pickford et 
al. also found that levels of beclin 1 were decreased in the brain samples of AD patients 
(Pickford, Masliah et al. 2008). It is also thought that hyperphosphorylated tau 
accumulation and autophagy are also connected in AD.  

4.5. Mitochondrial cascade (primary vs secondary)  
Mitochondrion is an organelle responsible for cellular energetics. In neurons mitochondria 
supply synaptic processes with energy (Flannery and Trushina 2019). In recently 
published review on the role of mitochondria in AD (Swerdlow 2018), author proposed 
that there is a primary mitochondrial cascade in AD: failure of the respiratory chain 
functioning causes changes in neurotransmitter release, overproduction of ROS,  
cell stress responses that lead to altered APP homeostasis and Aβ accumulation. 
Alternatively, the author also suggested the possibility of a secondary mitochondrial 
cascade, which is consistent with the amyloid cascade hypothesis and changes in 
mitochondria occurring downstream of Aβ accumulation (Swerdlow 2018). The primary 
mitochondrial cascade hypothesis is strongly supported by the observation that aerobic 
glycolysis is increased in the same brain regions where senile plaques are located 
(Vlassenko, Vaishnavi et al. 2010); suggesting that changes in cellular energy metabolism 
may in fact induce Aβ production and accumulation. Nevertheless, there is also a 
possibility that Aβ accumulation causes failure of mitochondrial bioenergetics: decreased 
aerobic glycolysis in the brain, which usually accompanies with aging, resulting from 
amyloid burden correlates with increased deposition of tau (Vlassenko, Gordon et al. 
2018). However, changes in glucose metabolism have been identified in not just sAD 
patients but also elderly people without dementia (Goyal, Vlassenko et al. 2017). This 
data may support both primary and secondary mitochondrial cascades as mechanisms 
underlying AD pathogenesis.  

To conclude, there are still many gaps in the explanation of what might trigger AD.  

4.6. Which type of neurons degenerate in AD? 
Since mid-1970s it has been known that significant degeneration of cholinergic neurons 
occurs in AD patients (Davies and Maloney 1976). The authors studied activity of 
enzymes, which participate in neurotransmitter synthesis in AD patients and healthy 
controls. The finding of reduced activity of choline acetyltransferase (ChAT) in AD brain 
leaded to cholinergic hypothesis. Cholinergic transmission regulates associative learning, 
memory, sensory functions etc. (Ahmed, Knowles et al. 2019). It was found that the 
extent of failure in the cholinergic transmission correlates with the severity of symptoms, 
similarly to the presence of neurofibrillary tangles (Braak and Braak 1991, Vana, Kanaan 
et al. 2011). A center of cholinergic innervation, the nucleus basalis of Meynert (the part 
of the basal forebrain that innervates the cortex) undergoes neurodegeneration in AD 
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(Hampel, Mesulam et al. 2018). Amyloid burden correlates with neuronal loss in the basal 
forebrain and decreased ChAT activity correlates with increased abundance of Aβ as 
revealed by postmortem studies (Hampel, Mesulam et al. 2019). Treatment of AD 
patients with cholinesterase inhibitors improves cognitive functioning and memory by 
increasing the availability of acetylcholine (ACh) in synapses (Schneider, Mangialasche  
et al. 2014). However, the reason why cholinergic system deteriorates first is not explained 
by the cholinergic hypothesis of AD.  

There is evidence that noradrenergic neurons located mainly in the locus coeruleus 
(LC) also degenerate in AD and may have a role in the disease onset (Gannon, Che et al. 
2015). Increased availability of noradrenalin was shown to improve cognitive functions 
in APP transgenic mice whereas noradrenalin depletion caused functional impairment of 
microglia and an increase in the Aβ load (Heneka, Nadrigny et al. 2010). As reviewed  
by Gannon et al., degeneration of noradrenergic neurons can exaggerate certain 
neuropathological changes characteristic of AD, such as amyloid burden or abnormalities 
associated with the tau protein, at least in mouse models of AD (Gannon, Che et al. 2015). 
Noradrenergic neurons of LC degenerate in AD patients even to a greater extent than 
cholinergic neurons in the nucleus basalis (Zarow, Lyness et al. 2003).   

Moreover, authors of a recent review proposed that the loss of dopaminergic neurons 
of the ventral tegmental area (VTA) and LC is an important event causing memory loss in 
AD patients (Krashia, Nobili et al. 2019). VTA consists mainly of tyrosine hydroxylase (TH) 
positive neurons that innervate the prefrontal cortex, hippocampus etc. (Gasbarri, 
Verney et al. 1994). VTA was identified as the first region to degenerate in the APP 
transgenic mice Tg2576, thus explaining the memory impairment found in this model 
(Nobili, Latagliata et al. 2017). Therefore, Krashia et al. hypothesized that dopaminergic 
dysfunction leads to cognitive dysfunction and other symptoms of AD such as depression, 
apathy and disturbances in circadian rhythms (Krashia, Nobili et al. 2019); however,  
the vulnerability of VTA in AD patients has still not been thoroughly studied. 

Although there is a clearly defined temporal sequence of the degeneration of different 
brain parts in AD (Braak and Braak 1991, Serrano-Pozo, Frosch et al. 2011), we still do 
not know why certain types of neurons are more vulnerable than other ones. 

4.7. Risk factors for AD 
The first genetic risk factors identified for development of sAD was the presence of the 
apolipoprotein E (ApoE) ε4 allele. ApoE regulates lipid metabolism in the brain and may 
have a significant role in deposition and clearance of Aβ (Karch and Goate 2015). Another 
genetic risk factors for developing AD are certain variants of the triggering receptor 
expressed on myeloid cells-2 (TREM2)-, that are expressed mainly in microglia and are 
responsible for normal immune functions in the brain (Gratuze, Leyns et al. 2018). 
Interestingly, TREM2 is the putative receptor for ApoE4 in microglia, and their interactions 
may have a significant role in the onset of AD (Wolfe, Fitz et al. 2018). It is suggested that 
the ApoE and TREM-2 interaction might initiate microglia to switch from homeostatic to 
neurodegenerative microglia on the transcriptional level (Gratuze, Leyns et al. 2018).  

The onset of AD eventually depends on a combination of a number of risk factors 
including aging, high blood pressure, traumatic brain injury, type II diabetes, physical 
inactivity (Xia, Jiang et al. 2018). Recently, the impaired gut microbiome and its 
metabolites were shown to trigger inflammation in the central nervous system, leading 
to alterations in the levels of neurotransmitters through the vagal afferent fibers 
(Bostanciklioglu 2019). There is also evidence that infections, such as herpes simplex 
virus (HSV) may play a significant role in the disease onset: reactivation of HSV with 
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subsequent secretion of type M anti-HSV immunoglobulins was found to increase the 
risk for AD (Lovheim, Gilthorpe et al. 2015). However, in the latter study no possible 
mechanism connecting HSV infection with neurodegeneration was proposed. 

In summary, AD is a multifactorial disease where a number of different pathological 
events, genetic and environmental factors have been implicated as likely causes. 
However, there is a lack of the unequivocal understanding: how these factors cause 
neurodegeneration in AD and in which temporal sequence. 

4.8. Potential protective factors against AD 
Epidemiological studies have identified the following factors, which can make elderly 
people less vulnerable to AD: social activity and intellectual stimulation, regular physical 
activity, vitamin-rich and omega-3 fatty acid containing diet (Stozicka, Zilka et al. 2007). 
As an example, physical activity has been shown to increase the levels of brain derived 
neurotrophic factor (BDNF) that supports neuronal cell survival and promotes  
non-amyloidogenic APP processing in the AD mouse model (Nigam, Xu et al. 2017). There 
was also evidence that non-steroidal anti-inflammatory drugs and cholesterol-lowering 
drugs or statins may lower the risk to get AD, however, estimated effects on AD patients 
in clinical trials were mostly symptoms relieving (Stozicka, Zilka et al. 2007). 

4.9. Treatment strategies for AD 
Symptoms of AD, such as dementia and impairment of cognitive functions, appear many 
years after the beginning of amyloid accumulation and are accompanied by other 
neuropathological features, such as the formation of tau tangles, decreased volume of 
hippocampus, changes in glucose metabolism of the brain etc. (Masters, Bateman et al. 
2015). To date, the only AD drugs available are the NMDA receptor antagonist 
(Memantine), or cholinesterase inhibitors (Donepezil, Rivastigmine, Galantamine), which 
only relieve the symptoms of AD by targeting the neurotransmitter systems affected by 
the disease (Khoury, Patel et al. 2017, Liu, Xie et al. 2019). In addition, norepinephrine 
transporter inhibitors are also used to improve behavioral and mood disorders in AD 
patients (Gannon, Che et al. 2015). 

There are several drug-development strategies for AD proposed: disease-modifying 
and system-reducing or symptomatic (Cummings, Lee et al. 2019). Disease-modifying 
drug candidates are based on the amyloid cascade hypothesis: a number of anti- Aβ 
monoclonal antibodies-based drugs such as aducanumab and crenezumab have been 
designed to enhance Aβ clearance (Liu, Xie et al. 2019). Unfortunately, clinical trials of 
nearly all anti-amyloid-based strategies have failed so far (Panza, Lozupone et al. 2019). 
There are also other disease-modifying drugs candidates, such as tau aggregation 
inhibitors in clinical trials (Cummings, Lee et al. 2019). System-reducing strategies are 
targeted to reduce AD symptoms and enhance cognition, where cholesterol-lowering, 
anti-inflammation, neuroprotective drugs are used (Cummings, Lee et al. 2019). Since 
mechanisms of AD pathogenesis have turned out to be more complicated than expected, 
several combined therapies have also been proposed (Cummings, Tong et al. 2019). 
Therefore, combinations of disease-modifying drugs, e.g. amyloid aggregation inhibitors 
with ibuprofen or other anti-inflammatory drugs are currently in clinical trials. 
Combinations of symptom-relieving drugs are also being tested (Cummings, Tong et al. 2019). 

Overall, it is difficult to cure the disease with unknown cause of onset; however, there 
is still a hope for drugs or combinational therapies that might prevent neurodegeneration. 
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5. In vitro studies of Alzheimer’s disease
AD is a slowly progressing neurodegenerative disease where changes in the brain appear 
years before the onset of symptoms and the actual diagnosis. Therefore, studying AD 
mechanisms in animal models and creating appropriate in vitro models has been 
challenging. In vitro and in vivo studies of AD are often problematic since even small 
differences between the various models used complicate interpretation of experimental 
data and drawing of meaningful conclusions. As an example, the APP/PS double 
transgenic mouse, does not developed tau tangles unless a mutated tau gene has been 
introduced into the genome (3xTg mouse) (Mullane and Williams 2019). Importantly, 
the simplest and well controlled in vitro experiments have made small but incremental 
contributions to our understanding of the mechanisms of neurodegeneration in AD. 

5.1 Amyloid beta fibrillization in vitro  
Fibrillization of peptides is a process where monomers form intermolecular β-sheet 
structures that grow further into long stable fibrils of certain morphology (Tycko 2014). 
Creating a model of Aβ fibrillization in vitro allows performing this process in controlled 
conditions. Fibrillization in vitro follows a sigmoidal curve (Figure3). Initial phase is a 
lag-phase or primary nucleation, which can be either homogeneous or heterogeneous 
(Srivastava, Pittman et al. 2019). In the case homogeneous nucleation, Aβ is aggregating 
spontaneously in the solution containing monomers at appropriate concentration. 
Primary nucleation is heterogeneous if the formation of Aβ aggregates occurs on surfaces, 
e.g. cell membranes or phase boundaries (Srivastava, Pittman et al. 2019). The middle
part of fibrillization is dominated by the elongation phase when propagation of
nucleation centers continues. This phase is induced via fragmentation of the fibrils in the
solution, creating new elongation centers (Knowles, Waudby et al. 2009), and via
secondary nucleation, whereby fibrils act as templates for the creation of new nucleation 
centers or seeds (Linse 2017, Srivastava, Pittman et al. 2019). Finally, a plateau or
stationary phase is achieved when most of the monomeric peptides have aggregated.

Figure 3. Schematic representation of amyloid β fibrillization. 
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The simplest experiment for studying Aβ aggregation and its fibrillization is measuring 
aggregation kinetics in a solution by using amyloid specific dyes like Thioflavin T.  
To optimize the conditions and accelerate the process of fibrillization, experiments can 
be performed with the agitation using a magnetic stirrer (Karafin, Palumaa et al. 2009). 
Alternatively, Aβ fibrillization can be studied under quiescent conditions, i.e. without a 
constant agitation; however, under such conditions the process can take days (Tiiman, 
Noormagi et al. 2013, Cukalevski, Yang et al. 2015). Fibrillization in vitro can be influenced 
by various environmental factors such as temperature, pH of the solution; or presence 
of inhibitors, such as polyphenols, sterols, peptides, antibodies (Giorgetti, Greco et al. 
2018). The generation of fibrillary seeds is crucial for initiation of fibrillization in vitro, as 
previously described; however, what promotes this process in vivo is still not well 
understood. Matsuzaki et al. studied heterogeneous nucleation on cell membranes and 
effects of the membrane composition on the initiation of Aβ fibrillization. They showed 
that ganglioside clusters, components of the cellular membrane, form centers for fibril 
growth (Matsuzaki 2014). In addition to this, other amyloidogenic proteins can also 
modulate Aβ fibril formation, such as S100A9, a pro-inflammatory peptide secreted by 
neurons and microglia (Wang, Klechikov et al. 2014). It was shown that metal ions Cu2+ 
and Zn2+ could promote Aβ aggregate formation; however, those aggregates are mainly 
amorphous, which undergo further transformation into fibrils (Tougu, Tiiman et al. 2011, 
Srivastava, Pittman et al. 2019).  

Since the prevalent form of Aβ is Aβ40, it was hypothesized that this shorter peptide 
may have a protective effect by interfering with aggregation of the more amyloidogenic 
and toxic Aβ42 peptide (Murray, Bernstein et al. 2009, Terrill-Usery, Colvin et al. 2016). 
Kuperstein et al. showed that small changes in the peptide ratios affect kinetic and toxic 
properties of mixed Aβ aggregates when tested on primary cultures (Kuperstein, 
Broersen et al. 2010). However, a more recent and detailed study showed that Aβ40 and 
Aβ42 monomers could promote the formation of fibrillary seeds and the formed fibrils 
were homomolecular (Cukalevski, Yang et al. 2015). Alternatively, there is an evidence 
that peptides form interlaced fibrils, which means that Aβ40 and Aβ42 β-strands 
alternate with each other (Gu and Guo 2013). It is difficult to determine whether the 
processes described can occur in the brain since the amyloid species extracted from 
plaques are diverse and Aβ40 can influence fibrillization or oligomerisation of Aβ42 and 
vice versa (Cabrera, Mathews et al. 2018). 

In vitro studies of Aβ fibrillization can help to understand the amyloidogenic properties 
of the peptides and propose new hypotheses to suppress amyloid cascade.  

5.2 Primary neuronal and organotypic slice cultures in AD research 
Rodent-derived primary neuronal cultures are widely used in AD studies as well as  
neuroscience in general (Gordon, Amini et al. 2013). Primary neurons are advantageous  
since they constitute a brain-derived cell type, which, unlike non-primary cells, do not 
require further differentiation and overexpression of the main neuronal markers such as 
TUJ, MAP2, synapsin. There are also a number of disadvantages: firstly, primary cultures 
are not immortal, and thus the cell number obtained is limited; secondly, it is always 
important to prove the absence of non-neuronal cells if mixed cultures should be avoided 
(Gordon, Amini et al. 2013). 

Rodent ex vivo models termed organotypic brain slice cultures are also widely used in 
AD studies (Humpel 2015). On the one hand, this in vitro model is more complex than 
the 2D models and can be prepared from aged animals, a feature that is particularly 
important for AD studies. On the other hand, since it is a rodent-based model, organotypic 
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brain slices could be derived only from appropriate transgenic rodent models of AD  
(Jang, Kim et al. 2018).   

5.3 Stem cell-derived AD models 
Since the arrival of reprogramming of somatic cells into pluripotent stem cells in 2006,  
a number of stem cell-based AD models have been developed by using of various 
strategies (de Leeuw and Tackenberg 2019). Patient-specific approach entails creation of 
induced pluripotent stem cells (iPSC) from somatic cells of the AD patient with 
subsequent differentiation toward mature neurons of the type affected in AD disease 
(e.g. basal forebrain cholinergic neurons) and comparing these to the neurons derived 
from the cells of healthy controls. Monogenic or isogenic approach means that  
somatic cells from AD patient or healthy individual are reprogrammed to stem cells and 
the iPSC cells obtained are edited in accordance with the aims of an experiment,  
e.g. by introduction of sAD risk gene variants or editing of fAD gene variants etc. On the 
last stage, genetically edited stem cells are differentiated and compared to healthy 
control or non-edited AD control cells (de Leeuw and Tackenberg 2019). iPSC cells 
derived from fAD patients were used to create a  3D model to study the mechanisms  
of AD pathology involving amyloid overproduction, oxidative stress, ER-stress and  
tau-hyperphosphorylation (Choi, Kim et al. 2014, de Leeuw and Tackenberg 2019).  

To conclude, the involvement of stem cell-based models in AD research is a great 
advance that has a potential in further studies to reveal mechanisms of neurodegeneration. 

5.4 Immortalized cell lines in AD studies 
The first choice for preliminary studies of drug candidates are usually immortalized 
cancer cell lines because the cells can be easily cultured at an amount needed for 
experiments. Immortalized cells are easy to use and have many characteristics of the 
tissue where they have been derived from. These affordable models enable to carry out 
toxicity experiments and elucidate pathological mechanisms on cellular level.  

The most popular rodent immortalized cell lines in AD studies are Neuro2A and PC12. 
Neuro2A is a mouse neuroblastoma cell line, which is widely used in toxicity studies 
(Hong, Maezawa et al. 2007, Manzoni, Colombo et al. 2011). Neuro2A cells can be 
differentiated into neuron-like cells using various agents such as retinoic acid (RA), 
dibutyryl cyclic adenosine monophosphate (dbcAMP), bone morphogenetic protein 4 
(BMP4), transforming growth factor-β 1 (TGFβ 1) (Tremblay, Sikorska et al. 2010). PC12 
is rat pheochromocytoma cell line that is usually used after differentiation with neuronal 
growth factor (NGF) toward a noradrenergic phenotype (Greene and Tischler 1976, 
Wang, Jiang et al. 2018). However, there is also evidence that undifferentiated PC12 can 
be used if treated with autophagy inhibitors that can serve as a model for AD since 
inhibition of autophagy leads to impaired amyloid clearance (Tian, Lin et al. 2019).  

Immortalized cell lines of human origin are also used in AD studies. The most common 
are human neuroblastoma cell lines e.g. SK-N-SH cells, which are used in Aβ toxicity 
studies (Pinkaew, Changtam et al. 2016) or SH-SY5Y cells. The main disadvantage of  
the above mentioned cell lines is the lack of many characteristics for mature neurons,  
i.e. the cell type that degenerates in AD. To resolve this problem, the cultures can be 
differentiated with various agents, which inhibit cell proliferation and induce a more 
neuron-like phenotype. The SK-N-SH cell line can be differentiated with RA and  
12-O-tetradecanoylphorbol-13-acetate (TPA) toward a more neuron-like phenotype 
(Niewiarowska-Sendo, Patrzalek et al. 2015). Another possibility for creating more relevant 
cellular model of AD is to induce overexpression of a protein of interest, e.g. to use  
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SH-SY5Y cells stably expressing mutated PS1 as a model for fAD (Tong, Lee et al. 2016). 
There is also a possibility to introduce tau hyperphosphorylation promoting mutations 
(Loffler, Flunkert et al. 2012). 

The toxic effects of Aβ on the neurons can be elucidated when comparing toxicity on 
cell cultures of different origins. For example, sensitivity toward Aβ has been estimated 
in neuroblastoma cells vs embryonic kidney cells 293 or human IMR-32 neuroblastoma 
cells (Saikia, Pandey et al. 2019) or SH-SY5Y vs SK-N-BE(2)-C human neuronal cell lines or 
C6 mouse glial cell line (Pacifico, Piccolella et al. 2014). 

A recent and quite sophisticated approach for studying AD was developed by the 
biotechnology company ReNeuron’s, who derived and immortalized neural progenitor 
cells from human fetal mesencephalon (midbrain). This cell line, termed ReNcell VM, can 
be differentiated into neurons and glial cells and was developed to the 3D culture-based 
model exhibiting features of AD pathology (Choi, Kim et al. 2014). To this end, the authors 
introduced APP and/or PS1 fAD mutations to the ReN cells’ genome, differentiated the 
cells into mature neurons for several weeks to be able to observe Aβ formation and tau 
hyperphosphorylation. Compared to mouse-based models, this model is advantageous 
for having both hallmarks of AD present without requiring the introduction of tau 
mutations (Choi, Kim et al. 2016). 

To conclude, immortalized cell lines are widely used in toxicological studies for drugs 
candidates or for revealing pathological AD-associated changes on the cellular level. 
Working with human cell lines is of crucial importance since AD is a human 
neurodegenerative disease (De Felice and Munoz 2016). 

5.5 Differentiation routes and neuronal properties of SH-SY5Y 
SH-SY5Y was obtained by sub-cloning of the SK-N-SH cell line, a human cell line derived 
from a bone marrow aspirate of a 4-year-old girl with metastatic neuroblastoma, which 
was heterogeneous since it included cells of neuronal, glial and intermediate phenotypes 
(Ross, Spengler et al. 1983, Macleod, Allsopp et al. 2001). The original SH-SY5Y cell line 
differs significantly from mature neurons: it lacks long neurites, a formation of neuronal 
networks, and has a low expression of neuron-specific markers e.g. β-III Tubulin 
(Agholme, Lindstrom et al. 2010). Non-differentiated SH-SY5Y cells express neuronal 
marker enzymes (tyrosine hydroxylase and dopamine-β-hydroxylase), several 
neurofilament proteins, opioid, muscarinic, and nerve growth factor receptors; they 
specifically take up norepinephrine and are therefore proposed to possess the properties 
of catecholaminergic and dopaminergic neurons (Biedler, Roffler-Tarlov et al. 1978, Xie, 
Hu et al. 2010). Due to these characteristics, this cell line was considered for deployment 
as a cellular Parkinson’s disease model, where mainly dopaminergic neurons degenerate; 
however, this cell line is not exclusively dopaminergic (Xicoy, Wieringa et al. 2017). 
Importantly, non-differentiated SH-SY5Y cells express the shortest isoform of tau only, 
which is not involved in the formation of neurofibrillar tangles (Agholme, Lindstrom  
et al. 2010).   

Treatment with a range of differentiating agents can change the SH-SY5Y cells’ 
morphology and physiological properties to make them more neuron-like as well as to 
acquire more neuronal properties. There are a number of protocols for differentiation of 
SH-SY5Y neuroblastoma cell line and the most relevant ones are briefly reviewed below. 

Treatment of SH-SY5Y cells with RA leads to enhanced outgrowth of neurites  
(Cheung, Lau et al. 2009), increases their survival by upregulating the antiapoptotic  
B-cell lymphoma 2 (BCL-2) protein (Itano, Ito et al. 1996), and also brings about changes 
in cellular Na+ homeostasis (Toselli, Tosetti et al. 1996). Also, RA treatment increases tau 
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levels with transposition of phosphorylation sites involved in the stabilization of 
microtubules (Haque, Tanaka et al. 1999). The RA-based differentiation protocol can be 
used to create a model for studying Parkinson’s disease due to the many features of 
dopaminergic neurons mentioned above (e.g. TH expression) (Xie, Hu et al. 2010, Xicoy, 
Wieringa et al. 2017). Importantly, some non-differentiated cells are still present in the 
culture, because they do not response to RA treatment (Nishida, Adati et al. 2008).  

Treatment with RA reprograms SH-SY5Y cells to become responsive to neurotrophins 
including BDNF (Encinas, Iglesias et al. 2000). Sequential treatment of SH-SY5Y cells with 
RA and BDNF leads to the outgrowth of neurites, synaptogenesis and modulates 
positively their survival. There is also evidence that sequential treatment of RA and BDNF 
not only increases tau production, but also promotes its relocalizaton from the cell soma 
to the neurites, thereby strengthening the microtubules (Chen, Zhou et al. 2014). 
Additionally, the RA/BDNF treatment leads to the increased expression of vesicular 
acetylcholine transporter (VAChT), choline acetyltransferase (ChAT) and microtubule 
associated protein 2 (MAP2). Encinas et al. hypothesized that this protocol might induce 
cholinergic phenotype in SH-SY5Y; however, ChAT activity measurements did not reveal 
any significant difference between only RA treatment or combined RA/BDNF treatments 
(Encinas, Iglesias et al. 2000). Increased activity of acetylcholine esterase (AChE) and 
increased expression of cholinergic receptor was reported by Goldie et al., suggesting 
differentiation toward the cholinergic phenotype (Goldie, Barnett et al. 2014). A recently 
published study confirmed the acquisition of cholinergic phenotype following RA and 
BDNF treatment of SH-SY5Y cells since a microarray-based analysis revealed an increase 
in the expression of ChAT, AChE and important cholinergic receptors; however, the 
authors have applied RA and BDNF simultaneously (for 3 days) rather than sequentially 
(de Medeiros, De Bastiani et al. 2019). Another group described a SH-SY5Y-based 3D 
model for Parkinson’s disease after differentiation of the cells with RA and BDNF, which 
led supposedly to a dopaminergic phenotype (Taylor-Whiteley, Le Maitre et al. 2019). 
Interestingly, treatment of SH-SY5Y cells with BDNF was shown to increase the 
expression of APP (Holback, Adlerz et al. 2005) and initiate non-amyloidogenic APP 
processing by α-secretase (Nigam, Xu et al. 2017). 

Differentiation of SH-SY5Y cells with dbcAMP also induces morphological changes in 
cells, including neurite outgrowth and branching concomitant with an increased release 
of NA, consistent with the acquisition of a noradrenergic phenotype (Kume, Kawato  
et al. 2008). Intracellular esterases degrade dbcAMP to butyrate and monobutyryl cAMP 
(mbcAMP) that activate protein kinase A (PKA). Unlike RA/BDNF differentiation, dbcAMP 
treatment does not induce expression of MAP2 (Sanchez, Jimenez et al. 2004). It was 
subsequently shown that both butyrate and activation of PKA have important roles in 
dbcAMP-mediated differentiation of SH-SY5Y cells (Kume, Kawato et al. 2008). Several 
studies have demonstrated that dbcAMP increases the expression of APP also in  
NG108-15 cells and in rat primary cultures (Shekarabi, Bourbonniere et al. 1997,  
Sagy-Bross, Kasianov et al. 2015), implying that the effects of dbcAMP on the expression 
of APP apply across several different cellular contexts.  

TPA is a biologically active phorbol ester affecting cell growth and differentiation via 
protein kinase C (PKC) activation (Encinas, Iglesias et al. 2000). During differentiation by 
TPA, SH-SY5Y cells undergo morphological changes, discontinue replication and enter 
quiescence. Sequential exposure of SH-SY5Y cells to RA and TPA induces a 3-fold increase 
in TH, a 4-fold increase in dopamine transporter (DAT), a 3-fold increase in dopamine 
receptor 2 and a 6-fold increase in dopamine receptor 3 levels compared to the untreated 
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cells (Presgraves, Ahmed et al. 2004, Looyenga, Resau et al. 2013). All these facts imply 
that SH-SY5Y cells adopt a dopaminergic cellular phenotype in response to RA and TPA 
treatment. At the same time, Pahlman et al. showed that TPA drives differentiation 
toward noradrenergic phenotype (Pahlman, Ruusala et al. 1984). 

Staurosporine, a non-specific protein kinase inhibitor, is able to induce differentiation 
of SH-SY5Y cells in a serum-free medium (Prince and Oreland 1997). Differentiation with 
staurosporine was shown to induce catecholaminergic phenotype with increased 
production of noradrenalin and upregulation of the expression levels of related genes 
(Filograna, Civiero et al. 2015). Another protocol used silica-ε-polycaprolactone-
nanoparticles (designed to modulate neuronal differentiation) to guide the 
differentiation of  SH-SY5Y cells into dopaminergic neurons, as evidenced from  increased 
TH expression and decreased expression of choline transporter 1 (ChT1) (Wiedmer, 
Ducray et al. 2019). 

Treatment of SH-SY5Y cells with insulin-like growth factor (IGF) also induces neurite 
outgrowth with more neuron-like phenotype (Kim, Leventhal et al. 1997, Dwane, Durack 
et al. 2013). In addition, 17 beta-Estradiol (E2), 3β-hydroxy-5-cholestene (cholesterol) 
accompanied with RA treatment were also shown to direct differentiation the cells 
toward neuron-like phenotype (Teppola, Sarkanen et al. 2016).  

Coating of the cell plates to induce or support differentiation of the cells is also widely 
used (Nishida, Adati et al. 2008, Dwane, Durack et al. 2013, Korecka, van Kesteren et al. 
2013). Algholme et al. tested several cell substrate-coating variants for SH-SY5Y cells for 
their capacity to induce neurite outgrowth, such as extracellular matrix, collagen as well 
as various agents including vitamin D3, NGF, BDNF (Agholme, Lindstrom et al. 2010). 
There are also protocols to induce differentiation of neuroblastoma using the growth 
medium normally used for human neural stem cells with the addition of RA (Yang, Wang 
et al. 2016).  

To conclude, the protocols reviewed in current section promote more neuron-like 
phenotypes of SH-SY5Y cells with the changes in the relevant neuronal marker expression 
and the synthesis of different neurotransmitters; however, a consensus about the 
neuronal properties of differentiated cells has not been reached. 

6. Amyloid beta toxicity studies in SH-SY5Y cell line 
Human neuroblastoma SH-SY5Y cell line is the most widely used in vitro neuronal model 
for studies of Aβ toxicity. A number of seminal publications using SH-SY5Y cell line for 
this purpose are listed in Table 1. 
  



26 

 Table 1 Summary of published Aβ toxicity studies using SH-SY5Y cells 
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none Aβ25–35, 
Sigma 

pre-
aggregated MTT 20µM 16h viability 

80% Liu et al. 2017 

none 
Aβ1-42*, 

Aβpy3-42; 
AnaSpec 

oligomers MTT 100nM 72h 

viability  
54% for 

Aβpy3-42; 
74% for 
Aβ1-42 

Galante et al. 
2012 

none Aβ42, 
Bachem NA MTT 5µM 24h viability 

45% 
Milton et al. 

2012 
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Table 1 continued I 

none 

Aβ42*, 
American 
Peptide 

Company 

oligomers MTT 10µM
20µM 24h viability 

75%/55% 
More et al. 

2013 

none, 
fibronectin 

coated 
plates 

Aβ42, 
Funakoshi NA MTT 15µM 24h 55-60% 

viability 
Villareal et al. 

2016 

1% serum 
deprivation 

Aβ42, 
Biochem oligomers MTT 1-

1.5µM 24h viability 
50% Lin et al. 2017 

RA 
Aβ42**, 
Aβ40**, 
Anaspec 

pre-
aggregated MTT 30µM 72h viability  

60% 
De Lorenzi et 

al. 2017 

RA 

Aβ42, 
Peptide 
Institute 

Inc.  

oligomers MTT 2.5µM 20h viability 
50-60% 

Oguchi et al. 
2017 

none Aβ42*, 
Biopeptide oligomers MTT 10µM 24h 80% 

viability 
Zatsepina et 

al. 2018 

none Aβ42*,  
APExBIO 

pre-
aggregated 

fibrils 
MTT 20µM 24h viability 

50% 
Haris Omar et 

al. 2019 

RA/BDNF 

Aβ42, 
Sigma-
Aldrich 

Chemical 
Co 

pre-
aggregated, 
oligomers 

MTT 2.5µM 24h viability 
50% 

Singh et al. 
2017 

RA/BDNF Aβ42* 
Abcam oligomers MTT 0.1nM 24h 55% 

viability 
Medeiros et 

al. 2019 
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Table 1 continued II 

RA Aβ42*, 
rPeptide 

oligomers, 
fibrils 

LDH 
release 5µM 48h 

viability  
90% for 
fibrills,  
82% for 

oligomers 

Garzon et al. 
2007 

none Aβ1-42, 
Bachem fibrils WST-8 20µM 48h viability 

80% 

Chonpathom-
pikunlert  et 

al. 2011 

none Aβ1-42, 
rPeptide prefibrillar CytC 

release 10µM 1h 
cytC 

release 
60% 

Camilleri et al. 
2013 

none 
Aβ40**, 
Aβ42**, 
AnaSpec 

monomer peptide 
uptake 1µM 24h 

Aβ42 
uptake is 
twice as 
high for 

Aβ40 

Wesén et al. 
2017 

none Aβ42, 
Sigma 

pre-
aggregated 

Trypan 
blue 20µM 24h viability 

50% 
Hwang et al. 

2017 

none Aβ42, 
Anaspec fibrils 

Cell-
Counting 

Kit, WST-8 
10µM 48h viability 

80% Ni et al. 2017 

RA 
Aβ40*, 
Aβ42*, 

rPeptide 
oligomers 

Plaque 
assay, p-

tau 

0.5, 1 
or 

10µM 
24h no p-tau 

increase 
Mokhtar et al. 

2018 

RA/BDNF 
MetAβ42*
* recombi-

nant 
monomers Presto 

Blue 7µM 72h viability 
50% 

Cristóvão et 
al. 2018 

 

 „NA” - not available; Aβ42 is Aβ1-42; Aβ40 is Aβ1-40; p-tau – hyperphosphorylated tau; 
asterix*- DMSO used as solvent; **-alkaline solvent used; absence of an asterix means 
neutral solvent e.g. water or PBS; yellow shadowing indicates articles, where only MTT 
test was used to estimate toxicity. 

Most authors optimize cell-culturing conditions, differentiation protocols and peptide 
preparation techniques before implementing them for the actual experiments. SH-SY5Y 
cells are mainly used without prior differentiation (Chonpathompikunlert, Yoshitomi  
et al. 2011, Galante, Corsaro et al. 2012, Camilleri, Zarb et al. 2013, Chi, Wang et al. 2013, 
Wesen, Jeffries et al. 2017). The composition of the medium used in the mentioned 
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studies varies. American Type Culture Collection (ATCC) recommends growing the cells 
in a mixture comprising 50% DMEM and 50% Ham’s F12. The studies listed in Table 1 
used either DMEM, DMEM replaced with neurobasal medium or RPMI. Xicoy et al. 
reviewed the use of SH-SY5Y cells as a cell culture model for Parkinson’s disease studies 
(Xicoy, Wieringa et al. 2017) and also indicated a wide range of cell medium that had 
been used in a number of independent studies. 

The simplest differentiation protocol entails treatment of SH-SY5Y cells with RA to 
render this cellular model system more neuron-like (Zhang, Jiao et al. 2017, Mokhtar, 
Kim et al. 2018). Interestingly, RA-differentiated SH-SY5Y cells turned out to be relatively 
resistant towards Aβ toxicity: De Lorenzi et al. showed that a 3-day treatment with  
30 µM Aβ42 reduced these cells’ viability to 60% as compared to non-treated control  
(De Lorenzi, Chiari et al. 2017). However, De Lorenzi et al. tested the effects of Aβ in the 
presence of 5% FBS that might have interfered with the formation of amyloid aggregates. 
Retrieval or elimination of serum is important when studying toxicity of Aβ, since albumin 
and other serum components can interact with the Aβ peptide (Reyes Barcelo, Gonzalez-
Velasquez et al. 2009). Another group showed that Aβ42 oligomers are highly toxic to 
RA-differentiated cells (45% of viable cells remained after 20 h incubation with 2.5 µM 
oligomers) (Oguchi, Ono et al. 2017). 

SH-SY5Y cells differentiated with RA followed with BDNF treatment are used to a 
lesser extent in studies of Aβ toxicity (Table 1). Again, it is difficult to compare the results 
in the mentioned studies, since the Aβ concentrations used ranged from nanomolar to 
micromolar. In addition, the origin of the Aβ peptide used was different, since 
recombinant or synthetic peptides were used (Table 1). Singh et al. and de Medeiros  
et al. showed that the synthetic peptides appeared to be highly toxic as revealed by the 
MTT assay (after 24 h incubation, 2.5µM and 0.1 nM Aβ reduced viability by 50% and 
45%, respectively) (Singh, Bissoyi et al. 2017, de Medeiros, De Bastiani et al. 2019).   
Recombinant MetAβ peptide was less toxic since 7µM of the peptide reduced viability by 
50% after a 72-hour treatment, as shown by the PrestoBlue test (Cristovao, Morris et al. 
2018). One possible reason why BDNF is not used after RA for differentiation of the  
SH-SY5Y cells is its potential protective effect on the neuronal cells’ survival (Kim 2014, 
Nigam, Xu et al. 2017), thereby masking the toxic effects of the peptide.    

The origin of Aβ, i.e. whether it is recombinant or synthetic, has a significant effect on 
toxicity and amyloidogenic properties of the peptide (Finder, Vodopivec et al. 2010).  
On the one hand, the recombinant form of Aβ peptide is more preferable in toxicity 
studies due to the high fidelity of ribosomes compared to those of organic synthesis 
systems. On the other hand, purification procedures after overexpression of the amyloid 
peptides may co-purify the additives that could influence the peptide properties (Finder, 
Vodopivec et al. 2010, Suvorina, Selivanova et al. 2015, Adams, Nemkov et al. 2017).  
The presence of additives in different peptide batches could also explain the 
heterogeneity of the results obtained even when using the same peptide concentration, 
time of exposure, toxicity assay etc. (Table1). 

Importantly, in many in vitro studies not only Aβ40 and Aβ42, but also the Aβ fragment 
from residues 25 to 35 have been used (Yu, Suen et al. 2006, Chi, Wang et al. 2013, Xian, 
Lin et al. 2013, Xiao, Huang et al. 2013, Chen, Chen et al. 2014). This region of Aβ is highly 
hydrophobic and forms stable aggregates whose toxicity is higher than that of Aβ42 
(Pike, Walencewicz-Wasserman et al. 1995). Since the Aβ25-35 peptide can be produced 
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only synthetically (Pike, Burdick et al. 1993), then the results obtained with this peptide 
are only poorly related to AD pathogenesis in vivo.  

It has been also found that the N-terminally truncated Aβ3pE-42 peptide is present in 
plaques of AD patients (Iwatsubo, Saido et al. 1996). Studies of its fibrillization kinetics 
revealed that it is as amyloidogenic, as Aβ42 (Dammers, Schwarten et al. 2017). However, 
Aβ3pE-42 toxicity to SH-SY5Y cells was shown to be significantly lower than that of  
full-length Aβ42 (Galante, Corsaro et al. 2012). 

The choice of a proper solvent for dissolving of Aβ peptides plays a crucial role in their 
toxic properties. Although the use of dimethylsulfoxide (DMSO) precludes formation of 
β-sheet structures and therefore peptide fibrillization (Shen and Murphy 1995),  
it still induces non-fibrillar oligomerization of the peptides (Novo, Freire et al. 2018). 
Importantly, the Aβ oligomers, obtained in the presence of DMSO, were shown to be 
highly toxic at micromolar and nanomolar concentrations (Oguchi, Ono et al. 2017,  
de Medeiros, De Bastiani et al. 2019). Despite of that, such artificial production of Aβ 
oligomers is not well suited for revealing the neurotoxic mechanism of the peptide in vivo. 

Aβ can also interfere with the method used for testing of cellular viability. For example, 
the widely used MTT test, based on tetrazolium salt reduction in viable cells, was shown 
to negate the toxic effect of Aβ42 on SH-SY5Y cells, which have been damaged with the 
exocytosis of formazan (Isobe, Michikawa et al. 1999, Lu, Zhang et al. 2012). MTT test 
was also inaccurate when estimating the toxicity of glycolysis inhibitors, as compared  
to other assays for enumerating non-viable cells such as neutral red or resazurin  
(van Tonder, Joubert et al. 2015). Nevertheless, over 60% of the studies listed in Table 1 
used MTT tests and seven of them (yellow shading) did not apply any additional toxicity 
assays e.g. AnnexinV/PI. It can be seen from the Table 1, that the results obtained using 
MTT tests showed that approx. 50% of cells remained viable after 24h incubation with 
Aβ regardless of the concentration applied, which obviously complicates the comparison 
of the results obtained from different studies of Aβ toxicity.  

To sum it up, it can be seen that the most established cellular model based on SH-SY5Y 
cells is mainly used without any additional differentiation steps. Moreover, the conclusions 
about Aβ toxicity reached on the basis of this model are contradictory due to the 
differences in the source of the peptide, various peptide preparation protocols and the 
choice of a toxicity test. 
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Aims of the study  
The aims of current thesis were as follows: 

• To investigate systematically the effects of environmental factors on Aβ40 and 
Aβ42 fibrillization in vitro and elaborate a protocol for the peptides preparation 
for toxicological studies 

• To validate differentiated SH-SY5Y cells as improved cellular model for the 
studies of neurodegeneration and Aβ toxicity  

• To compare the sensitivity of three SH-SY5Y cell cultures, which were 
differentiated to various neuronal phenotypes, toward Aβ42 toxicity 
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Materials and methods 
Preparation of Aβ peptides for experiments (Publications I, II, III) 

Fibrillization of Aβ peptides studied with Thioflavin T and fluorescence spectroscopy 
(Publication I) 

TEM experiments (Publication I and II) 

Cell culture and differentiation (Publications II and III) 

Cellular toxicity studies with WST-1 and PI uptake assays (Publications II and III) 

Microscopy and Immunocytochemistry (Publications II and III) 

Image analysis to evaluate neurite abnormalities (Publication II) 

 



33 

Results 

Publication I 

• Concentration of Aβ42 had a small effect on the peptide fibrillization: 3 µM and 
higher concentrations showed constant fibril elongation rate values. 

• Aβ42 fibril elongation rate constant increased with the temperature. 
• Aβ42 fibrillization processes were not affected within the pH range of 7-9; 

however, lower pH significantly decreased the fibrillization rate.  
• Fibrillization rate constant for Aβ42 was 2.5 times higher than that for Aβ40 

under agitated conditions. 
• Addition of 10% of Aβ42 to Aβ40 did not significantly influence fibrillization rate 

constant. 
• Transmission electron microscopy images showed that fibrils of Aβ42 and Aβ40 

peptides have a similar morphology.  

Publication II 

• WST-1 viability test showed that 20 µM Aβ40 was non-toxic to the non-
differentiated SH-SY5Y cells, whereas 20 µM Aβ42 decreased cell viability by 
20% after 48h incubation; PI test showed a 20% increase of dead cells only after 
72h incubation with 20 µM Aβ42.  

• RA/BDNF-differentiated cells were more susceptible to Aβ toxicity than non-
differentiated SH-SY5Y cells after 72h incubation with 20 µM Aβ40 and Aβ42 
peptides. For Aβ40, viability decreased by 30% and cell death increased by 29%; 
Aβ42 decreased viability by 43% and increased cell death by 50%, determined 
by WST-1 and PI tests, respectively. 

• Caspase 3/7 activation test showed that Aβ42, but not Aβ40, induces apoptotic 
cell death in RA/BDNF-differentiated SH-SY5Y cells.  

• Both peptides Aβ40 and Aβ42 peptides induced beading and fragmentation of 
neurites in RA/BDNF- differentiated culture; however, the Aβ42 had a stronger 
effect than Aβ40. 

• Immunocytochemistry revealed that Aβ42 aggregates covered cell bodies and 
neurites with the peptide coating, which was less dense in case of Aβ40 as 
compared to Aβ42. 

• TEM confirmed the presence of Aβ42 fibrils, but not Aβ40 fibrils, in the cell 
culture medium after 24 h incubation. 

Publication III 

• Treatment of SH-SY5Y cells with RA followed by BDNF or TPA for 7 days, or 
dbcAMP alone for 3 days induced neurite outgrowth and the formation of 
neuronal network, visualized with light microscopy. RA/BDNF-differentiated 
cells were morphologically the most homogeneous ones when compared to the 
other two differentiated cultures, which also contained non-differentiated cells. 

• Cell viability assay WST-1 results after 48h incubation with 10 and 20 µM Aβ42 
were as follows: 
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o non-differentiated SH-SY5Y cells’ viability decreased only with 20 µM  
peptide;  

o dbcAMP-treated culture was more sensitive toward 20 µM peptide as 
compared to 10 µM peptide;  

o RA/BDNF-treated culture was more sensitive toward 10 µM peptide as 
compared to 20 µM peptide;  

o RA/TPA-treated culture did not show any statistically significant 
decrease of viability at both peptide concentrations. 

• PI assay of cell permeability after 48h incubation with 10 and 20 µM Aβ42 
revealed the following:  

o Membrane permeability of non-differentiated SH-SY5Y cells increased 
significantly only after incubation with 20 µM  peptide;  

o dbcAMP-treated culture showed regular dose dependence since the 
effect of 20 µM peptide exceeded that of 10 µM peptide by nearly two-
fold; 

o RA/BDNF-treated culture was 20% more susceptible toward 10 µM 
peptide than to 20 µM peptide;  

o RA/TPA-treated cells showed approx. 30% increase in membrane 
permeability in response to both 10 and 20 µM Aβ42. 

• Immunocytochemistry revealed that a pattern of Aβ42 distribution in all three 
SH-SY5Y cultures, differentiated to different neuronal phenotypes, was 
common for all cultures. Visual inspection of morphological changes revealed 
beading and fragmentation of neurites in all differentiated cultures, including 
the most resistant RA/TPA-treated culture.
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Discussion 
In vitro amyloid studies can characterize Aβ fibrillization and elucidate the mechanism 
for generation of Aβ toxic assemblies. The process of fibrillization includes nucleation 
and propagation of new fibrillization centers, elongation and maturation of fibrils. Each 
process can be influenced by environmental factors and by the substances that can 
interfere with fibrillization. The determination of the effects of peptide concentration, 
pH, temperature and several common substances on Aβ aggregation is important not 
only for studying the mechanism of fibrillization, but also for planning cell culture 
experiments (Publication I and II). We showed that concentration had a relatively small 
effect on the fibrillization of Aβ42 since the elongation rate of fibrils remained constant 
at peptide concentrations above 3 µM (Publication I). It is proposed that the fibril 
elongation rate constant can become concentration independent at the high peptide 
concentration, when the first step of monomer binding to the fibril is reversible (Massi 
and Straub 2001). Importantly, the fibrillization of the peptide that has an additional  
Met residue at its N-terminus (MetAβ42) shows a different concentration dependence 
(Hellstrand, Boland et al. 2010).   

Fibrillization of Aβ42 can be initiated by using preformed fibrillary seeds or stirring. 
While the mechanism of a primary nucleation is not known, it has been suggested that it 
can occur on various interfaces (Srivastava, Pittman et al. 2019). Increasing the 
temperature increased the rate of Aβ42 fibrillization, this effect was characterized by a 
linear Arrhenius plot (Publication I, F3). Relatively high activation energy (12kcal/mole) 
of this process suggested that the rate limiting step of the process is not diffusion.  
The rate of fibril elongation may be limited by a conformational rearrangement of the 
peptide molecules during fibrillization (Massi and Straub 2001).  

We found that at pH values below 6.5 reduced the fibrillization rate of Aβ42, due to 
the simultaneous protonation of His13 and His14 (Publication I). We propose that 
positively charged His residues repel each other, thereby inhibiting fibril formation. 
Recently, Brännström et al. showed by using a surface plasmon resonance method that 
lower pH stabilize Aβ fibrils (Brannstrom, Islam et al. 2017), however, they determined 
the thermodynamic stability, but  not the fibrillization rate. 

We have studied fibrillization of Aβ40 and Aβ42 in agitated conditions, which 
accelerate the process. Previously, we have found that agitation is essential during the 
initial phase of fibrillization (Tiiman, Noormagi et al. 2013). Importantly, in case of Aβ42, 
elongation phase can continue with the same rate without agitation, whereas Aβ40 
elongation phase slowed down remarkably once agitation had been terminated (Tiiman, 
Noormagi et al. 2013). We compared fibrillization of Aβ40 and Aβ42 in near-physiological 
conditions, calculated fibrillization rate constants and the duration of lag phases for the 
peptides alone and their mixtures (Publication I). The lag phases of the peptide mixtures 
were different from the lag phases of the peptides alone; however, this fibrillization 
parameter is highly variable (around 60%) even under agitated conditions (Publication I). 
The fibrillization rate constant for 9:1 mixture of Aβ40 and Aβ42 was similar to that of 
Aβ40. Therefore, the peptide mixtures were not used in subsequent toxicological studies 
with SH-SY5Y cells.  

We identified massive fibril formation in the SH-SY5Y cell culture in case of Aβ42, but 
not in case of Aβ40 (Publication II). Aβ42 fibrillization within 24 h under quiescent 
conditions was also revealed by ThT test in the cell medium without FBS (Publication II, S7).  
Immunocytochemistry showed that Aβ40 aggregates were also present on cells and in 
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the intracellular space (Publication II), It should be noted, that antibody-based detection 
of Aβ in cultures does not reveal whether the aggregates have a fibrillar or non-fibrillar 
structure. It is known that the initiation of the fibrillization in the cell medium without 
agitation can be influenced by many components present in the solution, including metal 
ions (Tougu, Tiiman et al. 2011). Cell membranes, plastic or glass surfaces can promote 
generation of nucleation centers for fibril growth (Srivastava, Pittman et al. 2019). There 
is also evidence revealed by fluorescence correlation spectroscopy that HFIP-treated Aβ 
peptide, which is dissolved in an alkaline solution, forms immediately some ThT-positive 
aggregates (Tiiman, Jarvet et al. 2015).   

Importantly, Aβ40 was almost nontoxic for non-differentiated SH-SY5Y cells and only 
had a minor, but statistically insignificant toxic effect on RA/BDNF-differentiated cells 
after 72 h of incubation (Publication II, F2). The presence of other factors which can 
initiate Aβ fibrillization can influence toxicity, .e.g. increased amounts of ganglioside 
clusters in the cell membrane (Matsuzaki 2014) and the shift in a proportion of other cell 
membrane components (Drolle, Negoda et al. 2017). It is also not excluded that Aβ40 
may need prolonged incubation to induce toxicity via cell membrane deformation by 
growing fibrils or the formation of pores (Matsuzaki 2014).  

Our study showed that Aβ42 treatment induced caspase3/7 activation in RA/BDNF-
differentiated SH-SY5Y cells, whereas Aβ40 treatment did not (Publication II). Similar 
results have been obtained with primary cultures, where Aβ42 treatment induced 
apoptosis (Han, Hu et al. 2017). Recently, Aβ-induced apoptosis was also described in 
RA/BDNF-differentiated SH-SY5Y cells treated with recombinant MetAβ42 (Cristovao, 
Morris et al. 2018).  In addition, there is evidence that Aβ40 induces apoptosis in primary 
cultures (Boland and Campbell 2003); however, in this study, the peptide was incubated 
in DMSO solution to induce Aβ oligomerization and prevent fibrillization (Shen and 
Murphy 1995). 

In AD research, divergent results have been published for Aβ toxicity most likely due 
to the differences in the sources and handling protocols of the peptides, and it is rarely 
analyzed whether monomers, oligomers or fibrils of Aβ are actually applied to the cell 
culture (Table 1). For the Aβ toxicity studies (Publication III), we have slightly modified 
the Aβ preparation protocol reported in Publication II. Freshly HFIP-defibrillized peptide 
was first dissolved in 10mM NaOH to minimize the presence of prefibrillar aggregates in 
the initial solution. We found that the Aβ42 peptide prepared according to the modified 
protocol had a higher toxicity than observed previously (Table 2). We presume that 
addition of freshly dissolved Aβ to the cells without pre-aggregation is important, since 
it precludes stochastic appearance of the aggregates, which can alter their toxicity.  

Our study showed that fibrillization of Aβ in situ was crucial for Aβ toxicity, because 
preformed matured fibrils were not toxic to the cells (Publication II, S8). This observation 
supports the hypothesis that secondary nucleation during fibrillization might be 
responsible for generation of toxic Aβ species (Cohen, Linse et al. 2013).   

Another important aspect to consider in Aβ toxicity studies is the choice of an 
appropriate cellular model. It is reasonable to choose a cell culture of human origin,  
since AD is a human disease. In addition to this, the choice of neuronal cells or cells 
differentiated toward neuron-like phenotypes is a more relevant model to study 
mechanisms of neurodegeneration. We have differentiated human neuroblastoma  
SH-SY5Y cells using three different protocols to compare their sensitivity toward Aβ. 
Importantly, RA/TPA-differentiated cells, that have been previously described as 
dopaminergic (Presgraves, Ahmed et al. 2004), were almost resistant to Aβ42. This 
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phenomenon could be explained by the activation of protein kinase C by TPA, which 
inhibits apoptotic pathways in neurons (Pastore, Pacifici et al. 2019). In addition, TPA 
treatment alone has also a protective effect against Aβ toxicity (Han, Zheng et al. 2004). 
Neurite abnormalities were seen in all differentiated SH-SY5Y cultures (Publication III, 
S1), pointing to the ability of Aβ to damage the cell membranes (Arbor, LaFontaine et al. 
2016). 

Table2 Comparison of toxicity results between Publication II and Publication III.  

Differentiation  
PI test WST-1 test 

10 μM Aβ42 20 μM Aβ42 10 µM Aβ42 20 µM Aβ42 

None 1.1 ± 0.1 1.8 ± 0.2 100.2 ± 3.5 57.4 ± 8.7 
dbcAMP 1.4 ± 0.1 1.9 ± 0.1 51.3 ± 4.2 37.2 ± 1.7 
RA/BDNF 1.8 ± 0.2 1.6 ± 0.2 59.4 ± 5.3 77.2 ± 6.8 
RA/TPA 1.3 ± 0.1 1.4 ± 0.1 85.8 ± 4.4 102.6 ± 5.3 

None*   1.1 ± 0.5*   83.6 ± 4.6* 
RA/BDNF*   1.3 ± 0.2*   77.6 ± 9.5* 

Asterix * indicates results obtained in Publication II. 

Surprisingly, RA/BDNF-differentiated cholinergic cell culture was more sensitive 
toward 10 µM Aβ42 than 20 µM Aβ42. We can only speculate about the reason for this 
concentration dependence. It is possible that the peptide fibrillized faster at higher 
concentration in the cell culture; however, it is not clear why this effect was observed 
only in the RA/BDNF-treated culture. There might be other factors affecting Aβ42 toxicity 
such as differences in cell membrane composition (Drolle, Negoda et al. 2017). 
Nevertheless, noradrenergic and cholinergic SH-SY5Y cell cultures had a higher sensitivity 
toward Aβ42 than the non-differentiated or dopaminergic cultures. There is evidence 
that dbcAMP and BDNF treatments increase the expression of APP (Shekarabi, 
Bourbonniere et al. 1997, Holback, Adlerz et al. 2005) that can potentially lead to the 
increase of endogenous Aβ production. We can hypothesize that extracellularly applied 
rapidly fibrillized Aβ can interact with endogenously produced Aβ peptide monomers to 
produce more toxic oligomers.  

Analyzing toxicity, we raised a working hypothesis that increased Aβ aggregate load 
on the cells may induce the higher toxic effect. We thus compared the extent of amyloid 
association with the cells in the three differentiated cell cultures with the toxicity results. 
Surprisingly, we found that the Aβ distribution was almost identical for each obtained 
culture despite the fact that the toxicity was different (Publication III).  

In conclusion, the cholinergic and noradrenergic SH-SY5Y cell cultures obtained had a 
higher susceptibility to Aβ toxicity than the dopaminergic culture, consistent with the 
observation that the same types of neurons are most vulnerable during AD onset and 
progression. It can be also concluded that the models of differentiated human 
neuroblastoma SH-SY5Y cells, used in the current study, can have a potential to reveal 
the mechanisms of Aβ toxicity on cellular level. 
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Conclusions 
• The effects of the main environmental factors on Aβ42 fibrillization in vitro were 

determined and suitable Aβ preparation protocols for toxicity studies were 
elaborated. It was shown that different protocols for Aβ preparation yield 
peptide samples with different toxicity. 

• RA/BDNF-differentiated SH-SY5Y cells were more susceptible to Aβ40 and Aβ42 
than non-differentiated SH-SY5Y cells. Aβ42 fibrillizing in cell culture, but not 
Aβ40 or prefibrillized Aβ42, activated apoptosis, caused neurite’s beading and 
fragmentation.   

• It was shown that the SH-SY5Y cells differentiated toward three different 
phenotypes vary in their sensitivity to Aβ42. DbcAMP-based differentiation 
toward noradrenergic phenotype and RA/BDNF treatment toward cholinergic 
phenotype increased the susceptibility of cells to Aβ42, whereas RA/TPA 
treatment toward dopaminergic phenotype decreased the sensitivity to Aβ42. 

• As compared to non-differentiated SH-SY5Y cells, differentiated neuron-like  
SH-SY5Y cells represent more relevant models to study the cellular mechanisms 
of neurodegeneration and to screen new potential drugs. 
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Abstract 

Application of differentiated SH-SY5Y cells for toxicological 
studies of Alzheimer’s amyloid beta peptide 
The most prevalent form of dementia is Alzheimer’s disease (AD), which affects more 
than 50 million people worldwide. AD neuropathological mechanisms are complex and 
still not fully understood. The main hallmarks of the disease are amyloid plaques and tau 
tangles in the brain. The principal components of the plaques are amyloid beta (Aβ) 
peptides, which are prone to aggregation, generation of toxic species and seeding of 
fibrillary structures throughout the brain. The toxicity of Aβ peptide has been intensively 
studied, however, no clear mechanism for neurotoxicity has emerged. During recent 
decades, many models, including cell line-based ones, have been created to study 
mechanisms of AD. Differentiation of human neuroblastoma SH-SY5Y cells toward 
neuron-like cultures affords the possibility to improve the initial cellular model based on 
non-differentiated SH-SY5Y cells for Aβ toxicity studies. In current thesis, the effects of 
the environmental factors on Aβ40 and Aβ42 in vitro fibrillization were studied, and the 
results obtained were taken into account in the peptide preparation for subsequent cell 
toxicity studies. Next, we differentiated cells toward noradrenergic, cholinergic and 
dopaminergic neuronal phenotypes and used these neuronal cultures to study their 
sensitivity to the toxicity of Aβ by knowing the fact that cholinergic and noradrenergic 
neurons are the first to die in case of AD. By using both cell viability and membrane 
permeability tests, we established that the obtained cultures show different 
susceptibility to Aβ42: noradrenergic and cholinergic cultures were most sensitive, 
whereas dopaminergic culture had the lowest sensitivity. A more detailed study of the 
cholinergic culture revealed that Aβ42 fibrillized in the cell culture, induced apoptosis 
and neurite abnormalities as compared to Aβ40 or preformed Aβ42 fibrils. Our results 
show that differentiated neuron-like SH-SY5Y cells represent more relevant models to 
study mechanisms of Aβ-induced neurodegeneration and to screen new potential AD 
drug candidates. 
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Lühikokkuvõte 

Diferentseeritud SH-SY5Y rakkude kasutamine Alzheimeri 
amüloid beeta peptiidi toksilisuse uurimiseks 
Alzheimeri tõbe (AT) põeb maailmas ligikaudu 50 miljonid inimest ning see on kõige 
levinum ja kõige kulukam neurodegeneratiivne haigus arenenud riikides. AT ei ole ravitav 
ning vaatamata väga intensiivsele ja põhjalikule uurimisele on selle käigus toimuva 
neurodegeneratsiooni põhjused ja mehhanismid on ebaselged. AT iseloomustavad 
ajurakkude vahel tekkinud amüloidsed naastud ning rakusisesed neurofibrillaarsed 
kämbud. Naastud on ajaliselt kõige varem ilmuvaks AT tunnuseks ning nende 
põhikomponendiks on amüloid beeta (Aβ) peptiid, mis on võimeline tekitama toksilisi 
agregaate ajus ning käivitama neurodegeneratsiooni. Tänapäeval on välja töötatud palju 
AT mudeleid, et uurida haiguse tekkemehhanismi ning pakkuda välja uusi 
ravimkandidaate. Rakukultuuride kasutamine on kõige lihtsam viis uurida 
neurodegeneratsiooni mehhanisme. Inimese neuroblastoomi SH-SY5Y rakuliin on kõige 
populaarsem AT uuringuteks kasutatav rakuliin, seda hoolimata asjaolust, et originaalne 
rakuliin ei oma enamikku küpsete neuronite tunnuseid, st rakud ei ekspresseeri vastavaid 
neuronaalseid markereid ja ei moodusta sünapsitega seotud neuraalset võrgustikku. 
Rakuliini eelisteks on siiski võimalus seda diferentseerimise abil neuronilaadseteks 
muuta ning tekitada erinevate neuronaalsete omadustega rakukultuurid, mis suurendab 
antud rakuliini rakendamisalasid ning sobivust AT neurodegeneratsiooni uurimiseks.  
Samuti on SH-SY5Y rakukultuuri põhjalikult iseloomustatud. Käesoleva doktoritöö 
eesmärgiks oli uurida Aβ in vitro fibrillisatsiooni ning keskkonna faktorite mõju sellele 
protsessile, mis võimaldab teostada tema toksilise mõju uurimist kindlalt kontrollitud 
tingimustes. SH-SY5Y rakuliini diferentseeriti kolme erineva protokolli järgi, mille 
tulemusena saadi koliinergiliste, noradrenergiliste ning dopamiinergiliste omadustega 
rakukultuurid. Saadud rakukultuuride tundlikkust Aβ toksilisuse suhtes mõõdeti kahe 
erineva meetodiga: rakkude eluvõimelisust hinnati WST-1 testiga ning membraani 
läbilaskvust kontrolliti propiidiumi testiga. Tulemuseks saadi, et dopamiinergiline kultuur 
on vähem tundlik, kui koliinergiline või noradrenergiline kultuur, mis on kooskõlas 
olukorraga AT ajus, kus esimeste hulgas hukkuvad just koliinergilised ja noradrenergilised 
neuronid. Aβ kogunemist ja jaotust rakukultuurides visualiseeriti immunotsütokeemia 
abil ning peptiidi fibrillide olemasolu näidati elektronmikroskoopia abil. Täpsemalt uuriti 
koliinergilist rakukultuuri ning näidati, et toksiliseks agendiks on in situ fibrilleeruv Aβ42, 
mis käivitab apoptoosi ja indutseerib neuriitide hukkumist.  Aβ40 peptiid ega ka Aβ42 
peptiidist eelnevalt valmistatud „küpsed“ fibrillid rakkudele toksiliseks ei osutunud. Töös 
näidati, et diferentseeritud rakuliine võib kasutada edaspidiseks Aβ toksilisuse ning 
üldiste neurodegeneratsiooni mehhanismide uurimiseks ning uute ravimikandidaatide 
skriininguks. 
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Publication I 
Tiiman, Ann; Krishtal, Jekaterina; Palumaa, Peep; Tõugu, Vello (2015). In vitro 
fibrillization of Alzheimer’s amyloid-β peptide (1-42). AIP Advances, 5, 
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°±�l���²jbbre³��is_}shq�oz}o�vo�́sghp̀]}rsp\}zouµµ�µ �ybsa\hwt¶wzov µ�oµ



��������	
�������	������
��
���
�������	������������������� !�"��� � #$%" &���'()*#%+&$�+$�,,+�" !-.��/"0#%�+ !�"$ #�" #�%�'$"1*�"1�*2345(' ��"67!#%$&8" #�%-()691#:%#'#$"% ,;#%$��"1�+$"1�"1�*234"$ #�# ;<=>?@=6AB$�0�"��+ � !" �' !���!#$,�<C#:9DEFG�"8,�B5F "&��1���#%�<"��1# #��$�% ��,'�� !�#%+&$ #�%�'"��� �1#1B#%$��"1�+ !�"$ #�" #�%�'$"1�"1�1*2348;=HH@=HA5I%$&8" #�%.# !()6?-.!#$!�%,;1,#:! ,;#%$��"1�+ !�%&08���'JI*���0�"8,�$�,,1-!"+%��''�$ �%$"1�"1�"$ #�# ;<=?2@=6AB5K�$"%$�%$,&+� !" ()69-8& %� ()6?-#%+&$�+"��� � #$$�,,+�" !5����������	������L
M
N���M�L�	N���		������O
��L
M
NPC�� !�+� �$ #�%�'()*#%+&$�+"8%��0",# #�1#%+#''���% #" �+FQ*FRGR$�,,1- !�$&, &��."11 "#%�+.# !"S",$�#%(T+;� !" ����",1�#"8,�$�,,1"%+ !�#��/ �%1#�%1U22V5�!�0���!�*,�:#$",$!"%:�1#%%�&�# �1"' ��#%$&8" #�%.# !()��� #+�1<C#:2(B"���"��+$�%1#+��"8,;�"�,#�� !"% !�()0�+#" �++�$��"1�#%$�,,�#"8#,# ;<C#:9(B5()��� #+�1#%+&$�+8�"+#%:"%+ !�1&81�W&�% '�":0�% " #�%�'%�&�# �1<C#:2(-��+"���.1B-.!���"1%�S",$�#%(T1#:%",."1+� �$ �+#%'�":0�% �+%�&�# �1<C#:2DB5X&"% # " #��"%",;1#1�' !�0���!�,�:#$",$!"%:�1#%%�&�# �11!�.�+ !" 8� !��� #+�1#%+&$�+8�"+#%:"%+'�":0�% " #�%-8&  !�#%',&�%$��'()69.���$�%1#+��"8,;1 ��%:�� !"% !" �'()6?<C#:2SEF>"%+F4�"8,�1B5�!�"%",;1#1�' !��"�,;1#:%1�'0#$�� &8&,�+#1�&� #�%#%+#$" �+ !" ()691#:%#'#$"% ,;#%+&$�+8�"+'��0" #�%5�!�"0�&% �'8�"+1#% !����1�%$��'()69���G?Y0�'%�&�# �,�%: !#%$��"1�+ �=5=9@?5?7$�0�"��+ � !���!#$,�?56?@?5?25()6?+#+%� #%+&$�1 " #1 #*$",,;1#:%#'#$"% 8�"+#%:Z?547@?5==8�"+1���G?Y0%�&�# �,�%: !5D� !��� #+�1$"&1�+"1&81 "% #",#%$��"1�#% !�%�&�# �'�":0�% " #�%Z9956@=5?A"%+245>@?56A�'%�&�# �1.���'�":0�% �+#% !����1�%$��'()6?"%+()69��1��$ #��,;-.!���"1 !�'�":0�% " #�%."1%� 1#:%#'#$"% <?5G4@?5G4AB#% !�"81�%$��' !���� #+�15�����NN��N�����
[����MM�
����		�������F#%$�!#:!,;"0;,�#+�:�%#$()*��� #+�1$"%'��0'#8�#,1�% !�$�,,1&�'"$�#%$�,,$&, &��1U26\2>V-.�1 &+#�+ !�+#1 �#8& #�%�'()6?"%+()69&1#%:"%"% #*(JJ3()"% #8�+;<C#:6(B5J"%�,1���1�% #%:]̂�!#$,�_+�0�%1 �" � !��%+�:�%�&1(JJ3()�"  ��%#%̀ (3DabC+#''���% #" �+$�,,15K!�%$�,,1.���#%$&8" �+.# !9?YT��� #+�<,�.���"%�,1B !����1�%$��',"�:��/ �"$�,,&,"�()"::��:" �1"���"��+-.!#$!",0�1 ����1!"+�.�+ !��%+�:�%�&11#:*%",1#% !�$"1��'()695�!���*+#0�%1#�%",��$�%1 �&$ #�%<C#:6DB+�0�%1 �" �+ !"  !�$�,,8�+#�1"%+%�&�# �1.���'&,,;$�����+.# !()69"::��:" �1"' ��96!�&�1�'#%$&8" #�%<C#:6D-0�+#&0�"%�,1B-.!���"1 !�,�11"0;,�#+�:�%#$()6?+#+%� $���� !�%�&�# �1"%+�%,;�"%+�0"::��:" �1.������1�% %�"�"%+�% !�$�,,8�+#�1"' ��67!<C#:6D-�#:! �"%�,1B5C&� !��0���- !#1#1#%"$$��+"%$�.# ! !�'"$  !" �%,;()69#%+&$�1$"1�"1�234"$ #�" #�%<C#:9SB5I $�&,+",1�8�$�%$,&+�+ !" $����#%:�'%�&�# �1+��1%� $"&1��"�#+$�,,+�" !1#%$�"1#:%#'#$"% +�$��"1�#%�#"8#,# ;."1�81����+�%,;"' ��#%$&8" #�%'��49!�&�1<C#:9(B5�!�%�%*+#''���% #" �+$�,,1.����%,;�"� #",,;$�����+.# !()69"' ��96!<C#:6D-,�' �"%�,1B5�!�1���1&, 1#%+#$" � !"  !�()69*#%+&$�+ �/#$�''�$ 1"����," �+ � !�]()$����_�'%�&�# �1-8�$"&1� !�%�%*+#''���% #" �+$�,,1,"$c,�%:%�&��%*,#c��/ �%1#�%15�!����1�%$��''#8�#,,"�"::��:" �1#% !�$�,,0�+#&0$�% "#%#%:()69"' ��67!�&�1�'#%$&8" #�%."1$�%'#�0�+8;�dT<F>C#:B-.!���"1%�'#8�#,1.���+� �$ �+#% !�0�+#&0$�% "#%#%:()6?&%+��1#0#,"�$�%+# #�%15�!�'#8�#,1'��0�+#% !�$�,,$&, &��.���$�0�"�"*8,� � !�1�����#�&1,;:�%��" �+#%" �1  &8�&1#%:��� #+�1�8 "#%�+'��0 !�1"0�1�&�$�U24V5�!#�',"�#%� �1 1!�.�+ !"  !�"::��:" #�%�'()69#%1��&0'���$�,,0�+#&0."1$�0�,� �+.# !#%96!<F4C#:B5I%$�% �"1  � !�1#:%#'#$"%  �/#$�''�$ �'()69'#8�#,,#e#%:#% !�1�,& #�%1&���&%+#%: !�$�,,1- !�0" &��+()69'#8�#,1<���'��0�+"$$��+#%: � !�

f	���������MM�g�	N�OPM
������h����	����	�������N�	�����
	�	��
��
���
�������	��������������MM�

ijk�klmnL����opp
�q
�Nph�qhrshpt
��	�Mq�
	�q�huvvrv k��
��������hs sphv



��������	
������������
��������
���
�����������������������
������������ !"#$%&''()(*+&,+(%-&.(/(--&0,1&*1'2)%&''()(*+&,-&*+()'()(*/(/2*+),3+�)&14+�56,-/(&*�7'-82)(3/(*/(�1)((*90&%%-(�:�(%,))2;3&*%&/,+('),10(*+(%*(8)&+(3:</,-(=,)>?@0:�!�A)(,+()0,1*&'&/,+&2*2',*(8)&+(;&+4=(,%3BCDEFE,'),10(*+(%*(8)&+(:</,-(=,)G@0:�6�H8,*+&'&/,+&2*2'I,+42-21&/,-/4,*1(3&*�� !"#$%&''()(*+&,+(%/(--/8-+8)(:J4('&18)(%&3I-,K3+4(0(,*L<M79,+-(,3+NOP&*%(I(*%(*+(QI()&0(*+39RRIS?:??G9RIS?:?G5T*(U;,K�#TV�'2--2;(%=K,!2*'())2*&W308-+&I-(/20I,)&32*3+(3+,++4(?:?G-(.(-;,383(%+2%(+()0&*(%&''()(*/(3=(+;((*+4(/2*%&+&2*3:XYYZ[\]]̂_̀a_bc]deadfgd]h_ibjklaZ_jmaednoofoaceef

p*3&+8'&=)&--&q&*1,0K-2&%U=(+,rUs>&*%8/(3*(8)&+(%(1(*(),+&2*,*%,I2I+23&32'%&''()(*+&,+(%<tU<uGu/(--3

vwT<T#Mx4++I3y  %2&:2)1 r?:rz{r |28)*,-:I2*(:?r}~~z~ T/+2=()>s5>?r{ } r~



���������	
���	����
�������������������������� ��!"�#$ %��&���'(#&&"%"� #) "()�(*�+,-./(#&&"%"� #) "(01'0232�"44$)& "%)56!��765�)�()68!#���9) #���:"!#�4";�76<�&�%-�=��94�";4"& �>)� #'�==+�7�?%""�;4"& �#((4"�>)� #'0��)@ �@!�$#�A�%"(;%#?! �#((4"�B0�)4"9)%5<C�B�,�D!%""'(#�"�$#��)4%"���$ %�� #���&(#&&"%"� #) "(�"44$#���9) "(E# !5<CF�76<)�(�765&�%68!>)�(���'(#&&"%"� #) "(�"44$#���9) "(E# !5<CF�765&�%56!>$ )#�"(&�%-�=�>)� #'�==+�7>)� #'0��)@ �@!�$#�ABG��&��)4�#�%�$��@"#�)?"$E"%"�9 )#�"(E# !�@ #�)4$"� #��$"@)%) #���H'#� "%I)4��&<BJ<JC�BK@@"%

��$# �&#9%#44#H#�?)��4�#('9" )A'65#�(��"$�"�%# "("?"�"%) #��)�()@�@ �$#$�&(#&&"%"� #) "(01'0232�"44$

=LM0M.NO!  @$P++(�#B�%?+A<BAJQA+R��%�)4B@��"B<A8SSJS M� �9"%56>5<AQ T+AS



����������	
��������
�����
������
�
��������������
��
������
����
�
�����
���������
���������� !�
�
�������������
�"����
���������
�������"������
��
���"������������
��#�����$���������
���%� &'()*(('+,-�������
�����
���
�./�
���
��"�����"����
������#

���
��
0����������
����1-.�
�
�������
��������0
��
�0�������
������������������
����
���#������
�����
��
�����12��
����
�������
������������#�
3�������
�4�5�.67.65� -
����
�������
�����������������
�������
�����
�
��������
�
�����
�.���
����
������������
���0
���0
���#
��
������1-����
��� 1��������������

�����
�������12�������"���#
���������
���
�����
�5�.68966�.��
�������"��#����������"���
�������
����
�����.
 � .�����
�������#����.�����
������/�����
���
���"��
�� !�
�����������"0���
����
�����"���
�����������
��
���
�������������������
���
���
��#�
�0
����"/�
�����������������
���
����� ����������
.12�
����
����/�����������"/�
��
��0��#����"��
������
�#"��
:!!�
�� ��/
0
�.12�
����
���0
#

����/������
��
�
/�����
:!!�
��.����
�
��
��
����������
����"��������
��#�"����
�������
�
��
��
����
���#
���0��#�
�
�������
��
�
��
��12�6�96;� <
�
���������
��������
�12�������������������������0
�������
�����
��
�
����
�������"�85.6�.6%�.��/
0
�.��������
��������������
����0������������ 128�9��
����
.������
����12����������������������
����
����"��
�
������
������"������
���=�
����
.�������/�����
��������"���
�������1268 128�9�������#

����������
#�������1-����
��������������������"���
���
�����
�
�������
�����>��
������?��
�
����
0������/��������������������������>��
�������������������"�����������
���
���
������������7� !���.128�9��������
�
0�����#������������12��
����
���1-�
���
������
���7� @����
����#�
����
����0
�
����
����#����������"�
�
0�������
���
������
��
�������������
������"�����#�����
���
���������������������
� 12�
����
����/
�0
�"��/�������"����������
�
�����
���������
���.��/
0
���
��#�
A�
��	1���B-C���
���
������
��
���
����
���#����"����
�
��������
�������D
�
�������
�
0
��������#�
����������"�����
�������

������������0
����
�������
��� !�
�����
#���#�
���������
��"�����"����
�����/��������
������������12������� E��������"��
��"������#����/
�
������
�
���
�
����������
��
��8.�5� F��
���.���
�
������
�����
�����
���
�����12������
���
�
���
�#"�����������������
���������
�12����������88.�8� 	
�
���"�����#

�������
�������
�������"���
���
�����
����0
��#�����$���������
��?������D
�"��
�
�����
���
��
�#"���
�
�����#�
�������
�����������������
��#�����$�������� @����
��
���
���.���"125968���
������
���������"�����
������������#�����$�������
�
�������
����.�����
�����������
���
��� B����
����
�125967���125968��#�����$
/������������������/�
���
����������0��������"������
�./�
�
�����
�A��
��
��������������
��#�����$����������D
��"���#
�����6� E��
��
��#�����$��������������
�#"��������#������"�

����#"���������.125968�
������������#�����$��������
���
�����������
�����������./�
�
����
��#�����$��������
���1267�
��
��
��#���������"���� @����
��
���
��.���"1268������#�����$
�/�����86��������
�������
����/������������
�
���.����.�
��������
�������"����"��������"�������"��������
��
����
���
�
������
����������������
��#�����$����� 1������������
�
�����0
�"�
/����
�������
������"����
������
����������
0�������"������
�
���.��
���/�����#������
��������"���0
��
����������"������
��
�./������
������
�
���#


GHIJKLMJGMJLJINNOJPQMNRHKKSTJIJMHNJUPVKRWJVXYOMVWVGOVMJLHIUNOJKVZJMGHIJKLMJGMJLJINNOJLRMXHYJ[\YHKJ]HM̂_̀W[abbcdeffghijhklfmnjmopmfqhrkstujchsvjnmwxxoxjlnnyzILQNRXQ]MQKKQ{QITHWSKVQU|]JNH}|~̂ QIURYJLIJRMQNJUJTJIJMHNQVIHIUHGVGNVLQLVXUQXXJMJINQHNJU\�|\���YJKKL

���\����ONNGL���UVQ[VMT�}_[}��}��VRMIHK[GVIJ[_}����� �YNV]JM̂~�̂_}� }_�}�



���������	
���
��
��	���������������	����
����������
�	�

�������������	���������
������
�
������
���������������������	
��������������������		
����
� �!����	������
�������������	��������	
�����������		
���
�����������������������"��#�������������
$%&'()�������$%&'(*���+���������		�������
�����		�����
��������
������		����������������	������
����������������
�������������������	����
�����
�����������,#��
��-���������
���������������������$%&'()����������
����������
�
�
����	���������
�������������	��������
����		��������
�".��#��
�����������������������������������������		
����	
������		���+��������$%&'()�����+��������+����	�����
���
����������	����������-����������������������		
	��!	����������
������+����
����		���������	�����+�������+��
��		��
��������������
���������������������$%�

��
������		�
��		���/�����	�����
�����
����������
��		�����		������������
��$%���
�
������"*'0*�������
����	���
��
�����$%&'()���������$%&'(*
�	�����
���������������	������""��-��
�����������+�	���	��������
�����������������������'��	����	�������������������������		���
���
�������	���������������	
�������		��	��������������
��
������	������������������		
�/$12345���������������67�68"8��		
�����������	�!������	�����������
�
������	���$%���������������������������		
�9������
����������$%&'()�����
�������
������
�
��		���������������		������6���	����
�	�
������������������������	����
�&*�&&��
����������
����
��������/$12345���������������67�68"8��		
������������������	���
����������������
�����	���
���������	��		
�-�������

�������	����+�	�	���������������/$12345�����������������		
:;<:=>?�������
������������������
	�������

�����$3�����+�������
����������
������������	�����	��	�+���������������
��
��+�����������	������������������
�����
���������
�@��
����������������$3�����������
���������	����
���������"0�����
���������������������������������������	!�����������������������
���������������		������-���������������������
������		���������
��
���
�����		��		
������	����������������������'������������	
�-������	������������$%()��
����������������������������67�68"8��		
������
	�

��	����������������$%(*���
�	�!�	������
�����

����������	��������������	
�����+���������
��������
���������-�!���������������������

����������	��������	
�������:;A:=B�������		��	����������������������������������������������������������������������	�!�67�68"8��		
�-��/$12345���������������67�68"8��		
������
����������������	��
�����
�����$%�����������������	��		
���:;<:=>?
���������������+�����
����
���

���$%���������"C�"���DEFGHIJKEF-���������
����
������������/$12345��������������������67�68"8��			����

���
������		�����
��
���+������	��������
������������������������		
�$%()�����	
�������
��������
	��������	��������	���������������������		
������
�����������������	�����
�����
�
�����+�����
���	�����������

�
������������������
�����������������������������
$%(*��
����������#����������	�����������/$12345���������������67�68"8��		
���
��+��
����
����	�����:;<:=>?����	������
�������������	�������$3�5������
�����
�������������
�������������+��������
�������	��������
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																																																														̀abcdefg	hfijeklc	gemnjfjce	oapqr	mseckgf	tege	gecngueu	fk	vwxy	fju	sz	w{̂	lj	f	|}liehl	~hh	�p|Y	kb�e	tlk}	k}e	mseckgnhekeg	�ge�bejc�	n�	x��{�Ypz�{	�}e	dejik}	n�	k}e	cfdl�gfkeu	���	sbdme	tfm	mek	knx{�	�m	ok}e	knkfd	klhe	n�	hefmbghejk	tfm	w	hlj	tlk}	k}e	jbh�eg	n�	mcfjm	fk	�vxr	{	�}e	mfhsde	cnjkfljeu	sesklue	fk	f	cnjcejkgfklnj	n�	w�	�p	fju	tfm	�b��egeu	tlk}	~�hp	snkfmmlbh	s}nms}fke	fju	~hp	mnulbh	}�ugn�lc}dnglue{	�}e	apq	e�seglhejkm	tege	seg�ngheu	nj	fj	��fjce		���		x��	pz�	mseckgnhekeg	o�gb�eg�	yfgdmgb}e�	�eghfj�r�	e�blsseu	tlk}	k}e	~�hh	mkfjufgu	sgn�e	���	x��	pz�	|̂	tlk}	��igfulejk{	6	pfkgl��fmmlmkeu	dfmeg	uemngsklnj	hfmm	mseckgnhekg�{	|seckgf	tege	fc�blgeu	��	���������� 	¡¢£	¤¥�¦§�̈©��ª�©��	«��¬¦©�©¥�	lj	dljefg	hnue	bmlji	fbknhfkeu	sgnigfh{	�jmkgbhejk	sfgfhekeg®mekkljim̄	fccedegfklji	�ndkfie	v~	���	°±	hfmm	gfjie	oh®�r	�~�����	���	²f±	uedf�	klhe	̂x~	jm±	iglu	�ndkfie	�Y³±	dfmeg	ljkejmlk�	vv��	°		́|nulbh	unuec�d	mbd�fke	snd�	fcg�dfhlue	ied	edeckgns}ngemlm	o|²|����µr	tfm	seg�ngheu	bmlji	¶¥¥�·£̧ ¢�¹º	¢�©��¡�¦©�ª	o�ln�qfur{	|fhsdem	tege	hl�eu	tlk}	dnfulji	�b��eg	o�{Y»	p	�lmkglm�	�{�~Y	p	�lclje�	�~³	id�cegnd�	�³	|²|�	�{��̂³	�gnhns}ejnd	�dber�	hfljkfljeu	fk	gnnh	kehsegfkbge�	fssdleu	kn	�lclje��glm	�~³�®~³¼	ied	fju	gemnd�eu	lj	f	cfk}nue	�b��eg	tlk}	�{v~³	|²|	o���°r{	�edm	tege	�l�fkeu	lj	idbkfg	fdue}�ue®�ngfke	�b��eg	mndbklnj	�ng	̂~	hljbkem	fju	mkfljeu	tlk}	mld�eg	fccngulji	kn	f	sgnkncnd	lj	qe�	�{	²bjj�	p{½{	fju	|{½{	¼glms�	��©�̈©¥�	�¾	§��©�¥¦	¥	§�¿��̈��¿�ª¥À�	��¿¦	Á¦¥�	�	Á¿©��¦�¦¥©¥Â�	¦¥¿Â��	¦©�¥¥�	©�̈Ã¥ÄÁ�Å	pek}num	pnd	�lnd�	���̂{	Æ8̄	s{	��Y�x{	
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	=>	?@AB	CDEFDGDHIJI@KD	GHJEGLMI	MN	ILD	EFMODGG	MN	ILD	DKJPQJI@MH	MN	HDQF@ID	RDADHDFJI@MHST	UVW	XYZ[W	X\	]VW	̂_ẀaZb	̂c	]V̀WW	dVZeeWa\f	ghij	iZadWXe	kl	m[̀WWenj	gkoh	mpaqWnT																																																														r	oV̂]̂YXd̀̂ [̀ZsV\	̂c	Z]	aWZ\]	tu	̀Zev̂Y	Z̀WZ\	̂c	eWq̀X]W\	wẀW	]ZxWe	q\Xe[	yWX\\	gq̂	Stz	l{Uk	wX]V	uz|	p̂}Wd]X_W	Zev	~�|	̂p}Wd]X_W	wX]V	̂Xa	XYYẀ\X̂eT	�Wq̀X]W\	wẀW	\]ZXeWv	wX]V	iZadWXekl	mdZadWXe�ZdW]̂�bYW]Vba	W\]Ẁn	ĉ̀	]VW	ZeZab\X\T	�WeẀZa	Ŷ s̀V̂â[b	̂c	eWq̀X]W\	wZ\	̂p]ZXeWv	wX]V	vXccẀWe]XZa	Xe]ẀcẀWedW	d̂e]̀Z\]	mZsẀ]q̀W	ghiun	]WdVeX�qWT	UVW	YXd̀̂ \d̂sb	W�sẀXYWe]\	wẀW	sẀĉ̀YWv	Xe	Ze	XedqpZ]X̂e	dVZYpẀ	Z]	��zi	Xe	]VW	s̀W\WedW	̂c	S�	i�uT		oV̂]̂YXd̀̂ [̀ZsV\	̂c	eWq̀X]W\	Xe	̀Zev̂Yab	\WaWd]Wv	Z̀WZ\	wẀW	\]̂̀Wv	Zev	s̀̂ dW\\Wv	q\Xe[	��l	hYZ[W	�̀ ŵ\Ẁ	\̂c]wZ̀WT	UVW	YW]V̂v	̂c	W_ZaqZ]X̂e	̂c	eWq̀X]W	vW[WeẀZ]X̂e	wZ\	Zv̂s]Wv	c̀̂Y	�WcT	uT	�ZwZ]ZxXj	UTj	W]	ZaTj	��������	���������������������	����������	��	�������	������������	������	��	��� ¡��	������	�� ��¢�����	��	����������������� ����	������£	�̀ZXe	�W\j	uzz¤T	¥¦>§f	sT	���̈©T	UVW	eqYpẀ	̂c	pWZv\	sẀ	]̂]Za	aWe[]V	̂c	YWZ\q̀Wv	eWq̀X]W\	wZ\	d̂qe]WvT	lWvXqY	̂̀	]VXe	eWq̀X]W\	Xe	dZs]q̀Wv	̀W[X̂e\	wẀW	dV̂\We	ĉ̀	]VX\	sq̀ŝ\WT	UVW	eqYpẀ	̂c	pWZvXe[\ªSz	«Y	aWe[]V	wZ\	d̂qe]Wv	Zev	Z_ẀZ[Wv	̂_Ẁ	Z]	aWZ\]	¤	eWq̀X]W\	ĉ̀	WZdV	Z̀WZT	UVW	s̀̂ ŝ ]̀X̂e	̂c	c̀Z[YWe]Wv	eWq̀X]W\	wZ\	d̂qe]Wv	ĉ̀	WZdV	Z̀WZ	Zev	W�s̀W\\Wv	Z\	Z	sẀdWe]Z[W	̂c	]VW	]̂]Za	ZŶ qe]	̂c	d̂qe]Wv	eWq̀X]W\	âe[Ẁ	]VZe	tzz	«YT	



��������	
�	���	��	����	������������	����������� 	!�"#	���$�	%������	&������ ����	 ��	�'�'�����	��	&��������� ���	()�(*+*	,����-	./011�
2
3���45			

6		

78	9:;<	
	=>	?@AB		C=DEF	GHIG	JHIKLGI	MN	NMNEO@PPHJHNG@QGHO	RHLLI	S@GTMKG	IHJKU	VWXX	YZ[X\]Ẑ_	Z̀a	YX[bca_de	fZ[Z	Z\X	_bcg̀	Z_	hXZ̀i	WjY	



��������	
�	���	��	����	������������	����������� 	!�"#	���$�	%������	&������ ����	 ��	�'�'�����	��	&��������� ���	()�(*+*	,����-	./011�
2
3���45			

6		

78	9:;<	

	=>	?@AB	CDEFDGDHIJI@KD	ELMIMAFJEL	MN	COPQ@NNDFDHI@JIDQ	=RP=S>S	TDUUG	JNIDF	@HTVWJI@MH	X@IL	YZ[\	O]̂Y_	̀a	bcde	fg	hi	jkggeleamkcmkfa	benn	bonmole	kd	afm	eafopq	qfrfpeakbs	̀a	mqe	tqfmfplctq	deuelcn	bennd	cle	afm	crvnfkj	wemcxcggebmejy	rkblfmowoned	cle	kamcbms	im	mqe	dcre	mkrez	aobnecl	glcpreamcmkfa	caj	rkblfmowone	jkdlotmkfa	bca	we	jemebmejs	{|}	~�����	��������	����	���	{���}	�������	�������	�������������	{�}	������������	��������	{�����}	�������	���������	����	������	{�}	���������������������	|����	{����}�	{�}	������	�����_	 ������������¡	�¢£¤�	�����	���¡	�£¥�																																																														�	 ����������¦��	�����	����	�������	����	���������	������§̈~|��	��������	���	©£	���_	�	��������	����	�������	����	�������������	{���	ª����}	���	����������_		��	��	�	���������������	���	����	������	����	�������	������	��	����	�	�����������	�������_	����������«��	��������	����	������¬��	��	©£	� 	~�®	���	����	��	����̄	��	������������	{ª����}	���	�����	��	������	������	�������������	����	�������	�������������_	°��	��¦����	���	���������	���	©£	���	��	̈°	��	���̄	���	����������	�������	��	�£	� 	®±�±ª§�££	� 	~���	������	{�®	��¢}	���	��������	�������������	���	�������	��	����	�������_	
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	78	9:;<	
			 		=>	?@AB	CDEFGH@GG@IF	JKJLMDIF	H@LDIGLINOP	IQ	LJKK	HJR@SH	EQMJD	E	TP	U	@FLSVEM@IF	W@MU	EHOKI@R	NJNM@RJGX	YZ[\]	̂[_	̀	abc			

																																																													d	e_[fgbhgghif	j\]Zk_if	lhZ_igZimn	ob[phfp	qf	[\hrsik	it	u	v\	it	g[bm\]	w[g	\i[x]x	if	[	yi_bz[_{Zi[k]x|	Z[_̂if{gk[̂h\h}]x	Zimm]_	p_hx	~���	b]g�	t_ib	e]x	�]\\[	ofZX|	�]xxhfp	�q|	�Yq�X	qtk]_	̀	bhf|	k�]	]�Z]gg	gi\skhif	w[g	x_[hf]x	itt	sghfp	[	��[kb[f	th\k]_	m[m]_	~e�]_bi	yhg�]_�X	e�]	p_hx	w[g	_̂h]t\n	w[g�]x	[fx	f]p[khz]\n	gk[hf]x	whk�	u	v\	it	��	s_[fn\	[Z]k[k]X	e�]	p_hx	w[g	[h_{x_h]x	[fx	k�]	k_[fgbhgghif	]\]Zk_if	bhZ_igZimn	~ejl�	hb[p]g	w]_]	_]Zi_x]x	if	[	e]Zf[h	��	�hiewhf	k_[fgbhgghif	]\]Zk_if	bhZ_igZim]	~yjo|	�[m[f�	im]_[khfp	whk�	[f	[ZZ]\]_[ki_	zi\k[p]	it	̀��	��|	̀Xu�	fqX	enmhZ[\	b[pfhthZ[khifg	_[fp]x	t_ib	�d���	ki	̀d	u���X	

����	����	 ����	����	
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		=>	?@AB	CDEDFE@GH	GI	JKLMG@N	JAAODAJE@GH	PL	QR@GIMJS@H	Q	@H	ERD	FDMM	KDN@TKUV	WXYZ[\X	Z]	ŶX	_̀ àb	cdeeXf	gẐYhd̂	iXîZjX	kbXX	lm̂XfZm\]	mnj	lX̂Yhj]oV	pYX	Xffhf	cmf]	mfX	jZ]i\mqXj	gẐY	rbst	nuv	
																																																													U	wx	]̂h[y	zZ{̂dfX]	kbXX	zm̂XfZm\]	mnj	zX̂Yhj]o	gXfX	jZ\d̂Xj	Zn	sl l̀	gẐYhd̂	]Xfdz	̂h	m	eZnm\	iXîZjX	[hn[Xn̂fm̂Zhn	he	|}	~l	mnj	�	~l	pYZhe\m�Zn	p	gm]	mjjXjV	pYX	gYẐX	U�	gX\\	i\m̂X	gm]	d]Xj	ehf	̂YX	X{iXfZzXn̂]	mnj	Zn[dcm̂Xj	Zn	̂YX	[X\\	Zn[dcm̂hf	m̂	v���	��	��|V	pYX	e\dhfX][Xn[X	he	cZnjXj	pYp	gXfX	zXm]dfXj	cq	m	pX[mn	lZ[fhi\m̂X]	fXmjXf�	]XfZX]	��}	kX{	�}�nz	Xz	���nzoV	
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		=>	?@AB	CDEE	F@GH@E@IJ	GKIDL	G	MNO	@PQRHGI@SP	T@IO	NUVW	XLDF@SRYEJ	KSLZD[	K@HL@EY\]	ZDGYRLD[	T@IO	IOD	̂ =_̀a	IDYI	GP[	ZDZHLGPD	@PIDAL@IJ	QSRPID[	T@IO	IOD	XLSX@[@RZ	@S[@[D	XDLZDGH@E@bGI@SP	IDYIY	cdee	fgheijgkl	gmn	fehopnlqr	sghg	gie	loptm	tjho	hoe	uegmv	dwfx	myzr	

																																																													\]	{oe	|j}ijkkl	teie	~ei|piuen	g��pinjm�	hp	hoe	~iphp�pk	jm	�e|	zr	 {jjugmx	�rx	eh	gkrx	��	�����	��������������	��	�����������	������������	�������	�������	�� 	�n¡gm�elx	¢]\£r	¤c¥q¦	~r	]¥¢§]\r	�|hei	|j}ijkkj̈ghjpm	nehe�hjpmx	hoe	lpk©hjpml	teie	�pkke�hen	gmn	lhpien	p¡eimj�oh	gh	ippu	heu~eigh©iex	hoem	�emhij|©�en	gh	\]	]]]i�|	|pi		\]ujm	gh	§ª«r	{oe	~ekkehl	teie	iel©l~emnen	jm	hoe	}©||ei	cdee	fgheijgkl	gmn	fehopnlq	gmn	g~~kjen	pm	�ekklr	
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89	:;<=>?	@ABCDEFF>G>BHE;H>D	8IC8JKJ	L>==MN	L>==	OE;<E=EHP	Q8:C9	H>MHR	STU	 		 VWU	 		XYUZ[\Y	 ]̂S_	 ]̂SW	 ]̂S_	 ]̂SW	_̀_a	`̀WbV	 Tcbd	 debd	 debV			 `̀SbT	 TTbd	 ddbT	 `̀ b̀̀			 _̀eb̀	 d̀bW	 d̀bW	 TcbV			 `̀ b̀_	 V_be	 `̀Wb̀			 _̀db̀	 _̀ebT	]fYghiY	 `̀_bV	 Tcbe	 _̀̀bS	 dVb̀	jkl	 b̀m	 Sbe	 cbV	 Vbd		8n	:;<=>?	@ABCDEFF>G>BHE;H>D	8IC8JKJ	L>==MN	oGAoEDEpq	EADED>	H>MHR	STU	 		 VWU	 		XYUZ[\Y	]̂S_	 ]̂SW	 ]̂S_	 ]̂SW	_̀_a	 `̀TbW	 _̀̀bW	 m̀Sbm	 `̀dbm			 dmb_	 `̀Vb̀	 _̀Wb_	 c̀cb̀			 `̀_bS	 debc	 `̀ebe	 c̀Tbc			 `̀Vb̀			 	 Ẁmb̀	 	 	]fYghiY	 _̀Vbd	 `̀ b̀S	 ẀSbS	 c̀_bc	jkl	 ebT	 mbS	 m̀be	 mbe	8r	:;<=>?	stuvw@xCDEFF>G>BHE;H>D	8IC8JKJ	L>==MN	L>==	OE;<E=EHP	Q8:C9	H>MHR		 STU	 		 VWU	 		XYUZ[\Y	 ]̂S_	 ]̂SW	 ]̂S_	 ]̂SW	_̀_a	 TdbT	 T̀bm	 eVb̀	 mSbd			 TWb_	 _̀dbS	 VVb_	 mVbS			 V̀bV	 cTbS	 eebW	 mdbe			 		 edb_	 	 				 		 T_bW	 				 		 Tebd	 		 		]fYghiY	 T̀bW	 VVbe	 V_b̀	 mVbc	jkl	 Sbe	 dbm	 cbS	 b̀c	



��������	
�	���	��	����	������������	����������� 	!�"#	���$�	%������	&������ ����	 ��	�'�'�����	��	&��������� ���	()�(*+*	,����-	./011�
2
3���45			

66		

78	9:;<=>	?@ABCDEFGHII=J=KLH:L=G	7MF7NON	P=<<QR	SJTSHGHUV	HTGHG=	L=QLW		XYZ	 		 [\Z	 		]̂Z_̀â	 bcXd	 bcX\	 bcXd	 bcX\	eddf	 g[h[	 ei[hj	 g[hg	 ejXh\			 gYhj	 eYihg	 eiihi	 ejYhX			 g[he	 eddhd	 ej[hi	 eiYhk			 		 eeghX	 e\[hg	 			 		 ee\hY	 		 		bl̂mnô	 g[h[	 eidh[	 e\ghe	 ejdhX	pqr	 dhX	 eXhk	 e\h\	 khd		7O	9:;<=>	sII=PL	TI	@t8u	TK	Lv=	:PLHwHLH=Q	TI	P:QS:Q=Fx	:KGATJ	y	TK	?@ABCDE	GHII=J=KLH:L=G	P=<<QW	 ]̂Z_̀â	 bcXd	 bcX\	 pzn{m	eddf	 gdhX	 eXkhY	 eg\hd			 eedh[	 e[jhd	 \\[he			 edghY	 e[ih[	 \d\h\			 ee[hY	 ejYhk	 egYhe			 YXhe	 eXkhg	 \dihe			 		 ekgh[	bl̂mnô	ed\hk	 ekdh\	 egYh[	p|	 eXhj	 eihY	 eYhk		7}	9:;<=>	9v=	KUV;=J	TI	;=:GQ	S=J	O~��	TI	K=UJHL=	<=K�Lv	:IL=J	yuv	�HLv	u~��	S=SLHG=W	 ]̂Z_̀â	bcXd	 bcX\	dhX	 dhg	 eh\	dhX	 dh[	 ehd	dhX	 dh[	 ehe	bl̂mnô	 dhX	 dhY	 ehe	pqr	 dhd	 dhe	 dhe		
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89	:;<=>?	@ABCBADEBF	BG	GA;HI>FD>J	F>KAED>L	C>A	;A>;	;GD>A	9MN	OEDN	MPQR	C>CDEJ>S	 	 TUVWXYU	Z[\]	 Z[\̂		 _	 ^̀	 à	]	 _̂	 b̀		 ]	 _c	 à	ZdUefgU	 ]hi	 ^̂h\	 b̀hi	jkl	 ]hi	 _h]	 ]h\		
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89:9;9<=9>?	6@	 ABCCD	E@F@	GCH	I@F@	JKLMND	OPQPRQSTU	TV	WXTQPSUY	SU	WTZ[\RX[Z\]ŜP	_PZY	̀YSU_	\U	̀ZQX\YPUYSQSaP	YSZaPX	YQ\SUSU_	QPRbUSc̀Pd	EefghHM	Ehi	jLhiD	6kkl@	mno	N@	667pq@	r@	 sGtGfGuLD	v@D	ef	Gi@D	wP̀XTU\Z	]\Q̀X\QSTUx\YYTRS\QP̂	XPYSYQ\URP	TV	UP̀XSQP	̂P_PUPX\QSTU	R\̀YP̂	y[	QXTWbSR	V\RQTX	̂PWXSa\QSTU	TX	]SRXTQ̀ỳZPx̂SYX̀WQSU_	\_PUQYd	jKGLC	zeMD	r{{q@	|nm}o	N@	7~plk@	7@	 vLL�GCD	�@D	ef	Gi@D	�U	aSQXT	VSyXSZZS�\QSTU	TV	�Z�bPS]PX�Y	\][ZTŜxyPQ\	WPWQŜP	��x���d	���	�H�GC�eMD	r{6�@	��k�o	N@	{krl{6@			
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��������	
��	
��������������
������������������	
����
� ���� �
 !
" #
$ %

&'()*)+,-./'/-/'0.012'-345-.665-675448-1/59:�;'.7,3-/'0.<'/;=>:*)?@ABC2'-3'4'/D/58/958,4/8-950.E-.548=FGFH-.6I)JK,E/-L558/'M-/'0.958,4/8-950.E-.548NFOF&-.6P)Q5(-/'2570./904RPHJH@3,1159SE08'/'2570./904R8/-,908E09'.5)A;5T(,956'8E4-D8/;5M5-.U@HVS�W:109.0.B6'11595./'-/5675448S�W:109637=VJ75448S�WCX109Y=ZNOQ&75448S�W[109Y=ZAJ=75448)\\\\�]X)XXXCS\\\�]X)XXX*S\\�]X)XX*CS\�]X)X:�̂)_.5B<-D=Q_̀=10440<563D-O,..5//a8M,4/'E4570ME-9'80.8/58/-//;5X)Xb45254<-8,8561098/-/'8/'7-4-.-4D8'8)



��� ������	
��
����������
������������
������������������ !"# $%&'()*+�,"-.&',/012/345-�� !"# $%,'() *+�,/65"7585�9$%#�":;$#<$;5- =�; "� .! 88#"#"<$#5�5> !$-�;$8?"#. !; "# .#5@-5A!"-�89�$,0/�1�/&4B�C'/'''&D%;$E!$-�;$8/F:"-�5A!"�5$-$%GH=<$#5�5> ! 88#"8#$.5.-$� I<$# #�"�5#�5!"889#5@-5A!"-��$I5! %% !�#$%*+�,$-J*KLG*.5%% ; -�5"� .! 88#"%� ;���5-!:7"�5$-BM5@/,ND/H-!"# $%&'()*+�,O�� -:E7 ;$%< ;=E "7585P .! 88#?"#5-!; "# .&/31'/&%$8.$> ;!$-�;$8O"-.5-�� !"# $%,'()*+�,O"&/�1'/&%$8.5-!; "# ?"#$7# ;> ./L� <$#5�5> !$-�;$8O#�":;$#<$;5- O5-.:! .- ";89�?$=%$8.5-!; "# 5-GH=<$#5�5> ! 88!$:-�B,/'1'/,D/��
	���Q�����	��Q���������
�������R��QS�
	�T��
��G"��$8$@5!"8!�"-@ #? ; . � !� .5-"88.5%% ;= -�5"� .!:8�:; #"%� ;���5-!:7"�5$-?5��&'()*+�,< <�5. U�$? > ;O�� #5@-#$%<"��$8$@9? ; !$E<8 � 89.5%% ; -�%;$E��  %% !�#$%#�":;$#<$;5- BV:<<8 E -�";9M5@:; &D/W7!*)G.5%% ; -�5"� .! 88#8$#�"88- :;5� #"%� ;���5-!:7"�5$- > -?5��&'()*+�,BV:<<8 E -�";9M5@:; &MOXD/H-�� !"# $%J*KLG*.5%% ; -�5"� .! 88#O?�5!�? ; E$#�; #5#�"-��$"E98$5.O? $7# ;> ."; 8"�5> 89#E"885-!; "# 5-�� "E$:-�$%. ".! 88#"%� ;���5-!:=7"�5$- > -?5��,'() *+�,U; @";.8 ##O- :;5� %;"@E -�"�5$-?"##  -5-�� !"# $%7$��&'"-.,'() *+�,"#!$E<"; .?5���� - @"�5> !$-=�;$8BV:<<8 E -�";9M5@:; &NOYD/Z$�� %% !�#? ; #:7#�"-�5"8898";@ ;5-�� !"# $%J*KZW[M.5%% ;= -�5"� .! 88#BV:<<8 E -�";9M5@:; &\O]D/H�5#-̂$?-��"�*+5-� ;"!�#?5���� <8"#E"E E7;"- "-.�� ; 5#"8#$ >5. -! %$;8$!"85P"�5$-$%*+�,$-�� ! 88E E7;"- #5-�� 7;"5-$%*W<"�5 -�#_&�̀/*#.5#�5-!�.5%% ; -�5"�5$-E ��$.#; > "8 ..5%% ; -�# -#5�5>5�5 #�$*+�,O�� - I�#� <?"#�$ >"8:="� �� .5%% ; -! #5-�� .5#�;57:�5$-$%�� *+�,< <�5. 5-�� ! 88!:8�:; #/M$;�� #  I< ;5E -�#O! 88#? ; #�"5- .%$;*+GGK*+"-.#9-"<�$<�9#5-&"%� ;�� �; "�E -�?5��&'()*+�,%$;,��/V9-"<=�$<�9#5-&5#"E"a$;#9-"<�5!> #5!8 E E7;"- <;$� 5-O?�$#  I<; ##5$-5#"7;$".=;"-@ E";̂ ;$%- :;"8"-.- :;$ -.$!;5- ! 88#5-!8:.5-@- :;$78"#=�$E"! 88#_&b̀/Z9E "-#$%HccO? . � !� .��"�5-!"# $%"88! 88�9< ##�:.5 .B-$-=.5%% ; -�5"� .! 88#"-.��;  .5%% ; -�5"� .! 88!:8�:; #DO�� ! 887$.=5 #"-.- :;5� #? ; �$$8";@  I� -�!$> ; .?5���� *+�,< <�5. "@@; @"� #BM5@/3DO?� ; "#*+"@@; @"� #? ; "8#$<; # -�5-�� 5-�;"! 88:8";#<"! BM5@/3ZO\OYOFO?�5� ";;$?#D/

defghffeijL$ I<"-.$:;:-. ;#�"-.5-@$%�� - :;$�$I5!=5�9$%"E98$5.< <�5. #5-*WO? !$E<"; .��  %% !�#$%*+�,$-�:E"-- :;$78"#�$E"! 8885- VN=Vk2k.5%% ; -�5"� .�$?";.E$; - :;$-=85̂ E$;<�$8$@9O I<$#5-@.5%% ; -�75$!� E5!"8<� -$=�9< #_,'̀/L�;  .5%% ; -��; "�E -�#5-!8:. .l&D.7!*)GO,DJ*%$88$? .79ZW[MO"-.3DJ*%$88$? .79LG*O?�5!�#:<<$# .895-.:! -$;"=.; - ;@5!_b̀O!�$85- ;@5!_&�̀O"-..$<"E5- ;@5!_m̀<� -$�9< #O; #< !�5> 89/H-"88!"# #O.5%% ; -�5"�5$-5-.:! .�� $:�@;$?��$%+HHH=�:7:85-<$#5�5> - �=?$;̂ .- :;5� #/n- $%�� E$#�5E<$;�"-�%"!�$;#5-*+�$I5!5�9#�:.5 #5#< <�5. <; =�; "�E -�"-.<; <";"�5$-%$;! 88!:8�:;  I< ;5E -�#/H��"#7  -#�$?-��"��� $;5@5-$%�� *+< <�5. _,&̀"#? 88"#�� <;$�$!$8$%�� <; <";"�5$-$%�� < <�5. 7 %$; "<<895-@5��$�� ! 88#!"-"%% !��� ; #:8�#_,,O,3̀/L� ; %$; O!$E=<";"�5> #�:.5 #$%*+�$I5!5�9#�$:8.7 < ;%$;E .:#5-@#�;5!�89#�"-.";.5P .<;$�$!$8#$%< <�5. <; <"=;"�5$-/H-�� !:;; -�#�:.9O? :# .%; #�89NMHG=�; "� ."-."8̂"85=#$8:7585P .; !$E75-"-�*+�,O?�5!�E5-5E5P #�� "E$:-�$%<; %$;E .A7;588";9#  .#<; # -�5-�� 5-5�5"8#$8:�5$-/H-$:;<; >5$:##�:.9?5��J*KZW[M.5%% ; -�5"� .VN=Vk2k! 88#O? :# ."#85@��89.5%% ; -�*+.5##$8>5-@<;$�$!$8#$8:7585P5-@�� NMHG=<; �; "� .< <�5. "�- :�;"8<N"-.$7# ;> ."8$? ;�$I5! %% !�O #< !5"8895-GH"##"9_,�̀/H-E"-9#�:.5 #O"E98$5.< <�5. 5#<; =�; "� .?5��$;@"-5!#$8> -�#7 %$; �$I5!5�9 I< ;5E -�#5-$;. ;�$@ �$85@$E ;#_,2O,0̀$;<;$�$A7;58#_,mO,�̀?5�� -�"-! .�$I5!5�9/N$? > ;O#5-! "-5-!; "#5-@"E$:-�$% >5. -! <$5-�#�$�� . !5#5> ;$8 $%5-� ;E .5"� A7;5885P"�5$-#< !5 #5-�� ! 88:8";�$I5!5�9_,,̀O? #:@@ #���"��$I5!5�9$%�� < <�5. 5-�� #�"� $%"!�5> A7;5885P"�5$-!"-7 7 �� ;E$. 8%$;�� ��R�R��$I5!5�9$%�� < <�5. ��"-";�5A!5"889@ - ;"� .%$;E:8"�5$-#/Z9!$E<";5-@�� �$I5!5�9$%#5E58";89<; =�; "� .*+�,< <�5. �$?";..5%% ; -�89<; <"; .VN=Vk2k! 88#O?  #�"785#� .��"�.7!*)G�; "�E -��$?";.-$;".; - ;@5!<� -$�9< "-.J*KZW[M�; "�E -��$?";.!�$85- ;@5!<� -$�9< 5-!; "# �� #:#! <�5=7585�9$%! 88#�$�� �$I5!5�9$%*+�,BL"78 #&"-.,D/H-�� #�:.9?5��;"�<;5E";9- :;$-"8! 88!:8�:; #O5��"#7  -. E$-#�;"� .��"�*+5#E$; �$I5!�$-$;".; - ;@5!- :;$-#5-!$E<";5#$-?5��!�$85- ;=@5!- :;$-#_,b̀O#5E58";89�$$:;; #:8�#?5���:E"-. ;5> .! 8885- /H�!"-"8#$7 #< !:8"� .��"��� �5@� ;#:#! <�57585�9�$*+�,< <�5. E5@��7 !":# .



��������	
��	
��������������
������������������	
����
� ���

�� !"!#�$%&�'(%�)*)+,-�*./00.(0%(&/$1+%/&234�*.('1%�)*!566(*).7%).4/6�$%&7)+89:;,-32<%&/1%/=>?<>@�@./00$+)&,AAB,-CD1*/0$#E5EFE1*=>G1*=>7CD1*/0$HEIEJE1*=KGL�%4#,A5.)(*%/&$%1�*/=*(.0/�CD1*/0$ME?E;E1*=NGO�$(10�P/=L�%4%4/.)*+).106�.&)$.)D/Q/�$$#()�89;HK,1*=R"S)�0�66/&$�)*)'T/.%�O/!U4�%/1&&)L$CD1*/0$VEWEXE1*=YG�*=�.1%/%4/1  &/ 1%/$�*%4/�*%&1./00(01&$D1./!>%1.Z017/&$L�%4P<�*%/&O10)+"29*6D&/$/*%/=�*$(6�*%/*$�%7D&)T/.%�)*!K4&//<=�6/*$�)*10&/.)*$%&(.%�)*)+$%1.Z$CD1*/0$,E�E[E1*=AG /*/&1%/=L�%4561&�$$)+%L1&/!V&� 4%*/$$1*=.)*%&1$%L/&/�*.&/1$/=+)&.01&�%7!561 /$L/&//=�%/='7($�* ��T�$)+%L1&/!>.10/'1&29:6!'7%4/='.,;A<�*=(./=)O/&/SD&/$$�)*)+,-AA\8�]EL4�.4D&)%/)07%�.D&)./$$�* 7�/0=$,-D/D%�=/$1*=617/*41*./%4/%)S�./++/.%$/*=) /*)($07!>(&<D&�$�* 07E�*%4/.1$/)+N,BV#F�=�++/&/*%�1%/=./00$%4/,-32D/D%�=/1%89:;.)*./*%&1%�)*L1$6)&/%)S�.%41*1%29:;0/O/0!K4/&/1$)*+)&%4�$(*)&=�<*1&7.)*./*%&1%�)*=/D/*=/*./�$*)%.0/1&̂4)L/O/&E�%.1*'/47D)%4/$�P/=%41%1$29:;D/D%�=/_'&�0<0�P/$+1$%/&E%4/*%4//SD)$(&/%�6/)+./00$%)%4/%)S�.�*%/&6/=�1%/$D/.�/$.&(.�10+)&,-<�*=(./=*/(&)%)S�.�%7\22E23]�$$4)&%/&!>� *�_.1*%$/*$�<%�O�%7)+N,BV#F�./00$%)L1&=1670)�=.1*10$)'//*41*./='7�*.&/1$/=/SD&/$$�)*)+,-AAE$4)L/='7?)0'1.Z/%10\"9]E$�6�01&07%)='.,;A<=�++/&</*%�1%/=./00$̂4)L/O/&E%4/�&&/ (01&.)*./*%&1%�)*/++/.%)*%4�$%7D/)+./00$*//=+(&%4/&�*O/$%� 1<
%�)*!N,BKA,=�++/&/*%�1%/==)D16�*/& �.>?<>@�@./00$L/&/106)$%&/$�$%1*%%),-32%)S�.�%7!>(.4./00$1&/10$)6)&/&/$�$%1*%%))%4/&%)S�..)6D)(*=$0�Z/R<J?#,\8̀]EL4�.4�$($/=%)=/$%&)7=)D16�*/&< �.*/(&)*$'7=�++/&/*%6/.41*�$6$1$.)6D1&/=%),-!;)&/)O/&EKA,%&/1%6/*%41=D&)%/.%�O//++/.%1 1�*$%,-%)S�.�%710$)�*.1$/)+4�DD).16D10D&�61&7*/(&)*$EL4�.4�$1$$(6�* 076/=�1%/='71.%�O1%�)*)+D&)%/�*Z�*1$/M\"8]EZ*)L*%)$(D<D)&%./00$(&O�O10\"2]!K4($EN,BKA,=�++/&/*%�1%/=>?<>@�@.(0%(&/�$.41&1.%/&�P/='74� 4&/$�$%1*./1 1�*$%,-<6/=�1%/=%)S�.�%71DD0�.1'0/+)&$%(=�/$)+%4/(*=/&07�* 6/.41*�$6$)+%)0/&1*./!5*D1&100/0L�%4%)S�.)0) �.10$%(=�/$EL/10$)6)*<�%)&/==�$%&�'(%�)*)+/S%&1./00(01&071DD0�/=,-32�*./00.(0%(&/$'75MM!K4/O�$(10�P/=D1%%/&*)+D/D%�=/



��� ������	
��
����������
������������
������������������ !"#$%&'�(�)*+")� !"%,-"!!+*� *!*)./0�1#)"2)("23!)24*,,"("5)*�)*%5).'" #6789:;< <6789:;< 0)�3(%2'%(*5"=%51>*,,"("5)*�)"> #66?<6@A?;B BC?A�@�?C# A#?B�@A?�6> -98D B#?A;@;?<A AC?#E@#?CA <#?A�@#?C;F9GH4=I BE?;;@B?A6 CC?<6@�?�A #B?BE@#?A#F9G�D9 �B?CB@;?AC #6<?�6@B?<� <�?;B@;?#B�J")� !">*2'!�.2)J"&"�5@0K8L�M;,%(5%51>*,,"("5)*�)">-"!!2L�M;,%(> -98D-"!!2L�M#6,%(F9GH4=I-"!!2L�M�,%(F9G�D9-"!!2? �� !"<$%&'�(�)*+")� !"%,DN)"2)("23!)24*,,"("5)*�)*%5).'" #6789:;< <6789:;< 0)�3(%2'%(*5"=%51>*,,"("5)*�)"> #?6�@6?6B #?�#@6?#C <?#�@6?#;> -98D #?AC@6?#6 #?E;@6?6� <?##@6?#AF9GH4=I #?�;@6?#C #?�#@6?<6 <?��@6?A#F9G�D9 #?<�@6?6� #?A�@6?## #?E�@6?<B�J")� !">*2'!�.2)J"&"�5@0K8L�M;,%(5%51>*,,"("5)*�)">-"!!2L�M;,%(> -98D-"!!2L�M#6,%(F9GH4=I-"!!2L�M�,%(F9G�D9-"!!2?>*2)(* 3)*%5%5-"!! %>*"2�5>5"3(*)"2*5>*,,"(1"5)-3!)3("2O�2P"5"(�!!.2*&*!�(?/""Q'"-)">)J�))J"*5-("�2">("2*2)�5-"%,F9G�D91>*,,"("5)*�)">-"!!2)%O�(>9:&*PJ) "�22%-*�)">O*)J>"-("�2">'"')*>"�22%-*�)*%5O*)J-"!!&"& (�5"2ROJ*-J-%&1'%2*)*%5&*PJ)>*,,"(,(%&%)J"(-"!!22)3>*">?N)*2S5%O5)J�))J"-%&'%2*)*%5%,-"!!&"& (�5"2*2-(31-*�!,%(2"">*5P%,9:'"')*>"�PP("P�)*%5TAARA;U�5>*5+%!+">�!2%*5-"!!>"�)J2*P5�!*5PTABU?V%O1"+"(R%3(�223&')*%5O�25%)-%5W(&">R�2O">*>5%)W5>�5.-%(("!�)*%52 ")O""5)J""Q)"5)%,9:>*21)(* 3)*%5*5)J"2)3>*">-"!!-3!)3("2�5>)J"'"')*>")%Q*-*).ROJ*-J*5>*-�)"2)J�))J"("�2%52%,F9G�D91>*,,"("5)*�)">-"!!("2*2)�5-")%O�(>9:)%Q*-*).5"">,3()J"(-!�(*W-�)*%5?�%-%5-!3>"RO"J�+"P"5"(�)">)J(""5"3(%51!*S"-"!!3!�(&%>"!2%,J3&�5%(*P*5 .>*,,"("5)*�)*%5%,0V10XBX-"!!2�--%(>*5P)%>*,,"("5)'("2-(* ">'(%)%-%!2ROJ*-J'%22"222"+"(�!�>+�5)�P"2%+"(5%51>*,,"("5)*�)">-"!!!*5"&%>"!R�5>-%&'�(">)J")%Q*-",,"-)2%,9:;<'"')*>"%5)J"2"2.21)"&2?/"J�+",%35>)J�)F9G�D9>*,,"("5)*�)">-"!!20V10XBX-"!!2O"("�!&%2)("2*2)�5)�P�*52))%Q*-*).%,9:?4 -98D1>*,,"("5)*�)">�5>F91H4=I1>*,,"("5)*�)">0V10VBX-"!!2&*PJ) "32",3!,%(,3()J"(2)3>*"2%,)J"&"-J�5*2&2%,9:)%Q*-*).�2O"!!�2*5)J"2-(""5*5P%,-%&'%35>2'(%)"-)1*5P)J"5"3(%5�!-"!!2,(%&)J")%Q*-",,"-)2%,9:?4 -98D>*,,"("5)*�)*%52J%3!> "'(","(("> "-�32"%,)J"5%(&�!-%5-"5)(�)*%5>"'"5>"5-"LF9G�D9

>*,,"("5)*�)">-"!!2-�5 "32">,%(35(�+"!!*5P)J"&"-J�5*2&2%,9:)%!"(�5-"ROJ*-J&*PJ)-%5)(* 3)")% "))"(35>"(2)�5>*5P%,)J"5"3(%>"P"5"(�)*%5�5>5"3(%'(%)"-)*%5*5-�2"%,94?YZ[\]̂ _̀ abc \̀de�J*2O%(SO�223''%()"> .)J"K2)%5*�58*5*2)(.%,K>3-�)*%5�5>F"2"�(-JfP(�5)Ng�#E1�h)%DD?93)J%(2i>*2-!%23("2�+�*!� !"%5!*5"fJ))'2jGGOOO?k1�!l?-%&G&�532-(*')1>*2-!%23("2G#E16C6Bh?emnn_̀ c \̀dYopcYd̀ oqY_�J"23''!"&"5)�(.&�)"(*�!*2�+�*!� !"*5)J""!"-)(%5*-+"(2*%5%,)J*2�()*-!"jJ))'jGG>Q?>%*?%(PG#6?A<AAGr941#E6C6B?ò s̀ ò \Z̀ eT#U 95�5>FRt*!!u4R8�J>*99f<6#;h�J"(�'"3)*-2%,9!lJ"*&"(i2>*2"�2"jD�2)R'("2"5)�5>,3)3("?�����	��v������w�xynzYR<C1B6?T<U 0-J!�-J")lS*r$R0�!* �0/R{!*+"*(�9$f<6#Ah0)3>.1*5P5"3(%>"P"5"(�)*+">*2"�2"2*5-3!)3("&%>"!2?|}~����������
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