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Abstract 

Alzheimer’s disease (AD) is caused by decreased levels of acetylcholine (ACh) and accounts 

for 60-80% of dementia cases worldwide. Current AD treatment modalities (i.e. cholinesterase 

inhibitors and N-methyl-D-aspartic acid receptors antagonists) only offer symptomatic relief 

as there is currently no cure. In vitro studies are more economical as they are capable of large-

scale production of cell cultures, and are less labour intensive. In an attempt to make 

neurotoxicity models more representative, neuronal cell lines (such as SH-SY5Y 

neuroblastoma cells) are differentiated to a more mature phenotype. However, literature 

describes several different differentiation procedures, and thus it becomes necessary to assess 

their applicability in determining specific neurotoxicity parameters. The aim of the study was 

to compare two differentiation protocols of SH-SY5Y neuroblastoma cells for the purpose of 

developing an in vitro AD drug development platform. 

Two published methods were compared for their ability to yield differentiated cells: a six-day 

and an eighteen-day differentiation procedure. The most representative differentiation model 

was determined by assessing various endpoints relating to maturity of both differentiation 

models in comparison to undifferentiated cells: morphological and viability changes of the cells 

were monitored via light microscopy, sulforhodamine B staining, protein content 

determination, and live-dead staining. The ACh/acetylcholinesterase (AChE) levels were 

measured by the Amplex Red assay; and protein expression relating to mature (amyloid 

precursor protein [APP] and β-secretase APP-cleaving enzyme-1 [BACE-1]) and immature 

(proliferating cell nuclear antigen [PCNA]) phenotypes by flow cytometry.  

Live-dead staining confirmed that cells remained viable after treating with the differentiation 

cocktails. The cellular density of differentiated cells of both differentiation methods by Shipley 

et al. and Forster et al. significantly (p ≤ 0.001) increased, thus confirming that there are more 

cells at the end of the differentiation processes which also correlates to the increased protein 

content of cultures. The six-day differentiation method had a significantly (p ≤ 0.01) higher 

cellular density of differentiated cells (2.3-fold) than the eighteen-day differentiation method. 

Despite the difference in cellular densities between the two methods, there were sufficient cells 

at the end of the differentiation methods to continue with further testing. The protein content 

of differentiated cells of both differentiation methods significantly (six-day: p ≤ 0.001; 

eighteen-day: p ≤ 0.01) increased compared to the undifferentiated cells (six-day: 2.1-fold; 

eighteen-day: 1.3-fold). There was a significant (p ≤ 0.001) decrease in protein content in the 
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supernatant of both differentiation methods (six-day: 1.2-fold; eighteen-day: 1.4-fold). There 

was a significant (p ≤ 0.001) decrease in ACh levels in the cell lysates (six-day: 0.57-fold; 

eighteen-day: 0.64-fold) and supernatants (six-day: 0.60-fold; eighteen-day: 0.65-fold) of both 

differentiation methods. Similar to ACh levels, a significant (p ≤ 0.001) decrease in the AChE 

level was observed between respective undifferentiated and differentiated cell lysates (six-day: 

0.58-fold; eighteen-day: 0.51-fold) and supernatants (six-day: 0.48-fold; eighteen-day: 0.50-

fold). The differentiation methods did not produce the expected increase in ACh and AChE 

levels after cellular differentiation. All three biomarkers (PCNA, APP, BACE-1) were 

expressed in undifferentiated, six-day differentiation method and the eighteen-day 

differentiation method. The undifferentiated cells and the cells differentiatited via the six-day 

differentiation method expressed higher levels of PCNA and APP than BACE-1. However, 

lower levels of PCNA expression were exhibited after cellular differentiation, with the 

eighteen-day differentiation method expressing the lowest PCNA levels. The undifferentiated 

cells expressed higher BACE-1 levels than the differentiated cells. The differentiation methods 

did not produce the expected increase in mature biomarkers after cellular differentiation. 

However, morphologically both differentiation methods produced a high number of long 

neuritic projections that connected to other cells which were evenly distributed, exhibiting a 

pyramidal shaped cell body, although a reduction in cellular proliferation was observed. 

The results support morphological differentiation, but it is not recommended to use these 

preparations to investigate the mature cholinergic system. Further method development will be 

needed to ascertain the correct cocktail of differentiation factors to yield a mature phenotype 

expressing markers relevant to AD, including APP and BACE-1, and functional 

neurotransmitter systems, such as ACh and AChE.  
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 Literature review 

1.1. Introduction 

 

Neurodegeneration is a detrimental series of events that decreases neuronal functioning, due to 

progressive loss of neuronal tissue.1 Neurodegeneration is most frequent in people over the age 

of 65 years.2 It is a multifactorial process with various aetiologies, such as imbalanced 

antioxidant defence mechanisms leading to oxidative stress,1 environmental toxicants (i.e. 

pesticides, mercury, aluminium), and genetic predisposition.3,4,5 Neurodegeneration is a 

complex process and can occur as a result of neuronal loss and consequently reduced associated 

enzymatic functions responsible for the synthesis and degradation of neurotransmitters.6 The 

abnormal polymerisation of proteins and possible mutations in genes also contributes to 

neurodegeneration which leads to dementia.7 Dementia is the umbrella term used for diseases 

that affect the brain.7 

Worldwide, there are currently 50 million people living with dementia, and it is estimated to 

increase to 152 million cases by 2050.8 There were 4 million dementia cases reported in Africa 

in 2015, of which an estimated 186,000 people were diagnosed in South Africa. It is expected 

that this will increase to 275,000 cases by 2030 (Figure 1) due to the constant increase in 

untreated neurodegenerative disorders such as human immunodeficiency virus and alcohol 

dependence.9 The most common form of dementia is Alzheimer’s disease (AD), which 

ultimately impacts cognitive function7 and memory loss.10 

 

Figure 1: The estimated number of people with dementia in South Africa between the years 2015 and 

2030.9 (Reproduced with permission from the Alzheimer’s Disease International) 
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1.2. Alzheimer’s disease 

 

Alzheimer’s disease accounts for 60-70% of dementia cases worldwide.8 Progressive loss of 

memory, reasoning and orientation are characteristics of AD, which are correlated to the stages 

of progression.8,11 However, a pre-clinical AD stage before mild cognitive impairment (MCI) 

exists in which slight cognitive changes, such as reduced attention, is noticed.12,13 The pre-

clinical stage refers to patients who do not exhibit symptoms as yet but do exhibit slight 

cognitive decline.12 Dr Barry Reisberg of the New York University’s Aging and Dementia 

Research Center developed the Global Deterioration Scale to clinically measure the 

progression of AD (Table 1).11 The classification of the stages of AD assist in prognostic 

determinants, treatment selection and psychosocial advisement,14 and can also aid in designing 

clinical trials.15  

Table 1: Global Deterioration Scale in Alzheimer’s disease.11 

Stage Symptoms 

1. No impairment • There are no visible symptoms 

2. Very mild 

cognitive decline 

• Forget names and location of objects, and trouble finding words 

• Memory generally becomes slightly weaker as people get older 

3. Mild cognitive 

decline 

• Difficulty travelling to new location, handling work-related 

problems, planning and organizing events 

• Family may become aware of certain symptoms 

4. Moderate 

cognitive decline 

Duration of 2 years 

• Difficulty in complete daily tasks (i.e. manage finances, preparing 

meals, shopping) 

• Patients may suffer with short-term memory loss 

5. Moderately 

severe cognitive 

decline 

Duration of 1.5 years 

• Need supervision and assistance with daily tasks  

• Are unable to recall personal history 

6. Severe 

cognitive decline 

 

Duration of 2.5 years 

• Tend to wander 

• Wear their daytime clothing over their night time clothes  

• Personality and behavioural problems become worse 

• Patients can only remember people closest to them  

• Are unable to recall personal history 

7. Very severe 

cognitive decline 

• Decline in speech 

• Inability to eat or swallow 

• Loses the ability to walk  

• Involuntary movement 
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Alzheimer’s disease is categorised as two forms: early-onset AD (EOAD) and late-onset AD 

(LOAD).16 The neurological hallmarks of both forms of AD are identical, however, their 

clinical profiles differ.17 Early-onset AD, also called familial AD (FAD), usually occurs 

between the ages 30 and 50 years, and accounts for less than 0.5% of AD cases.16 Early-onset 

AD can occur spontaneously or by an inherited mutation in one of three genes: amyloid 

precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2)18 on chromosomes 

1, 14 and 21, respectively.17 Early-onset AD is characterised by the inability to learn new 

information, easily forgetting names and short-term memory loss.17  

Late-onset AD occurs in people over the age of 65, and is the most prevalent form.17 Genetic 

risk factors, age, vascular disease, diet and metal exposure contributes to late-onset AD.19 

Polymorphisms in the apolipoprotein E (Apo-E) gene (Apo-E4) on chromosome 19 are the 

predominant risk factor for sporadic AD.17,20 Genes encoding for Apo-E neuronal receptors, 

such as sortilin related receptor 1, may also be involved.17 Decreased Aβ clearance and 

increased aggregation, decreased cholesterol transport, increased neurotoxicity, 

neuroinflammation and brain atrophy contribute to LOAD through Apo-E4 dysfunction.18 

Specialised pro-resolving mediators reduce inflammatory molecules (i.e. cytokines) thus, 

equalising the inflammatory response (discussed in Section 1.3.1.1) which may give rise to 

LOAD.21 Symptoms of late-onset AD include loss of cognitive function, loss of memory, 

disorientation, as well as behavioural and personality changes.17 The Genome-Wide 

Association Study (GWAS) has identified ten genomic loci (Apo-E gene, clusterin, 

phosphatidylinositol-binding clathrin assembly protein, complement receptor type 1, bridging 

integrator-1, ephrin type-A receptor 1, membrane-spanning 4A gene, ATP-binding cassette 

sub-family A member 7, CD33, and CD2 associated protein) that are linked to AD risk and are 

coupled with various biological processes (i.e. Aβ metabolism, endocytosis, immune system 

and lipid homeostasis).18 This provides a new direction for drug treatments of AD by 

elucidating physiological mechanisms whose disruption may predispose individuals to 

neurodegenerative changes.18  

 

1.2.1. Hallmarks of Alzheimer’s disease 

 

The progression of AD is accompanied by neuronal loss,22 with brain atrophy as repercussion 

(Figure 2).23 Atrophy of the brain occurs first in the medial temporal lobe.24 Initially, the 
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entorhinal cortex,25 which is responsible for memory, thinking and planning, shrivels up.24 

Thereafter, atrophy progresses to the hippocampal areas (responsible for forming new 

memories) and the amygdala.24 There is an approximate 20-30% and 15-25% reduction in the 

entorhinal cortex and hippocampal volume, respectively, in patients with MCI.26 The shrinkage 

of the hippocampus is followed by the degeneration of the neocortical regions. Thereafter, the 

ventricles become enlarged.27 

 

Figure 2: A coronal view of a schematic diagram comparing a healthy brain to a brain affected by AD. 

(Reproduced with permission from the Creative Commons Attribution License (CC BY)). 

Protein expression changes are noted in a number of regions in the brain.28 The hippocampus, 

entorhinal cortex and the cingulate gyrus exhibits approximately 30% change in protein 

expression, whereas the cerebellum shows approximately 20% change.28 Neuronal 

development, survival and regeneration occur via pathways in the cerebellum.28 In relation to 

other regions of the brain, the changes in protein that occur in the cerebellum are unique; it is 

suspected that the cerebellum is relatively unaffected by early AD.28 However, it has been 

observed that in later stages of AD, the cerebellum undergoes atrophy and changes in glucose 

metabolism.28 Changes to other regions, such as the hippocampus, entorhinal cortex and the 

cingulate gyrus, correspond to the severity of the disease, resulting in cellular death.28 Thus, a 

temporospatial element of AD exists as pathology of different regions of the brain do not occur 

simultaneously (i.e. earlier or later stages of AD).28 The highest number of biological pathways 

that are disrupted by AD are observed in the hippocampus, entorhinal cortex and the cingulate 

gyrus.28 It is suspected that the cellular response to AD is different in the cerebellum as it acts 

as a defence mechanism.28 By increasing oxidative defence proteins and decreasing electron 

transport chain (ETC) complex 1 proteins, less reactive oxygen species (ROS) are produced by 
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the ETC.28 Alzheimer’s disease triggers an innate immune response that is present through the 

brain (global activation), and it is associated with neuroinflammation.28 Complement family 

proteins may be possible AD biomarkers as global activation of the immune response is 

suggested to occur at an earlier stage in the disease process, prior to atrophy.28  

Altered glucose use in the brain is another characteristic associated with AD,28 and can be 

visualised using positron emission tomography (PET) scans.2 High glucose use is an indication 

of healthy brain activity, while use thereof decreases with AD progression as brain function is 

perturbed.2 Free glucose levels are increased in the hippocampus, entorhinal cortex, cingulate 

gyrus and the cerebellum, as the pathways that metabolise monosaccharides (such as glucose) 

are hindered.28 It has been reported that the ketogenic/fatty acid β-oxidation pathway was used 

as an alternative to aerobic glycolysis in severely affected regions of the brain in AD patients.28  

Brain morphology may be altered by inflammation, which in turn affects cognitive execution.21 

Patients aged 60 and older express decreased hippocampal volume and increased levels of 

interleukin-6 (IL-6), C-reactive protein (CRP), soluble tumour necrosis factor receptor-1 

(STNFR-1) and STNFR-2.21 Furthermore, increased IL-6 levels are observed in parallel to a 

reduced total brain volume and decreased cortical thickness of the inferior occipital and 

temporal gyri.21 

Two fundamental hallmarks of AD include extracellular amyloid-β (Aβ) plaques and 

intracellular neurofibrillary tangles (NFTs).16,22 Other lesions or characteristics include 

granulovacoular degeneration29 and Hirano bodies (a.k.a. eosinophilic rod-like bodies).30 The 

intensity and size of the Aβ plaques does not increase as AD progresses, however, the number 

and distribution thereof does.31 Amyloid-β plaques are found in the isocortical region (stage 

1), allocortical or limbic regions (stage 2) and finally the subcortical region (stage 3).31 Unlike 

Aβ, NFTs intensity and distribution increases with the progression of AD, and is categorised 

by six stages.31 Abnormal tau-protein or NFTs occur in stages: (1) stage 1 and 2, transentorhinal 

and entorhinal regions; (2) stage 3, limbic allocortex regions; (3) stage 4, adjoining neocortex; 

and (4) stage 5 and 6, neocortex.32,33 

The cholinergic pathway consists of cholinergic neurons which are present in most regions of 

the brain.34 Due to its extensive distribution, various physiological processes are mediated by 

the cholinergic pathway including learning, memory, sensory information and other neural 

functions.34 The presence of Aβ and NFTs adversely affects neuronal cells, thus injuring the 

cholinergic pathway.35 Amyloid-β accumulation blocks the transmission of ACh in the synaptic 
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cleft, which results in low levels of synaptic ACh.35 As will be discussed in Section 2.1, ACh 

is formed by ChAT from choline and acetyl coenzyme A (CoA). Acetylcholine in turn, is 

broken down by AChE to form choline and acetate.36 The cholinergic hypothesis suggests that 

the decline in cognitive function is age-related whereby a reduction in ChAT is mainly 

observed in the hippocampus, amygdala and the cortex, resulting in ACh deficiency.16 The 

reduction of ACh levels and consequently the loss of associated enzymatic functions 

responsible for the synthesis and degradation of ACh can occur as a result of the destruction of 

cholinergic systems.35 This depletion leads to deficits in overall cognition and 

neuroprotection.34  

 

1.2.1.1. Amyloid-β plaques 

 

In a healthy brain, Aβ have a modulatory role on memory and transmission in the hippocampal 

regions when present at low concentrations.6 Equilibrium is maintained between the production 

and clearance of Aβ.16 Amyloid-β aggregates form and accumulate when the equilibrium is 

disturbed by metabolic disorders and excitotoxicity.16 Synaptic activity is also hindered by 

aggregated Aβ thus provoking neurodegeneration.22 Extracellular Aβ aggregation and 

accumulation forms fibrillary Aβ and Aβ-oligomers,17 as well as activates tau-kinase.6 The 

fibrillary Aβ causes inflammation, oxidative stress,16 mitochondrial dysfunction,30 and leads to 

the formation of Aβ plaques.1,17 The accumulation of Aβ plaques and the hyperphosphorylation 

of tau proteins disrupt nerve cells and transmission of signals, thus inducing neuronal loss, 

synaptic and axonal dysfunction which causes dementia.16,17 This process is known as the 

amyloid cascade hypothesis (Figure 3).16 

Amyloid precursor protein (APP) is a transmembrane protein which is processed by two 

pathways that are mutually exclusive: non-amyloidogenic and amyloidogenic.17 The non-

amyloidogenic pathway (Figure 4) cleaves APP at the +83 site6 with α-secretase17 to produce 

soluble APP-α fragments (sAPPα).
6 The sAPPα fragments are important for early CNS 

development, control of neural stem cell proliferation, allow neuronal survival, and are 

neuroprotective against excitotoxicity.6 The sAPPα fragments are further cleaved by γ-secretase 

which produces a p3 fragment.6 There is no plaque formation when APP is cleaved via the α- 

and γ-secretase pathway (Figure 4).17 γ-Secretase is a multi-protein complex which comprises 
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four proteins: presenilin (PS) 1 or 2, nicastrin, presenilin enhancer 2 (Pen2) and anterior 

pharynx defective 1.37,38 

 

Figure 3: Amyloid cascade hypothesis. β-amyloid (Aβ); Amyloid Precursor Protein (APP). 

 

Figure 4: Amyloid plaque formation and tau hyperphosphorylation via cleavage by amyloid precursor 

protein.39 (Reproduced with permission from Elsevier). β-amyloid (Aβ); Amyloid Precursor Protein 

(APP); Reactive Oxygen Species (ROS); soluble APP-α fragments (sAPPα); soluble APP-β fragments 

(sAPPβ).  
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The amyloidogenic pathway (Figure 4) cleaves APP at a site which is located at 99 amino acids 

away from the C-terminus with the main β-secretase enzyme, β-secretase APP-cleaving 

enzyme-1 (BACE-1), to produce soluble APP-β fragments (sAPPβ).
6 The sAPPβ fragments 

mediate axonal pruning and neuronal cell death.40 The sAPPβ fragments are further cleaved by 

γ-secretase which produces extracellular Aβ (Aβ42 and Aβ40) peptides and APP-intracellular 

domain.6 Paired helical filaments, dense and membranous bodies, and microglial cells are 

present in SPs.6 Amyloid-β aggregate and accumulate forming Aβ plaques between neurons 

(Figure 5).17,35 The Aβ accumulation prevents transmission of chemical signals (ACh) from 

presynaptic to postsynaptic neurons.17,35 

 

Figure 5: The comparison between healthy neuronal cells and cells with Aβ accumulation between the 

neurons, such as seen in Alzheimer patients.41 (Reproduced with permission from ©2021 Alzheimer's 

Association. www.alz.org. All rights reserved. Illustrations by Stacy Jannis). 

A misfolded protein is a functionally inactive protein with exposed hydrophobic regions which 

can interact with hydrophobic regions on other misfolded proteins.42 This interaction tends to 

produce cellular aggregates (such as Aβ) which accumulate in brain tissue.30 Misfolded 

proteins can occur due to factors that may act independently such as mistakes in trafficking, 

environmental changes such as temperature and pH, and posttranslational modification.1 One 

of the factors that cause the accumulation of misfolded proteins is the expenditure of aminoacyl 

transfer ribonucleic acid (tRNA) synthetase (nuclear and mitochondrial) in the cerebellum.28 

In vitro formation of Aβ40 and Aβ42 are characterised by simple strand-bend-strand 

conformations.43 However, Aβ40 from a patient showed a kink in residues 19-23 which allowed 

side chains to be buried in the structure.43 Interaction with other Aβ40 molecules occurs when 

the side chains point in opposite directions due a twist at G33.43 Amyloid-β in its constitutional 
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form is an unfolded protein.6 The constitutional form folds from random-coil-rich state to α-

helical-rich intermediate, which then forms amyloid fibrils (β-sheet-rich amyloid monomer).6 

An accumulation of Aβ in the brain is an abnormal occurrence which triggers a stress 

response.44 Stress stimulates the innate immune response of microglial cells and astrocytes 

which results in neuroinflammation and subsequently, neuronal death (Figure 6).44,45 The 

immune cells (microglial cells) bundle up at Aβ deposition sites and contribute to the loss of 

dendritic spines.21,45 The production and release of pro-inflammatory cytokines are activated: 

interferon gamma, interleukin-1 beta (IL-1β) and tumour necrosis factor-α (TNF-α).45 The 

cytokines activate a secondary response by triggering an astrocyte.45 An increase in production 

of Aβ42 is initiated by the astrocyte.45 The binding of CD40 ligand (astrocytic signalling 

molecule) to its cognate receptor triggers a pro-inflammatory effector molecule (TNF-α) which 

causes tissue destruction.44 It is thus likely that neuroinflammation may be conducive to AD 

progression.44 It is suggested that the elevated levels of cytokines have a direct impact on 

cognitive decline as lengthy cytokine exposure can be damaging to astrocytes.45 

 

Figure 6: Schematic representation of the role of glial cells in the pathophysiology of Alzheimer’s 

disease.45 (Reproduced with permission under Frontiers in Pharmacology’s open-access copyright law). 

Interleukin-1 beta (IL-1β); Interleukin-6 (IL-6); Tumour necrosis factor-α (TNF-α); Reactive Oxygen 

Species (ROS); Nitric Oxide (NO).  

Various neuroinflammatory pathways and signalling cascades occur in AD. These include: 

nuclear factor-kappa B (NF-κB), protein kinase B-phosphoinositide-3-kinase (Akt/PI3K), 

mitogen-activated protein kinase (MAPK), nuclear factor E2-related factor 2 (Nrf2) and cyclic-

AMP response element binding protein (CREB) pathways.45 Nuclear factor-kappa B 

transcribes genes which are involved in inflammation and immunity.45 Neurotoxicity, caused 
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by the production of Aβ, activates signalling of NF-κB in neural and microglial cells.45 Cellular 

proliferation, migration growth and survival are managed by the Akt/PI3K pathway.45 

Substrates that are involved in cellular signalling, such as glycogen synthase kinase-3-beta is 

pertinent and mammalian target of rapamycin (mTOR) are activated by protein kinase B.45 

Toxicity caused by Aβ induction results in hyperactivity of mTOR.45 Mitogen-activated protein 

kinase signals oxidative stress and cell cycle control thus, contributing to the control of 

neuronal survival or death.45 Impaired hippocampal function and memory occurs due to 

increased levels of activated extracellular signal regulated kinases (ERK), which is a MAPK.45 

An immediate upstream activator of the p38 pathway is MAPK kinase 6 (MKK6).45 

Alzheimer’s disease increases MKK6 which activates the p38 pathway.45 Activated MKK6-

p38 is suspected to be directly conducive to neuronal degeneration as it is more eminent in 

neurons than astrocytes.45 The transcription factor, Nrf2, shifts from the cytoplasm of cells into 

the nucleus in response to oxidative stress.45 The expression of genes encoding antioxidant 

activity is activated by Nrf2.45 In AD, Nrf2 is upregulated as a response to excessive oxidation, 

with subsequent antioxidant response element modulation to reduce oxidative damage.45 

However, disruption of the pathway is evident as there is a decrease in ARE-containing gene 

products.45 Thus, a decline in antioxidant activity and an increase in inflammation and 

oxidative stress occurs.45 In AD, CREB levels in the prefrontal cortex have decreased.45 Cyclic-

AMP response element binding protein is imperative in memory development.45 It is speculated 

that neuroinflammation may activate and boost Aβ formation and tau-associated events (as is 

discussed in Section 1.6.1).21  

  

1.2.1.2. Neurofibrillary tangles  

 

Tau is a microtubule-associated neuronal protein (MAP2) which is localised in the cell body 

of neuronal axons.6,46 It is a multi-protein complex which comprises four regions: a proline-

rich domain, a microtubule-binding domain, an N- and a C-terminal region.47 Tau can undergo 

several post-translational modifications, including phosphorylation, aggregation and 

oxidation.47 In a healthy brain, normal functioning of the tau protein enables the mediation of 

signal transduction,17 axonal transport regulation47 and allows for the construction of tubulin 

into the microtubules which provides stability in the cell (Figures 4 and 7).6 The aggregation 

and accumulation of Aβ activates ROS, which in turn activates tau-kinase (GSK-3β); this 
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process initiates tau-hyperphosphorylation (Figure 4).6  Activated Akt inhibits GSK-3β by 

phosphorylation.45 However, in AD, GSK-3β causes the separation of tau proteins from the 

microtubules due to phosphorylation of tau.45 During this process, tau repositions itself in the 

somatodendritic compartments of neurons.46,47 Once in the somatodendritic compartments, tau 

binds to a tyrosine-kinase, thus the excitatory N-methyl-ᴅ-aspartate receptor (NMDAR), 

glutamate ionotropic receptor NMDA (N-methyl-ᴅ-aspartate) type subunit 2B (GluN2B) is 

subjected to phosphorylation and is stabilised.47 This intensifies Aβ toxicity by causing an 

influx of intracellular Ca2+ (as discussed in Section 1.3) as a result of an increase in glutamate 

signalling.47  

Hyperphosphorylated-tau protein results in the loss of tau binding with microtubules, thus 

destabilising microtubules (Figures 4 and 7).1 Hyperphosphorylated and aggregated tau are the 

major components in the paired helical filaments, NFTs.17 The accumulation of NFTs causes 

cognitive impairment and dementia as signal transduction and cellular stability is lost due to 

tau-hyperphosphorylation.6,17  

 

Figure 7: The comparison between healthy tau binding and cells with the formation of tangles within 

the cell body of neurons.41 (Reproduced with permission from ©2021 Alzheimer's 

Association. www.alz.org. All rights reserved. Illustrations by Stacy Jannis). 
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1.3. Acetylcholine 

 

Acetylcholine (ACh) is the most important neurotransmitter48 found in the cholinergic nerve 

system.49 Acetylcholine is present in all pre-ganglionic sympathetic and all pre- and post-

ganglionic parasympathetic neurons.34 In the peripheral nervous system, ACh activates the 

cardiac and skeletal muscle functions, as well as enables the contraction of smooth muscles.50 

Additionally ACh is associated with memory, learning, and is responsible for excitatory actions 

(i.e. arousal, reward and excitability) in the CNS.51 Acetylcholine is formed by choline 

acetyltransferase (ChAT) from choline and acetyl.36 Acetylcholine in turn, is broken down by 

acetylcholinesterase (AChE) to form choline and acetate which undergoes recycling 

processes.36 

Cholinergic receptors consist of two receptor families: nicotinic and muscarinic.52 The 

receptors serve different functions based on their location.52 Muscarinic receptors are described 

as G-coupled protein receptors that are associated with the parasympathetic nervous system 

which controls parasympathetic reactions such as peristalsis, lacrimation and 

bronchoconstriction.53 The modulation of ion channels and intracellular processes are 

controlled by the G-coupled protein receptors which also has the potential of altering genetic 

activity and protein expression.52 The release of neurotransmitters can be suppressed by the 

reduction in cAMP signalling which is regulated by the presynaptic muscarinic acetylcholine 

receptors that are known to have inhibitory effects on the calcium (Ca2+) channels.52 The 

activation of postsynaptic muscarinic acetylcholine receptors leads to depolarization of the 

membrane and enhancements in NMDA currents and phospholipase C signalling.52 Nicotinic 

receptors are ionotropic receptors that are involved in the CNS.54 Nicotinic ACh receptors are 

expressed pre- and post-synaptically.55 The influx of Ca2+ or terminal depolarization regulates 

the release of the neurotransmitter.52 The nicotinic ACh receptors depolarise the serotonergic 

(5HT6) receptors by ACh52 and are present on GABAergic interneurons, cellular activity is 

regulated by the latter.55 Learning, memory and the regulation of synaptic plasticity and 

transmission are controlled by nicotinic ACh receptors.55 However, both nicotinic and 

muscarinic receptors are both activated by ACh.34,52 The thalamus, hippocampus and the 

cerebral cortex are associated with cognitive function and express nicotinic receptors in the 

CNS.54 The release of neurotransmitters (such as ACh and glutamate) and synaptic function is 

regulated by nicotinic receptors.54 Nicotinic receptor agonists display neuroprotective activity, 

supporting the necessity of healthy, active cholinergic systems for neuroprotection.34,56  
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Synaptic transmission allows for the development of neural signals, required for functioning 

of the brain (Figure 8).52,57 The presynaptic axon receives an action potential which opens 

sodium (Na+) and Ca2+ channels, causing an influx of Na+ and Ca2+, respectively, into the 

cell.58,59 Increased concentrations of Ca2+ in the cell results in a signalling cascade.23 Synaptic 

vesicles containing ACh travel to the presynaptic membrane, thus, releasing ACh into the 

synaptic cleft via exocytosis.52 Upon release, ACh binds to both nicotinic and muscarinic 

receptors34,52 on the postsynaptic neuron membrane.51 After activation of receptors, ACh is 

degraded by AChE in the synaptic cleft, and choline is taken back into the neuron for ACh 

synthesis in the synaptic knob.52 A block in synaptic transmission would result in noticeably 

reduced levels of ACh in the synaptic cleft, thus having a negative impact on neuronal cells.52 

In turn, this will lead to reduced skeletal functions and a decline in cognitive abilities, including 

perception, memory and learning.50 Some mechanisms which may incur neurotoxicity include 

Ca2+-induced excitotoxicity, leading to membrane depolarisation, surplus of mitochondrial 

Ca2+, oxidative stress, post-synaptic damage and apoptotic cellular death.47  

 

Figure 8: Schematic representation of synaptic transmission across neurons.60 (Reproduced with 

permission).60 Acetylcholine (ACh); Acetylcholinesterase (AChE); Calcium (Ca2+); Coenzyme A 

(CoA); Sodium (Na+). 
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1.4. Diagnosis and biomarkers of Alzheimer’s disease 

 

As not many effective treatments have been discovered for AD, focus is now being shifted to 

the early stages of the disease process.21 It is believed that treating AD in its pre-clinical phase 

would most likely change its course.12 For this, early-stage biomarkers need to be identified 

(i.e. neurological and pre-clinical markers).21 The biomarkers being researched are associated 

with Aβ and tau pathology, axonal and synaptic degeneration, glial activation 

(neuroinflammation) and TAR DNA-binding protein-43 pathology.61  

Neuroimaging biomarkers are mostly used for research; however, clinical diagnosis is 

possible.18 Positron emission tomography imaging is used as a biomarker for NFTs as increased 

levels of cortical tau protein can be detected using PET imaging (Figure 9).18 Structural MRI 

is used as a biomarker for neurodegeneration/neuronal injury to detect brain atrophy.18 

Fluorodeoxyglucose (FDG)-PET imaging detects a decline in glucose metabolism.18 Amyloid-

specific imaging agents for PET-computed tomography (CT) can be used to identify Aβ 

deposition 15 years prior to AD symptoms.18 Cerebral hypometabolism (FDG-PET/CT) is 

observed 10 years prior to the onset of AD symptoms.18 Positron emission tomography requires 

a radioactive probe to be injected into the blood which will cross the BBB and remain in the 

system for some time.61 This is a more invasive and expensive procedure.61 

 

Figure 9: Positron emission tomography images of late-onset and early-onset Alzheimer’s disease 

exhibiting tau deposition.61 The binding of AV1451 to tau produces the red colour.61 (Reproduced with 

permission from Prof. Michael Scholl). 
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Total tau, hyperphosphorylated-tau and Aβ42 are known as the core biomarkers and are the 

most appropriate cerebrospinal fluid (CSF) biomarkers as they are present in early prodromal 

AD and exhibit a steady change in later stages.18 The diagnostic AD criteria have incorporated 

these CSF biomarkers due to their high diagnostic performance.18 Non-demented patients 

exhibit reduced Aβ42 levels61 which corresponds with brain atrophy, thus suggesting a 

preclinical stage.18 However, brain atrophy corresponds with the elevated levels of tau and 

hyperphosphorylated-tau concentrations in CSF.18 Therefore, the development of cognitive 

decline symptoms is more effectively predicted via tau and hyperphosphorylated-tau than Aβ.18 

The reduction in Aβ42 in CSF can also be detected in patients with MCI.61  

Cerebrospinal fluid neurofilament light chain (NFL), neurogranin (Ng), and chitinase-3-like 

protein 1 (YKL-40) proteins are new biomarkers that are at an advanced clinical validation 

stage.18 Neurofilament light chain can be used as a marker to measure total tau levels for axonal 

degeneration – the higher the total tau levels, the more axonal neurodegeneration.61 The core 

CSF biomarkers and CSF NFL were suggested by meta-analysis to be strongly connected to 

AD.18 Several markers of glial activation in AD are increased, including YKL-40, triggering 

receptor expressed on myeloid cells 2 (TREM2), C-C chemokine ligand 2.18,61 Neurogranin is 

a protein which participates in synaptic dysfunction and degeneration and it is somewhat 

specific to AD as the levels do not change in any other neurodegenerative diseases.18,61 Higher 

CSF levels of Ng are observed in AD patients.18,61 The decrease in glucose metabolism, the 

severity of cognitive decline and brain atrophy in early stages of AD correspond with Ng.61 

The drawback of CSF analysis is that a lumbar puncture is necessary as the CSF is less 

accessible.61  

The disease processes can be monitored with blood-based biomarkers which can also be used 

for primary care screening.18 This method is inexpensive and suitable for multiple measures. 

Plasma biomarkers for AD include total tau and Aβ.18 Plasma total tau is suspected to have a 

strong connection to AD.18 It is suspected that 30-50% of Aβ originates from the CNS and has 

the ability to cross the BBB.18 Lower levels of plasma Aβ42 and Aβ40 are observed in AD – the 

Aβ42 corresponds with Apo-E4 allele and age.18 The major drawback in developing blood 

biomarkers is the low concentration of CNS-specific proteins in the blood which makes it tricky 

to quantify and may lead to inconsistent results using standard immunochemical technology.18 

However, the levels of plasma total tau and plasma hyperphosphorylated-tau as well as total 

tau and hyperphosphorylated-tau have been found to be higher in AD dementia when compared 

to the cognitively unimpaired patients when using improved technology, namely single-
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molecule array (simoa) technology.18 It has also been noted that plasma hyperphosphorylated-

tau has a connection with Aβ and tau PET.18 The concentration of plasma NFL corresponds 

with those found in CSF and YKL-40 levels are increased in plasma levels.61 Sensitive 

technology such as superconducting quantum interference device (SQUID) immunomagnetic 

reduction (IMR) assay allows the clinical diagnosis of AD by detecting plasma Aβ42 and tau. 

Furthermore, the cognitive decline in early AD patients can be detected using the 

concentrations of plasma hyperphosphorylated-tau by measuring low-level proteins in blood, 

which makes SQUID IMR suitable for AD diagnosis.18 Markers of mitochondrial dysfunction, 

oxidative stress, inflammation and neuronal injury are also detected via blood-based 

biomarkers.18  

Neuroinflammation is a prospective pre-clinical marker as it is suggested that 

neuroinflammation may occur before Aβ and tau formation.21 The pre-clinical markers that are 

used are IL-1β, IL-6, TNF-α and CRP.21 However, in pre-clinical studies, the variability of 

cognitive ability is evident as inflammation is not always exhibited.21 The inflammatory 

biomarkers provide a more accurate classification/diagnosis by indicating pre-clinical AD in 

healthy adults.21  

 

1.5.  Treatment of Alzheimer’s disease 

 

The two major drug groups that have been approved by the United States Food and Drug 

Administration (US FDA) to treat AD are cholinesterase inhibitors (donepezil, rivastigmine 

and galantamine) and non-competitive NMDAR antagonists (memantine).17 Cholinesterase 

inhibitors62 and NMDARs aim to restore cognitive function in AD patients.63  

Donepezil (Aricept), rivastigmine (Exelon) and galantamine (Reminyl)62 are three 

cholinesterase inhibitors used as first-line treatment of mild-to-moderate AD (earlier stages: 1-

4).64 Acetylcholinesterase inhibitors inhibit the enzyme AChE thus preventing the rapid 

reduction in acetylcholine levels in the synaptic cleft thereby enhancing cholinergic 

neurotransmission.35 Cholinesterase inhibitors have been shown to delay cognitive function 

decline and result in improved memory, thinking, language and a longer attention span.17  

β-amyloids and tau-phosphorylation induces glutamate excitotoxicity and leads to synaptic 

dysfunction.63,65 N-methyl-D-aspartate receptor mediates synaptic transmission and is 
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associated with cognitive functions such as learning and memory.63 It is reported that in AD, 

abnormal NMDAR activity causes synaptic dysfunction.63 Memantine (Namenda) is a non-

competitive NMDAR antagonist that is used to treat moderate-to-severe AD (later stages: 5-

7)17,63 by preventing DNA fragmentation, neurite retraction, neuronal necrosis and the 

disruption of axonal transport trafficking.65 Memantine, used in low doses, blocks chronic 

extra-synaptic NMDARs without impeding on synaptic NMDAR activity.2 The non-

competitive antagonist is reported to protect neurons from excitotoxicity,66 and improves 

cognitive functions and behaviour of continuous usage.67 The adverse effects of memantine are 

dizziness, headaches, confusion and agitation.17 Memantine has no effect on β-amyloids; 

however, it reduces tau-phosphorylation and excitation.65 A combination treatment of 

memantine and donepezil, Namzaric, is used to treat moderate-to-severe AD.64 

Aducanumab is Aβ monoclonal antibodies (mAbs) which induce the clearance of Aβ, resulting 

in a  reduction in amyloid plaques and hyperphosphorylated-tau.68 The US FDA accelerated 

the approval of aducanumab due the trial’s clinical benefit.69 However, a post-approval trial is 

still required.69 

Current AD treatment modalities only offer symptomatic relief as there is currently no cure. 

The drugs are accompanied by adverse effects such as abdominal cramps, nausea and vomiting, 

syncope and bradycardia rates, dizziness, headaches, confusion and agitation.17 Current 

research studies are searching for new targets for AD drug therapy.  

 

1.5.1. Combination therapies undergoing clinical trials  

 

Combination therapy consists of combination and add-on trials.70 With add-on trials, patients 

who are currently on standard-care are tested by comparing a new drug to a placebo.70 With 

combination trials, the drugs of interest are tested individually, in combination with each other 

and with a placebo.70 This is advantageous as these methods provide an indication of both 

individual and synergistic effects of the drugs.70  
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1.5.1.1. Add-on therapy 

 

Studies are being conducted on drugs as ‘add-on’ to standard-care therapy.70 These drugs are 

disease-modifying therapies (DMTs) which target Aβ, BACE-1, mAbs, tau protein, 

inflammation or other disease processes.70   

Posiphen is drug currently being investigated to delay the onset or the progression of AD by 

blocking the production of APP in order to target Aβ.71 Posiphen, which passes through the 

BBB, reduces Aβ, tau and inflammatory indicators in CSF tests.71 Posiphen is still in phase 2 

clinical trials.72 A selective monoamine oxidase (MAO) inhibitor, rasagiline is currently in 

phase 2 trials. 73 Patients with mild-to-moderate AD are selected and this can be prescribed as 

an add-on to standard-care therapy of AChE or memantine.70 Cleavage of APP is moderated 

by rasagiline by stimulating the non-amyloidogenic pathway thus, reducing the production of 

Aβ.70 Rasagiline is also reported to have neuroprotective, anti-apoptotic effects, as well as 

mitochondrial protection.70  

Beta-secretase APP-cleaving enzyme-1 cleaves APP which allows Aβ to form and 

accumulate.74 Verubecestat (MK-8931) and atabecestat (JNJ-54861911) are drugs that inhibit 

BACE-170 and are administered orally in the form of a pill.74 In phase 1 of the study, treatment 

with verubecestat decreased levels of Aβ.15 However, verubecestat was discontinued as there 

was a poor positive risk-benefit ratio in patients with mild-to-moderate AD.15,70 This suggests 

that patients that already have severe Aβ accumulation would be unlikely candidates for 

BACE-1 inhibition.70 Thus, BACE-1 inhibition may work prior to Aβ accumulation with 

monotherapy in primary or early secondary prevention.70 Atabecestat was undergoing phase 3 

studies71 trials were aborted the study due to an increase in liver enzymes, suggesting 

hepatotoxicity.15,70 Elenbecestat (E2609) and umibecestat (CNP520) and are in phase 2 and 3 

trials, respectively.15 Individuals that are asymptomatic with increased levels of Aβ are tested 

using umibecestat (CNP520)15 which is administered orally.75 

Gantenerumab, and crenezumab are Aβ mAbs that are in the placebo-controlled phase 3 trials.70 

These drugs are tested on patients with early or mild AD.70 Monoclonal antibodies induce the 

clearance of Aβ by binding to an immunological response towards AD.70 Gantenerumab is 

currently in phase 3 trials76 and is administered via subcutaneous injections.77 Solanezumab 

and bapineuzumab in passive mAB immunisation studies exhibited positive results in earlier 

studies; however, bapineuzumab has been discontinued due to the lack of clinical benefits in 
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phase 3 trials.70,75 However, solanezumab is currently in phase 3 trials.75 The combination of 

solanezumab and gantenerumab is also in phase 3 trials.70,75  

One of the drugs currently being researched is AADvac1 which targets abnormal tau protein. 

The clinical trials of the AADvac1 vaccine have been completed and the vaccine has been 

deemed safe in patients with mild AD, however, more in depth trials are being considered.78 

AADvac1 can be used as an add-on to an AChE inhibitor or memantine.70 A reduction in tau 

levels was observed, however, there was no change in cognitive function,78 it is therefore 

suggested that AADvac1 could halt the advancement of AD.71. The reversal or prevention of 

tau aggregation can be achieved via tau-aggregation inhibitors.70 Methylene blue (TRx0237), 

a second generation tau-aggregation inhibitor is currently in phase 3 trials.70,79 TRx0237 which 

is aimed at treating patients with mild-to-moderate AD, failed to produce clinical benefits.70 

However, it is speculated that patients who are not receiving standard-care therapy would 

benefit.70 Thus, due to the post-hoc analyses, TRx0237 is favoured as a monotherapy treatment; 

however, further studies are required.70   

Sargramostim is a drug developed to target inflammation.71 The accumulation of Aβ in the 

brain triggers microglial cells which overstimulate inflammatory responses, thus, causing 

inflammation.71 Patients with mild-to-moderate AD70 are being recruited for trials with this 

drug. Sargramostim80 is currently in phase 2 clinical trials,80 and it has been found to stimulate 

the innate immune system.71 Sargramostim can be used as an add-on drug to AChE inhibitors 

or memantine.70 Neuroinflammatory pathways are targeted by masitinib (selective tyrosine-

kinase inhibitor) which is a drug that incidentally controls pro-inflammatory mediators.70 In a 

phase 2 trial, notable improvements in the cognitive scale and a mini-mental examination were 

observed when patients with mild-to-moderate AD were treated with either memantine or 

cholinesterase inhibitors in conjunction with masitinib as an add-on.70 Although a placebo-

controlled phase 3 trial has been completed,70 the drug is still currently in phase 3 clinical 

trials.80  

The 5HT6 receptor regulates the releases of neurotransmitters (such as ACh), The 

accumulation of Aβ and hyperphosphorylated-tau decreases serotonergic neurons,81 thus 

reducing their availability.71 Decline in these neurotransmitters may result in neuropsychiatric 

symptoms such as depression, agitation, aggression and anxiety.70 By activating the 5HT6 

receptor, the expected release of the neurotransmitters can restore normal functioning and 

communication between the neurons71 to achieve as symptomatic therapy.70 Pimavanserin is 
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an antagonist which binds to the 5-HT2A receptor which increases communication between 

neurons.71 Dementia-related psychosis may be reduced.71 Pimavanserin is in phase 3 of clinical 

trials.82 Idalopirdine and intepirdine, selective 5HT6 antagonists, were tested in placebo-

controlled phase 2 trials as an add-on drug to donepezil.70 The combinations were found to 

improve cognition in AD patients, however, failed phase 3 trials in patients with mild-to-

moderate AD.70 Brexpiprazole is a second generation drug that is approved as an add-on 

treatment for depressive disorders.70 Patients with mild-to-severe AD were selected for phase 

3 trials targeting agitation.70 The endpoints of the studies were not met; however, further studies 

are in the pipeline.70     

 

1.5.1.2. Combination therapy 

 

ALZT-OPT1 and Gamunex are DMTs that are currently undergoing phase 3 trials.70 Patients 

with early AD are being selected for the ALZT-OPT1 trial.70  ALZT-OPT is a combination of 

two agents; an anti-amyloid agent (cromolyn) and an anti-inflammatory agent (ibuprofen), 

which combats several pathological pathways.70 There is structural similarity between 

cromolyn and other anti-amyloid agents, and the former has the ability to cross the BBB.70 

Cromolyn is administered nasally whereas ibuprofen is administered orally in the form of a 

pill.70 Patients that are on standard-care treatment (AChE or memantine) can continue with 

their treatment as well as ALZT-OPT1, thus making ALZT-OPT1 an add-on option.70 In vitro 

studies of cromolyn exhibited reduced Aβ, Aβ fibrilisation and oligomerisation,70 and 

increased Aβ phagocytosis in vivo.83  

The transport of Aβ from the blood to the brain is made possible by the receptor for advanced 

glycation end-products (RAGE); this receptor has become a possible drug target for the 

treatment of AD.70 The inhibition of RAGE combats multiple pathways affecting AD such as 

neuroinflammation and the levels of Aβ.70 Azeliragon, a RAGE inhibitor, failed phase 3 trials 

and was discontinued as treatment did not exhibit cognitive or functional improvement in 

patients.70 
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1.5.2. Herbal remedies 

 

Treatments that are currently available only serves as palliative care by managing the 

symptoms of AD which causes limitations to treating the disease itself.45 Due to these 

limitations and adverse effects, studies on alternative treatments are being executed.45 Herbal 

remedies, such as those that are antioxidant and flavonoid rich, are being studied through in 

vivo and in vitro models.45 There are various classes of phytochemicals that have 

neuroprotective effects in AD, which include; steroidal, alkaloidal, terpenoidal, and phenolic 

phytochemicals.45 Dioscorea nipponica (steroidal sapogenin; diosgenin), Coptis chinensis 

(alkaloid; berberine), Panax ginseng (terpenoid; ginsenoside Rg3) and Camellia sinensis 

(phenol; epigallocatechin-3-galate) are a few examples of the various plants and their 

respective phytochemicals.45 These plants have been reported to prevent the formation of 

inflammatory factors (i.e., MCP-1, TNF-α and NO and inhibits the MAPK/ NF-κB and p38 

pathway) by way of its anti-neuroinflammatory and neuroprotective properties.45 

Centella asiatica (Gotu Kola), is traditionally used in Chinese and Ayurvedic medicine to 

enhance cognitive function.84 Both in vivo and in vitro studies have indicated neuroprotective 

and cognitive enhancing effects of the plants.84 In 5xFAD mice, improved cognitive 

performance, induced expressions of both antioxidant and mitochondrial response genes and 

improved hippocampal mitochondrial function were observed due to reduced levels of Aβ in 

the  hippocampus induced by the plant extract.84 

The mushroom, Hericium erinaceus, is reported to have anticarcinogenic, antibiotic, 

antidiabetic, antifatigue as well as neuroprotective properties.85 Hericium erinaceus is also 

reported to alleviate anxiety and depression, and assist with cognitive function.85 An in vivo rat 

model indicated antioxidant activity through the inhibition of ROS production.85 Furthermore, 

the nerve growth factor in in vitro astrocytes was found to be stimulated by H. erinaceus.85   
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1.6. Models used to investigate Alzheimer’s disease pathogenesis and pathology  

1.6.1. In vivo models for Alzheimer’s disease 

 

Alzheimer’s disease is a progressive disorder which occurs over many years,11 and the majority 

of the AD cases are caused by sporadic AD or LOAD.86,87 Rodents are used in in vivo models 

for AD studies,87,88 however, these models are based on FAD instead of LOAD.21,88 The 

disadvantage arises when treatments are successful in mouse models affected by FAD, but are 

unsuccessful when tested in patients with LOAD.87,88 There are ethical constraints when 

conducting tests using humans and/or human samples, thus the use of in vivo models allows 

for the analysis of certain aspects of AD not otherwise possible.21,88 Unfortunately, animal 

models are limited to one or two aspects to be studied at a time.87,88 During the AD timeline in 

a human brain, neuronal loss occurs which leads to an increase in brain atrophy.88 

Unfortunately, rodents have a short lifespan and as such extensive neuronal loss does not 

occur.87 Neuronal loss can be induced into a transgenic mouse model by eliminating 

doxycycline from the test animals’ diet,88 as doxycycline has been reported to decrease 

neuroinflammation and increase BDNF in the neurons.89  

Cognitive decline in humans occurs due the accumulation of Aβ plaques, tau-

hyperphosphorylation and neuronal loss.88 However, cognitive decline in rodent models is 

observed before the presence of Aβ plaques.88 Transgenic mice with mutant APP produce 

Aβ.87,88 The Aβ plaques formed by both humans and rodents are morphologically comparable; 

however, the biochemical composition of Aβ differs.21 The formation of NFTs occurs in 

humans with AD, but not in rodent models; reasons for this may be due to tau being structurally 

different in rodents and/or not having adequate time for NFTs to form due to the short life span 

of rodents.88 Mutated APP, tau and PS1 have been developed into the 3xTg-AD mouse model.88 

The strains of rodents used for in vivo studies show different characteristics for example, 

C57/Bl6 shows resistance to excitotoxicity.88  

Neuroinflammation may occur prior to Aβ formation and/or accumulation.90 It is reported that, 

IL-1β and IL-6 were detected in transgenic mice after microglial stimulation.91 The mice were 

three months old at the time of IL-1β and IL-6 detection and had not yet produced Aβ.91 

Expressions of monocyte chemoattractant protein-1 (MCP-1) and TNF-α in the entorhinal 

cortex, has been detected in three-month old 3xTg mice.92 The authors found that the formation 

and the ultimate accumulation of intracellular Aβ correlated with the increased expressions of 
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the cytokines and chemokines, although, extracellular Aβ formation only occurred at twelve-

months of age.92  

In vivo studies are more expensive93 and time-consuming than in vitro studies.94 Furthermore, 

in vivo testing is laborious and variability from animal-to-animal exists which leads to 

difficulties in reproducing results.95 

 

1.6.2. In vitro models for Alzheimer’s disease 

 

In vitro studies are more cost effective and less labour intensive than in vivo studies, and allows 

for large-scale production of cell cultures to facilitate analysis.96 Neuronal cell lines, such as 

the rat PC12 and B35 cells, mouse Neuro-2A cells, induced-pluripotent stem cells (iPSCs)97 

and SH-SY5Y human neuroblastoma cells are available for in vitro AD.98 

These rodent cell lines have the ability to proliferate and differentiate on their own accord to 

mature neurons, which express markers such as neurofilament protein and glial fibrillary acid 

protein.99 The disadvantages of using cell lines derived from rodents is that the Aβ formed by 

the cells do not form fibrils as in the adult human brain,99 and the results obtained from these 

cells may not necessarily have a similar outcome to that found in a human-derived cell line, as 

the differences in gene expression across species are vast.100 As mentioned earlier, spatial 

elements of AD exists as pathology of different regions of the brain occur temporally.28 This 

aspect of AD is not expressed in in vitro studies.28  

IPSCs are derived from primary human fibroblasts specific to FAD.99 However, as stated 

above, this is a disadvantage as the majority of the AD cases are caused by sporadic AD or 

LOAD.86 Induced-pluripotent stem cells are able to differentiate into many cell types, neurons 

being one of them.93,101 The neurons that are derived from these stem cells are electrically 

active101 and form a synaptic network thus recapulating neurons in the human brain.93,102 

Another disadvantage of iPSCs is the inability to mimic the biological aging in vitro as AD is 

a progressive disorder that occurs over many years.101 Induced-pluripotent stem cells have a 

large likelihood of mutating.97 

The SH-SY5Y cell line which originated from a human neuroblastoma patient,103 can be 

differentiated into mature neurons which are capable of expressing human-specific 
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proteins.98,104 The SH-SY5Y cells are also able of producing phenotypically homogenous cells 

with a uniform genetic background. The SH-SY5Y cells are chromosomally stable cells.98 

Primary SH-SY5Y cells are immature and possess an epithelial-like phenotype,103 which lacks 

important neuronal markers that would be representative of an accurate model (Table 2).97,98 

Differentiation mediates the transition from a primary SH-SY5Y state of cells to a neuronal 

phenotype which possesses branched neuritic processes that connect to other cells, and possess 

neuronal markers that are present in mature cells (Table 2).97,98  

Retinoic acid (RA), dibutyryl cyclic AMP (db-cAMP)98 and BDNF are used to differentiate 

SH-SY5Y cells.97,98,105 Retinoic acid is a powerful differentiation factor,106 which differentiates 

cells by seizing the cell cycle at Gap 0/Gap 1 (G0/G1), stimulating phosphatidylinositol 3-

kinase/protein kinase B (PI3K/Akt) activity,97 or by intensifying cyclin-dependent kinase 

inhibitors and apoptotic proteins.98 Treatment with RA reduces cellular proliferation, thus 

lowering the population growth and allowing for even distribution.106 The SH-SY5Y cells 

present longer, thicker neurites, and exhibit a more neuronal phenotype when treated with a 

combination of RA and BDNF.97,106 Brain-derived neurotrophic factor is a neurotrophin which 

further enhances neuronal differentiation.97,98 Absence of BDNF induces cellular apoptosis, 

thus BDNF allows longer cell survival and withdrawal from the cellular cycle.98 Dibutyryl 

cyclic adenosine monophosphate enhances neurite extension.98  

Table 2: Characteristics of undifferentiated versus differentiated SH-SY5Y cells.97,98,105  

 Undifferentiated Cells Differentiated Cells 

Proliferation Rapid  Decreased proliferation  

Phenotype 

• Large, flat epithelial-like 

• Few, short processes 

• Grow in clumps 

• Reduced cell clumping  

• Long, branched processes 

• Connecting neuritic processes  

Markers 

Express immature neuronal markers 

• Proliferating cell nuclear antigen 

(PCNA) 

• Nestin  

• Differentiation inhibiting basic 

helix-loop-helix transcription 

factors (ID-1, ID-2, ID-3) 

Express mature neuronal markers 

• Growth-associated protein  

• Neuronal nuclei  

• Synaptophysin  

• Synaptic vesicle protein II  

• Neuron specific enolase (NSE) 

• Microtubule-associated protein 

(MAP2) 

• βIII-tubulin 

• β-site amyloid precursor protein-

cleaving enzyme 1 (BACE-1) 

• Amyloid precursor protein (APP) 
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The addition of neurotoxins in in vitro assays allows the pathological hallmarks of AD to be 

studied.107 Metals such as zinc, iron and aluminium are known to promote Aβ aggregation, 

result in toxicity and lead to neuronal cell death.107 Mercury108 and cadmium exposure have 

also been found to increase the levels of Aβ.107 Furthermore, iron, cadmium and aluminium 

also stimulate GSK-3β kinase which results in tau-hyperphosphorylation in vitro.107  

Higher cholesterol levels are associated with the increased risk of dementia in older adults109 

by binding to the C99 terminus of APP which promotes Aβ formation.110 In vitro studies have 

shown that SH-SY5Y cells exposed to low-density lipoproteins (LDL) decrease cell 

viability,111 increase the activity of APP and BACE-1, and induce Aβ formation.112 

 

1.7. Project overview  

 

A cure for AD is yet to be discovered as the current AD treatments available only serve as 

palliative care by managing the symptoms and are associated with uncomfortable adverse 

effects.17 Alternative therapies are being investigated as possible effective treatments.45 

However, this requires potential drug leads to be tested on a viable in-house in vitro model of 

AD. Thus, in an attempt to make a more mature phenotypic representation of SH-SY5Y cells, 

differentiation processes need to be assessed,98 as well as in vitro neurotoxicity parameters. 

The differentiation process is expected to produce viable, homogenous, differentiated mature 

neuronal cultures. Evaluating different differentiation protocols is required in order to select 

which one provides the best in vivo representative model. 

 

1.8. Study aim and objectives 

 

The aim of the study was to compare two differentiation protocols of SH-SY5Y neuroblastoma 

cells for the purpose of developing an in vitro AD drug platform. 

The objectives of the study were to compare a six- and eighteen- day SH-SY5Y differentiation 

protocol to select the most representative model with relevance to a mature neuronal 

phenotype, as defined by: 

• Morphological changes by light microscopy; 
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• ACh and AChE levels by fluorescence assay kits; 

• Cellular density by sulforhodamine B (SRB) colourimetric assay; 

• Protein content by bicinchoninic acid (BCA) assay; 

• Cellular viability by fluorescein diacetate/ propidium iodide (FDA/PI) staining; 

and 

• Mature (APP and BACE-1) and immature (PCNA) neuronal biomarkers by flow 

cytometry. 
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 Materials and methods 

Ethical approval (212/2018) for the project was obtained from the Research Ethics Committee 

of the Faculty of Health Sciences, University of Pretoria (Appendix I). All reagents used, 

including their preparation, are listed in Appendix II.  

 

2.1. Cell culture and maintenance 

 

SH-SY5Y neuroblastoma cells (ATCC® CRL-2266™) were gifted from the North-West 

University. Cells were cultured in 75 cm2 flasks with Dulbecco's Modified Eagle's Medium 

(DMEM)/Ham’s F12 (1:1) medium (Sigma-Aldrich, USA), supplemented with 10% heat-

inactivated foetal bovine serum (FBS; Thermo Fisher, Massachusetts, USA) and 1% 

penicillin/streptomycin (Sigma-Aldrich, USA) at 37°C in a humidified atmosphere of 5% 

carbon dioxide (CO2). Cells were washed as needed with phosphate-buffered saline (PBS; 

Sigma-Aldrich, USA) to remove any debris, and medium was exchanged.  

Once confluent (between 80 and 90%), medium was discarded, and cells washed with PBS. 

Cells were enzymatically detached using TrypLE express solution (Thermo Fisher, USA), and 

collected using centrifugation at 200 g for 5 min. Pelleted cells were resuspended in 1 mL 

DMEM/Ham’s F12 medium and were counted using the trypan blue (0.1% w/v in PBS) 

exclusion assay. Cells were diluted to 1 × 105 cells/mL in 10% FBS-supplemented medium.  

 

2.2. Cellular differentiation  

 

Cells were differentiated to establish a more mature neuronal phenotype. Various models of 

differentiation are available, though downstream implications relevant to in-house needs are 

not ascertained. Given the purpose of the cellular model, it is imperative to assess which would 

be most representative. Two methods were compared for their ability to yield differentiated 

cells: a six-day and an eighteen-day differentiation procedures by Forster et al.105 and Shipley 

et al.,98 respectively. 
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2.2.1. Cellular density optimisation 

 

For the six-day differentiation method, cells were seeded at 85 × 103 cells/well according to the 

methods of Forster et al.,105 however, this resulted in cellular clumping in this study which is 

discussed in Section 3.1. A pilot study for the six-day differentiation method (Section 2.2.2) 

was carried out to determine the seeding density of cells/well. Cells were cultured as stated in 

Section 2.1 and were seeded at 75 × 103 cells/well, 80 × 103 cells/well and 85 × 103 cells/well. 

Wells seeded with 85 × 103 cells/well and 80 × 103 cells/well exhibited 90% confluence in the 

wells which resulted in cells forming clusters, whereas wells seeded with 75 × 103 cells/well 

exhibited 80% confluence, thus allowing the cells to transform into a colony of connecting 

neurons (Section 3.1). A seeding density of 75 × 103 cells/well was selected for the six-day 

differentiation process. 

According to the methods of Shipley et al.,98 cells were seeded at 1 × 105 cells/well and 

included two passaging steps that occurred on Days 7 and 10 of the eighteen-day cycle. This 

resulted in a lower cellular density with single neurons present instead of the expected colonies 

of neurons (Section 3.1). A pilot study for the eighteen-day differentiation method (Section 

2.2.3) was carried out to determine the seeding density of cells/well. Cells were cultured as 

stated in section 2.1 and were seeded at 7 × 104 cells/well and 85 × 103 cells/well. In addition, 

the passaging step on Day 7 was eliminated, leaving one passaging step (Day 10). Colonies of 

connecting cells were produced by eliminating one passaging step and by seeding the cells at 

85 × 103 cells/well (Section 3.1). The latter was selected for the eighteen-day differentiation 

process.  

 

2.2.2. Six-day differentiation  

 

The six-day differentiation method of Forster et al.105 was followed with modification to the 

volumes and seeding density used. Two phases of differentiation took place using phase I and 

II medium. Phase I medium consisted of DMEM/Ham’s F12 (1:1 v/v), 1% 

penicillin/streptomycin, 5% FBS and RA (10 µM; added immediately before use; Sigma-

Aldrich, USA). Phase II medium consisted of neurobasal medium (Thermo Fisher, USA) 

supplemented with penicillin/streptomycin (1%), GlutaMAX (2 mM; Thermo Fisher, USA), 
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N-2 supplement 100x (1%; added immediately before use; Thermo Fisher, USA) and BDNF 

(50 ng/mL; added immediately before use; Sigma-Aldrich, USA). The SH-SY5Y cells (75 × 

103 cells/well) were cultured in 6-well plates (Sigma-Aldrich, USA) for three days in phase I 

medium, after which medium was replaced with phase II medium for three days (Figure 10). 

A total volume of 3 mL of the respective medium was added per well.  

 

Figure 10: The six-day differentiation cycle was used to differentiate SH-SY5Y cells from an immature 

phenotype to a mature phenotype. 

 

2.2.3. Eighteen-day differentiation 

 

The eighteen-day differentiation method of Shipley et al.98 was followed with modification to 

the volumes used. The SH-SY5Y cells (85 × 103 cells/well) were cultured in 6-well plates. 

Various cell culture mediums were used to ensure differentiation of the cells; standard medium, 

differentiation medium I, differentiation medium II and differentiation medium III. Standard 

medium consisted of DMEM/Ham’s F12 (1:1 v/v), 1% penicillin/streptomycin and 10% FBS. 

Differentiation medium I consisted of DMEM/Ham’s F12 (1:1 v/v) medium supplemented 

with 2.5% FBS, 1% penicillin/streptomycin and 10 µM RA (added immediately before use). 

Differentiation medium II consisted of DMEM/Ham’s F12 (1:1 v/v) medium supplemented 

with 1% FBS, 1% penicillin/streptomycin and 10 µM RA (added immediately before use). 

Differentiation medium III consisted of neurobasal medium supplemented with B27 

supplement (1:50 v/v; Thermo Fisher, USA), potassium chloride (20 mM; Sigma-Aldrich, 

USA), GlutaMAX (2 mM; Thermo Fisher, USA), penicillin/streptomycin (1%), db-cAMP (2 

mM; Sigma-Aldrich, USA), BDNF (50 ng/mL; added immediately before use; Sigma-Aldrich, 

USA), RA (10 µM; added immediately before use). Cells (85 × 103 cells/well) were seeded 
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(Day 0) in 6-well plates in standard culture medium (total volume of 3 mL per well). Standard 

medium was replaced with differentiation medium I on Days 1, 3, 5 and 7.  

On Day 8, differentiation medium I was replaced with differentiation medium II. On Day 9, an 

extracellular matrix (ECM; Sigma-Aldrich, USA) mixture (2 mL) was added to a new 6-well 

plate as a coating, and incubated at 37°C under 5% CO2 for 1 h. The ECM mixture was 

aspirated, and the cells were split at a 1:1 ratio onto ECM-coated plates (Day 10) in 

differentiation medium II. On Days 11, 14 and 17, medium was replaced with differentiation 

medium III. Day 18 was taken as the end of differentiation (Figure 11). 

 

Figure 11: The eighteen-day differentiation cycle was used to differentiate SH-SY5Y cells from an 

immature phenotype to a mature phenotype. Differentiation (Diff); Extracellular matrix (ECM). 

 

The most representative differentiation model as surrogate for a mature phenotype was 

determined by assessing various endpoints. 

 

2.3. Differentiation endpoint assessment methods  

2.3.1. Light microscopy  

 

Light microscopy (Zeiss Axiovert CFL40 microscope, Zeiss Axiovert MRm monochrome 

camera, Axiovert 40 CFL microscope; Zeiss, Oberkochen, Germany) images of the cells were 

taken during the differentiation process at 20X magnification. Images were taken on Days 1, 3 

and 6 (six-day differentiation), and Days 1, 8, 10, 11 and 18 (eighteen-day differentiation). 

Axiovision software was used to analyse the micrographs of the cells. Morphological signs of 

differentiation in SH-SY5Y cells such as a reduction in cell clumping and long, branched 

neuritic processes which connect to surrounding cells, were monitored.   
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2.3.2. Acetylcholine assay 

 

A fluorescence assay was used to assess the levels of ACh and AChE activity. Acetylcholine 

is converted to choline by AChE.113 Hydrogen peroxidase is then produced by the oxidation of 

choline which produces resorufin.113 Resorufin is a fluorescent product used in both ACh and 

AChE assay kits (Thermo Fisher, USA, A12217), which is formed as a result of an enzymatic 

reaction between the Amplex Red reagent and hydrogen peroxide (H2O2) in the presence of 

horseradish peroxide (HRP).113 Acetylcholine levels were measured using the method provided 

by Molecular Probes Incorporated.113  

The supernatant and cell lysates of undifferentiated and differentiated SH-SY5Y cells were 

used to quantify ACh levels. The supernatants and cell lysates of undifferentiated cells were 

taken on day 1 of both six- and eighteen-day differentiation processes and the supernatant and 

cell lysates of differentiated cells were taken at the end of both six- and eighteen-day, 

respectively of the differentiation cycles. The SH-SY5Y cells and the supernatant were 

separated through centrifugation (1,500 g for 5 min), collected and stored separately at -80°C 

until analysed. The samples were prepared by diluting 50 µL supernatant or 50 µL cell lysate 

with 50 µL 1X reaction buffer. The working solution contained 200 µL Amplex Red reagent 

(400 µM), 100 µL HRP (2 U/mL), 100 µL choline oxidase (0.2 U/mL), 100 µL AChE (1 U/mL) 

and 9.5 mL reaction buffer (1X). Hydrogen peroxide (10 µM) and ACh (50 µM) were used as 

positive controls, and reaction buffer (1X) was used as a negative control. The samples 

consisted of reaction buffer, the positive control, and the negative control, which were plated 

(100 µL) in triplicates into respective wells of a 96-well white microplate. The working solution 

(100 µL) was added to the wells to initiate the reaction. Plates were incubated for 30 min at 

room temperature in the dark. The fluorescence was measured using a fluorescence microplate 

(Synergy II, BioTek instruments Inc, Highland Park, USA) reader set at an excitation 

wavelength of 544 nm and emission wavelength of 590 nm.  

The ACh fluorescence values were normalised relative to the average protein concentration of 

the samples (Section 2.3.6). The ACh levels were then calculated relative to the 

undifferentiated samples. The fold-change of ACh concentration was calculated based on the 

formula:  

𝐴𝐶ℎ (𝑓𝑜𝑙𝑑 − 𝑐ℎ𝑎𝑛𝑔𝑒) =  
𝐴𝐶ℎ 𝑜𝑓 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

𝐴𝐶ℎ 𝑜𝑓 𝑢𝑛𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
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2.3.3. Acetylcholinesterase assay 

 

Acetylcholinesterase levels were measured using the method provided by Molecular Probes 

Incorporated (A12217).113 The supernatant and cell lysates of undifferentiated and 

differentiated SH-SY5Y cells were used to detect AChE levels. The samples were prepared as 

described in Section 2.3.2. The working solution contained 200 µL Amplex Red reagent (400 

µM), 100 µL HRP (2 U/mL), 100 µL choline oxidase (0.2 U/mL), 10 µL ACh (1 U/mL) and 

9.5 mL reaction buffer (1X). Hydrogen peroxide (10 µM) and AChE (0.2 U/mL) were used as 

positive controls and reaction buffer (1X) was used as the negative control. The diluted samples 

and controls were plated into 96-well plates as in Section 2.3.2. The working solution (100 µL) 

was added to the wells to start the reaction. Plates were incubated for 30 min at room 

temperature in the dark. The fluorescence was measured using a fluorescence microplate 

(Synergy II, BioTek instruments Inc, Highland Park, USA) reader set at an excitation 

wavelength of 544 nm and emission wavelength of 590 nm.  

The AChE fluorescence values were normalised relative to the average of protein concentration 

of the samples (Section 2.3.6). The AChE levels were then calculated relative to the 

undifferentiated samples. The fold-change of AChE concentration was calculated based on the 

formula:  

𝐴𝐶ℎ𝐸 (𝑓𝑜𝑙𝑑 − 𝑐ℎ𝑎𝑛𝑔𝑒) =  
𝐴𝐶ℎ𝐸 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

𝐴𝐶ℎ𝐸 𝑜𝑓 𝑢𝑛𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
 

 

2.3.4. Sulforhodamine B assay 

 

Cellular density was determined using the SRB colourimetric assay.114 The assay is performed 

on cells fixed with trichloroacetic acid (TCA).114 Under mildly acidic conditions, SRB (bright-

pink dye) binds to basic protein amino acid residues, and is released when alkalinised.114 There 

is a direct relationship between the amount of dye that binds to the fixed proteins to the density 

of cells as SRB binds stoichiometrically.114,115 

Differentiated and undifferentiated cells were subjected to the SRB assay. In order to fix the 

cells to the bottom of the plate, 1 mL TCA solution (50%; Sigma-Aldrich, US) was added to 
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each well and then incubated overnight at 4°C. Post incubation, the plate was washed thrice 

under running tap water and dried in the oven. Once dried, 1 mL SRB stain solution (0.057%; 

Sigma-Aldrich, USA) was added to each well. The plate was incubated for 30 min at room 

temperature, after which the wells were washed three times with 1 mL acetic acid solution (1%; 

Merck chemicals, South Africa) and dried in the oven. Once dried, 1 mL TRIS-buffer solution 

(10 mM; pH 10.5; Sigma-Aldrich, USA) was added to each well. The plate was placed on a 

shaker for 1 h. A spectrophotometer, ELX800UV microplate reader (BioTek instruments Inc, 

Highland Park, USA) was used to determine the absorbance of the plate, at a wavelength of 

540 nm and a reference wavelength of 630 nm.    

The fold-change of cellular density was calculated based on the formula:   

𝐶𝑒𝑙𝑙𝑢𝑙𝑎𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑓𝑜𝑙𝑑 − 𝑐ℎ𝑎𝑛𝑔𝑒 =  
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑢𝑛𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
 

 

2.3.5. Fluorescein diacetate/propidium iodide staining 

 

Differentiated cells were subjected to the live-dead fluorescein diacetate/propidium iodide 

(FDA/PI) staining. Fluorescein diacetate is converted to fluorescein, a compound with green 

fluorescence in the cytoplasm by de-acetylating FDA using non-specific esterases.116 

Propidium iodide is impermeable to in-tact membranes.117,118 Fluorescein diacetate stains 

viable cells green by converting FDA to fluorescein under blue light, and PI stains membrane-

compromised/dead cells red.119,120  

The differentiated and undifferentiated cells were rinsed with PBS and 1 mL FDA/PI staining 

solution. The stained cells were incubated at room temperature for 5 min in the dark. The cells 

were washed two to three times with PBS in order to remove the excess dye. The stained cells 

were analysed using a Zeiss Axiovert CFL40 microscope, Zeiss Axiovert MRm monochrome 

camera, Axiovert 40 CFL microscope (Zeiss, Oberkochen, Germany) set at an excitation 

wavelength of 488 nm and emission wavelength of 530 nm for FDA, and at an excitation 

wavelength of 540 nm and emission wavelength of 625 nm for PI. ImageJ was used to analyse 

and create composite micrographs of the cells. 
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2.3.6. Bicinchoninic acid protein assay  

 

Protein content was assessed using a sensitive, colourimetric BCA protein assay.121,122 During 

this process copper (II) ions are reduced to copper in an alkaline medium which forms a purple 

solution when it reacts with BCA.121 Bicinchoninic acid protein assays is the most used method 

to determine the protein concentrations of an unknown sample.122 The intensity of the colour 

(deep violet/purple being the most intense) that is produced depends on the amount of protein 

present in the sample.123 The BCA assay was carried out in order to determine the change in 

protein concentration between undifferentiated and differentiated cells. 

Differentiated and undifferentiated cells were collected through trypsinisation and washed with 

PBS and centrifuged (200 g, 5 min). The supernatant of the differentiated and undifferentiated 

cells was collected and centrifuged at 200 g for 5 min. Radio-immunoprecipitation assay 

(RIPA) buffer (150 µL) was used to lyse the cells on ice for 5 min, whereafter they were 

centrifuged at 16 000 g for 10 min. The supernatant was collected, and the samples were stored 

at -80°C till analysis.  

Samples (5 µL) and BCA solution (100 μL) were added to a 96-well plate. The sample 

consisted of either RIPA buffer (blank), bovine serum albumin (BSA; dilutions of 2.5 mg/mL) 

standard, lysate or supernatant. Plates were shaken for 10 min at room temperature, then 

covered with foil and incubated at 37°C for 30 min. Plates were cooled to room temperature, 

and read spectrophotometrically using an ELX800UV microplate reader (BioTek instruments 

Inc, Highland Park, USA) at 562 nm.   

The protein concentrations of the cells were interpolated using linear regression obtained from 

the BSA standard curve.  The fold-change in protein content (protein content [mass] per 

sample) was calculated by dividing the protein concentration of differentiated cells by the 

protein concentration of undifferentiated cells. The fold-change of protein concentration was 

calculated based on the formula:  

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑓𝑜𝑙𝑑 − 𝑐ℎ𝑎𝑛𝑔𝑒) =  
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑢𝑛𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
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2.3.7. Flow cytometry  

 

The expression of cell surface and intracellular molecules can be analysed by flow 

cytometry.124 Flow cytometry is most used to sort cells for further testing.125 The proteins of 

interest are stained with a fluorophore and detected individually when the targeted proteins 

emit light after being excited by a laser.124 Cell populations can be identified by their 

characteristics via  fluorescent and scattered light signals (forward and side scatter).125 The 

detection of mature neuronal biomarkers such as APP and BACE-1 is indicative that the cells 

have differentiated. The presence of the immature marker (PCNA) is indicative of 

undifferentiated cells. A series of fluorophore conjugated antibodies are described in Appendix 

II. 

 

2.3.7.1. Positive control and method optimisation 

 

The positive control for flow cytometry was established by following the four-day 

differentiation by treatment of RA on SHSY-5Y cells by Lv et al.126 Cells were cultured as 

described in Section 2.1. Standard medium consisted of DMEM/Ham’s F12 (1:1 v/v) medium 

which was supplemented with 1% penicillin/streptomycin and 10% FBS. Medium 1 consisted 

of DMEM/Ham’s F12 (1:1 v/v) medium supplemented with 10% FBS, 1% 

penicillin/streptomycin and 10 µM RA (latter compound added immediately before use). The 

SH-SY5Y cells (80 x 103 cells/well) were seeded (day 0) in 6-well plates in standard medium, 

after which medium was replaced with medium 1 (day 1) for four days (Figure 12). A total 

volume of 3 mL of the respective medium was added per well. The cells were then analysed 

via flow cytometry using a CytoFLEX V5-B5-R3 Flow Cytometer (Beckman Coulter, Inc, 

Indianapolis, USA) on day 4. 

 

Figure 12: The differentiation cycle for the positive control. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

38 

 

The cells from three wells of the same population were pooled, centrifuged at 200 g for 5 min 

and resuspended in 1 mL DMEM/ Ham’s F12 (1:1) medium. Cell suspension (140 µL) was 

added to all flow tubes (i.e. cells-only, APP-only, BACE-1-only, PCNA-only and a 

combination tube). A combination tube contained all the antibodies (anti-APP, anti-BACE-1 

[Sigma-Aldrich, USA] and anti-PCNA [Miltenyi Biotec, Germany]) that were tested. Anti-

APP antibody (2 µL) was added to each APP-only and combination flow tubes. All flow tubes 

were incubated for 30 min, after which the cells were washed once with PBS (2 mL), 

centrifuged at 200 g for 5 min and aspirated. The cells in all flow tubes were resuspended with 

formaldehyde (100 µL) and incubated for 30 min. The cells were washed once with PBS (1 

mL), centrifuged at 200 g for 5 min and aspirated. Permeabilization buffer (200 µL) was added 

to each flow tube except the tube containing APP-only. Anti-BACE-1 (1 µL) and anti-PCNA 

(2 µL) were added to their individual and combination flow tubes and incubated at room 

temperature for 30 min in the dark. The cells were washed once with PBS (1 mL), centrifuged 

at 200 g for 5 min and aspirated. The cells were resuspended in PBS (500 µL) and analysed via 

flow cytometry using a CytoFLEX V5-B5-R3 Flow Cytometer (Beckman Coulter, Inc, 

Indianapolis, USA). 

 

2.3.7.2. Mature and immature protein detection 

 

Once the positive control was established, flow cytometry was employed to assess protein 

content. The cells from three wells of the same population (i.e. undifferentiated, six- and 

eighteen-day differentiated cells) were pooled, centrifuged at 200 g for 5 min and resuspended 

in 1 mL DMEM/ Ham’s F12 (1:1) medium. Cell suspension (140 µL) was added to ‘cells only’ 

which acted as the control, and ‘Combination’ flow tubes. Combination tubes contained all the 

antibodies (anti-APP, anti-BACE-1 and anti-PCNA) that were being tested. Anti-APP antibody 

(2 µL) was added to the combination flow tube. The ‘cells only’ and combination flow tubes 

were incubated for 30 min, after which the cells were washed once with PBS (2 mL), 

centrifuged at 200 g for 5 min and aspirated. The cells were resuspended with formaldehyde 

(100 µL) and incubated for 30 min. The cells were washed once with PBS (1 mL), centrifuged 

at 200 g for 5 min and aspirated. Permeabilization buffer (200 µL) was added to each flow 

tube. Anti-BACE-1 (1 µL) and anti-PCNA (2 µL) were added to the combination flow tube 

and incubated at room temperature for 30 min in the dark. The cells were washed once with 
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PBS (1 mL), centrifuged at 200 g for 5 min and aspirated. The cells were resuspended in PBS 

(500 µL) and analysed via flow cytometry using a CytoFLEX V5-B5-R3 Flow Cytometer 

(Beckman Coulter, Inc, Indianapolis, USA). 

 

2.4. Statistics  

 

All experiments were carried out in triplicate on at least three different occasions. Statistical 

changes were analysed using GraphPad Prism 5.0. The Student’s t-test was employed for 

comparisons between the undifferentiated and differentiated samples. Data is expressed as the 

mean ± SEM. Significance was set at p < 0.05.  
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 Results and discussion 

3.1. Method optimisation 

3.1.1. Seeding density  

 

Optimisation of seeding density was undertaken in order to ensure that cultures remained viable 

through the differentiation period up until the day of analysis. The pilot study for the six- and 

eighteen-day differentiation methods was performed using six-well plates. 

 

3.1.1.1. Six-day differentiation 

 

To implement the six-day differentiation protocol, the method by Forster et al.105 was followed 

with modifications to the seeding density, where the cells were seeded in a six-well plate at a 

density of 30 × 104 cells/well. As this seeding density was too high, the cells had reached 

confluence to the point of being overgrown and thus detached (not shown). 

For the six-day differentiation method, wells were seeded with 85 × 103 cells/well, 80 × 103 

cells/well and 75 × 103 cells/well. Densely packed cells were noted in wells seeded with 85 × 

103 cells/well (Figure 13A) and 80 × 103 cells/well (Figure 13B), whereas wells seeded with 

75 × 103 cells/well (Figure 13C) indicated diffusely spread cells. No cell clumps were noted in 

the wells seeded with 75 × 103 cells/well, however, cell clumping was evident in wells seeded 

at the higher densities. Cellular debris was evident in the wells seeded with 85 × 103 cells/well 

(Figure 13A) which was ascribed to overgrowth in the wells. As the seeding density of 75 × 

103 cells/well did not result in overgrowth or clumping of the cells in the wells, this seeding 

density was selected for further experimentation in the six-day differentiation method. 
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Figure 13: Photomicrographs of SH-SY5Y cells at the end of the six-day differentiation cycle. SH-

SY5Y cells were seeded at a density of 85 × 103 cells/well (A), 80 × 103 cells/well (B) and 75 × 103 

cells/well (C). [20X magnification]  

 

3.1.1.2. Eighteen-day differentiation 

 

To implement the eighteen-day differentiation protocol, the method by Shipley et al.98 was 

followed with modifications to the seeding density and the frequency of cell passaging, where 

the cells were seeded in six-well plates at a density of 1 × 105 cells/well and was passaged twice 

(Days 7 and 10). This resulted in a low cellular density with single neurons rather than expected 

colonies of neurons (Figure 14A). To resolve this, the seeding density was reduced to 85 × 103 

cells/well. Additionally, the trypsinisation step on Day 7 was omitted. This resulted in a 

decrease of cell death, with more time for cells to multiply before they needed to be transferred 

to new ECM-coated plates, and ultimately colonies of connecting neurons were produced at 

the end of the differentiation process (Figure 14B). 
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Figure 14: Photomicrographs of SH-SY5Y cells at the end of the eighteen-day differentiation cycle. 

SH-SY5Y cells were seeded at a density of 1 × 105 cells/well (A) and 85 × 103 cells/well (B). [20X 

magnification] 

  

3.2. Cell morphology 

3.2.1. Neurite outgrowth 

 

The ultimate goal of differentiation is to ensure that SH-SY5Y cells develop as neurons, being 

more representative of the in vitro environment, than the current models where cells are not 

differentiated. The differentiation process was captured and compared to the published 

methods that were followed. 

 

3.2.1.1. Six-day differentiation 

 

On Day 1 cells exhibited few and short neuritic processes with a flat, retracted and neuroblast-

like phenotype indicating undifferentiated cells (Figure 15A). On Day 3, longer, extended 

neurites were observed which was accompanied by a decrease in cellular proliferation (Figure 

15B). When compared to the photomicrographs by Forster et al.,105 cells were denser than those 

of the authors (Figure 15D, 15E). On Day 6, cells appeared more evenly distributed with a 

network of mature neurons indicated by the longer neuritic projections that connected to other 

cells (Figure 15C). The cells on the final day of differentiation corresponded to the 
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photomicrographs presented by Forster et al.105 (Figure 15C). This, morphologically, indicated 

that the changes were comparable to the original method.  

  

 

Figure 15: Photomicrographs of SHSY-5Y cells taken throughout the six-day differentiation cycle (A-

C). Day 1 (A), Day 3 (B) and Day 6 (C). (Scale bar: 50 µm; 20X magnification) Differentiation 

micrographs by Forster et al.105 (D-F). Day 1 (D), Day 3 (E) and Day 6 (F). (Scale bar: 100µM). 

(Reproduced with permission under Creative Commons Attribution-NonCommercial 3.0 License). 

 

3.2.1.2. Eighteen-day differentiation  

 

On Day 1 cells exhibited few and short neuritic processes with a flat, retracted and neuroblast-

like phenotype indicating undifferentiated cells (Figure 16A). On Days 5, 7 and 10 (Figures 

16B, 16C, 16D, respectively), longer, extended neurites were observed which was 

accompanied by a decrease in cellular proliferation. On Day 11, short and long neuritic 

Current study Forster et al.102 
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projections, as well as cellular clumping were observed after the cells were passaged. It was 

noted that cells were sparsely distributed in the wells post passaging. The ECM provides a 

three-dimensional platform for the cells,127 and as a result, cells may clump as occurred on Day 

18 (Figure 16F). On Day 18, the mature neuronal cultures presented with a pyramidal shaped 

cell body and long neuritic projections that connected to other cells (Figure 16F). In comparison 

to Shipley et al.,98 the elimination of one trypisinisation step increased the amount of cells at 

the end of differentiation. The cells on the final day of differentiation corresponded to the 

photomicrographs presented by Shipley et al.98 (Figure 16G), which morphologically indicated 

that the changes were comparable to the original method.  

Various compounds are employed in cell differentiation assays and include RA, BDNF98,105 

and db-cAMP.98 Retinoic acid is undoubtedly the compound that is most widely used to 

differentiate cells into cholinergic neurons,128,129 and according to the published method was 

employed in the first phase of the six-day differentiation method and throughout the eighteen-

day differentiation method. Retinoic acid activates tropomyosin kinase B (TrkB) by arresting 

the cell cycle, thus reducing cellular proliferation, permitting axonal outgrowth and further 

treatment with BDNF to produce more and longer neurites.100 Cellular proliferation, axonal 

outgrowth and longer neuritic projections were observed in Figures 15C and 16F, suggestive 

thereof that TrkB was induced by RA. Undifferentiated cells are known to have an expeditious 

proliferation rate,129 therefore, the visible reduction in cellular proliferation is indicative of 

cellular differentiation (Figures 15 and 16).128 Differentiation induced by RA in the P19 cell 

line (mouse teratocarcinoma) produced more intricate networks of mature connecting neurons 

with increased neurite length than the SH-SY5Y cells.130 Treatment with RA produced visible 

neurons in human NTera2 (NT2) cell line,131 long neurites with branches and decreased cellular 

proliferation in both A126-1B2 cells and 123.7 cells (mutant lines of PC12)132 as well as B35 

(rat neuroblastoma) cells.133 Human tonsil-derived mesenchymal stem cells were differentiated 

with RA to motor neuron-like cells and were represented by connecting neuritic projections.134 

During differentiation the neural cells are initially treated with RA, and thereafter 

BDNF.98,100,105 Cells are more receptive to BDNF treatment after induction of TrkB.100 In the 

present study, as well as the studies by Forster et al.105 and Shipley et al.,98 treatment with 

BDNF initiated the formation of mature neuronal networks with longer neurites (Figures 15C, 

15F, 16F, 16G). An increase in the expression of neuronal proteins was reported after treatment 

of BDNF.100 However, this was not found to be the case in neural stem/progenitor cell 
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differentiation, as BDNF did not contribute to the differentiation of the cells but rather 

enhanced cell survival.135  

During the six-day differentiation method, cells were subjected to consecutive treatment of RA 

for the first three days followed by BDNF for the next three days. In the eighteen-day 

differentiation method, cells were treated with both RA (Days 1 to end of the cycle) and BDNF 

(Days 11 to end of the cycle). It was reported that cells that were treated simultaneously with 

RA and BDNF exhibited a higher neuritic density than cells that were treated solely with RA.100 

This was evident in the eighteen-day differentiation method which resulted in a lower cell 

number, but longer neuritic projections, compared to the higher cell number and fewer and 

shorter neuritic projections of the six-day differentiation method (Figures 15C, 16F). 

Another compound commonly used in differentiation is db-cAMP, which is a membrane-

permeable compound.136 This compound has been found to enhance neuronal differentiation, 

and has beneficial downstream effects in neurotrophin signalling such as the promotion of 

axonal regeneration and neurite growth.136 Long neurites were visible after treatment with db-

cAMP during differentiation with SH-SY5Y cells in this study (Figure 16F), as well as in the 

F-11 (immortalized dorsal-root ganglion) cell line137 and after co-treatment with nerve growth 

factor in PC12 cells.138 The differentiation of astrocytes, neuronal stem cells and mesenchymal 

stromal cells were amplified by db-cAMP.139 It was reported that BDNF levels were 

upregulated in diabetic rats by db-cAMP, which as a result, improved cognitive function.139 

The upregulation of BDNF by db-cAMP was also found to have a neuroprotective effect.139,140 

The reason for the addition of FBS to the cell culture media is to preserve growth of the cells.104 

Foetal bovine serum contains vitamins and growth factors that are essential for optimal cell 

growth.104 The cell growth cycle has been shown to come to a halt when FBS is removed from 

the medium, ultimately halting proliferation.104 However, the presence of FBS may conceal the 

effects of growth factors such as BDNF, making removal thereof necessary.104 On Day 3 and 

Day 11 of the six- and eighteen-day differentiation methods, respectively, the cells are 

gradually introduced into a serum-deprived state as BDNF and db-cAMP are introduced into 

the media. Differentiated cells were found to exhibit longer neurites which was accompanied 

by a significant increase in the number of neuritic branches when grown in serum-deprived 

cells (Figures 15C, 16F), a finding corroborated by Thompson et al.104 An increase in neurite 

length and a decrease in cellular proliferation was also visible in the differentiation of PC12 

cells by FBS concentration reduction.141 
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Figure 16: Photomicrographs of SH-SY5Y cells taken throughout the eighteen-day differentiation cycle (A-F). Day 1 (A), Day 5 (B), Day 7 (C), Day 10 (D), 

Day 11 (E), Day 18 (F). (20X magnification) Differentiation micrographs by Shipley et al.98 (G-L). Day 1 (G), Day 5 (H), Day 7 (I), Day 8 (J), Day 10 (K), 

Day 11 (L) and Day 18 (M). (20X magnification). (Reproduced with permission from the Creative Commons Attribution License (CC BY))

Shipley et al.95 Current study 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

47 

 

3.3. Cell status 

3.3.1. Cell viability 

 

Staining with FDA/PI confirmed that the neurons were viable at the end of both differentiation 

methods (Figure 17) given clear conversion of FDA to fluorescein, and a lack of PI 

fluorescence. Additionally, cellular debris was minimal in light microscopy (as described in 

Section 3.2). This was corroborated by Zainullina et al.,142 where the differentiated SH-SY5Y 

cells were viable after treatment with BDNF and reduced FBS concentration.142 The 

compounds db-cAMP139 and BDNF have been found to promote cell survival thus contributing 

to the viability of the differentiated cells.142 Longer neurites, compared to the undifferentiated 

cells, were present in both six- (Figures 17A, 17B) and eighteen-day (Figures 17C, 17D) 

differentiation protocols. When compared to the photomicrographs (Figures 15C, 16F), the 

density of the cells was evidently higher than that of the FDA/PI composite photomicrographs 

(Figure 17). 

 

Figure 17: Composite photomicrographs of FDA/PI stained SH-SY5Y cells taken on Day 6 of the six-

day differentiation cycle (A, B) and on Day 18 of the eighteen-day differentiation cycle (C, D). 
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3.3.2. Cell density 

 

Cell density was assessed for undifferentiated and differentiated cells at the day at which they 

would be used for initiation of biological assessments. A significant (p ≤ 0.001) increase in 

cellular density was observed between respective undifferentiated and differentiated cells (six-

day: 3.3-fold; eighteen-day: 2-fold) (Figures 18A, 18B). The density of undifferentiated cells 

of the six-day differentiation method was significantly (p ≤ 0.05) higher than the 

undifferentiated cells of the eighteen-day differentiation method (1.4-fold increase), which 

aligns to the density of cells that was initially seeded. The differentiated cells’ density of the 

six-day differentiation method was significantly (p ≤ 0.01) higher than the differentiated cells 

of the eighteen-day differentiation method with a 2.3-fold increase. The six-day differentiation 

method resulted in a higher percentage of cells that differentiated (Figure 18C). Despite the 

difference in cellular densities between the two methods, it was determined that there would 

still be sufficient cells at the end of the differentiation methods to continue with further testing. 

The differentiated cells of both differentiation methods were evidently higher than that of the 

cellular density of the undifferentiated cells, thus confirming that there were more cells at the 

end of the differentiation processes. 

As previously mentioned, the cells of the six-day differentiation method were treated with RA 

only for the first three days of the process, which allowed the cells to continue proliferating 

until the end of the differentiation cycle, whereas the cells of the eighteen-day differentiation 

method were treated with RA throughout the differentiation cycle. The eighteen-day 

differentiation method consisted of a trypsinisation step which may have further decreased the 

cellular density. The PCNA marker, was more highly expressed in the six-day differentiation 

method, than in the eighteen-day differentiation method (Section 3.3.5). As a proliferation 

marker, PCNA, has a vital role in DNA replication, repair and cell cycle control.143 Therefore, 

due to the repair and replication nature of PCNA together with RA treatment,125 the cells of the 

six-day differentiation method were allowed to continue proliferating until the end of the 

differentiation cycle, which resulted in a higher cellular density. According to Forster et al.,105 

differentiated cells increase in size and complexity,105 thereby, contributing to a larger 

population of fixed protein elements which are detected by the SRB assay. 
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Figure 18: Cell density, expressed as the absorbance of sulforhodamine B of undifferentiated and 

differentiated SH-SY5Y cells at 540 nm, referenced at 630 nm. Six-day differentiation (A), eighteen-

day differentiation (B), six- and eighteen-day differentiation (C). n = 3 experimental replicates. * p ≤ 

0.05, ** p ≤ 0.01, *** p ≤ 0.001 

 

3.3.3. Protein content 

 

A significant (p ≤ 0.001) increase in protein content was observed between the undifferentiated 

(146.8 µg) and differentiated (303.4 µg) cell lysates of the six-day differentiation method (2.1-

fold-change) (Figure 19A). Similarly, a significant (p ≤ 0.05) increase in protein content was 

observed between the undifferentiated (222.9 µg) and differentiated (299.2 µg) cell lysates of 

the eighteen-day differentiation method (1.3-fold-change) (Figure 19B). The protein 

concentration of the undifferentiated cell lysates of the eighteen-day differentiation method 

was significantly (p ≤ 0.01) higher than the undifferentiated cell lysates of the six-day 

differentiation method (1.5-fold increase) (Figure 19C). Contrary, the protein concentration of 
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differentiated cell lysates in the eighteen-day differentiation method did not differ significantly 

from that of the six-day differentiation method (Figure 19C).  

 

Figure 19: Protein content (µg), expressed as the protein content of undifferentiated and differentiated 

SH-SY5Y cells. Six-day differentiation (A), eighteen-day differentiation (B), six- and eighteen-day 

differentiation (C). n = 9 experimental replicates. * p ≤ 0.05, ** p ≤ 0.01; *** p ≤ 0.001; not significant 

(ns).       

 

A significant (p ≤ 0.001) decrease in protein content was observed between the undifferentiated 

(6,431 µg) and differentiated (5,491 µg) supernatant of the six-day differentiation method (1.2-

fold) (Figure 20A). A significant (p ≤ 0.001) decrease in protein content was observed between 

the undifferentiated (8,715 µg) and differentiated (6,112 µg) supernatant of the eighteen-day 

differentiation method (1.4-fold) (Figure 20B). The protein content of the undifferentiated 

supernatant of the eighteen-day differentiation method was significantly (p ≤ 0.001) higher 

than the undifferentiated supernatant of the six-day differentiation method (1.4-fold). The 

differentiated cells supernatant’s protein concentration of the eighteen-day differentiation 
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method was significantly (p ≤ 0.01) higher than the differentiated supernatant of the six-day 

differentiation method (1.1-fold). (Figure 20C).  

 

 

Figure 20: Protein content (µg), expressed as the protein content of undifferentiated and differentiated 

supernatant. Six-day differentiation (A), eighteen-day differentiation (B), six- and eighteen-day 

differentiation (C). n = 9 experimental replicates. ** p ≤ 0.01; *** p ≤ 0.001. 

 

For the six-day differentiation method, cells were seeded in medium containing RA and 

reduced FBS concentration (5%), whereas in the eighteen-day differentiation method cells 

were seeded in standard medium. Due to the former, the protein content of the undifferentiated 

cell lysates and supernatant of the six-day differentiation method was lower than that of the 

differentiated cell lysates and supernatant of the eighteen-day differentiation method, as RA100 

and decreased FBS concentration reduces cellular proliferation.104 The eighteen-day 

differentiation method also had a higher cellular seeding density which allowed a higher protein 

content in the undifferentiated cells. This corresponds to the cellular density of undifferentiated 
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cells (Figures 18A, 18C). However, the protein content of the differentiated cell lysates (Figure 

19C) did not correspond with the cellular density (Section 3.3.2; Figure 18C). 

 

3.3.4. Acetylcholine and acetylcholinesterase levels 

 

A significant (p ≤ 0.01) decrease in the ACh level was observed between the undifferentiated 

and differentiated cell lysates for both the six-day method (0.57-fold; Figure 21A) and 

eighteen-day method (0.64-fold; Figure 21B). There was no significant difference in the ACh 

level between the undifferentiated cell lysates of the six-day differentiation method and the 

eighteen-day differentiation method (Figure 21C). The difference between the ACh level in 

differentiated cell lysates of the six-day differentiation method and the eighteen-day 

differentiation method was not significant (Figure 21C).  

A significant (p ≤ 0.01) decrease in the ACh level was observed in the supernatant of 

undifferentiated and differentiated cells for the six-day method (0.6-fold; Figure 22A) and the 

eighteen-day method (0.65-fold; Figure 22B). The ACh level in the supernatant of the eighteen-

day differentiation method was significantly (p ≤ 0.05) higher than the six-day differentiation 

method (1.08-fold; Figure 22C).  

The synthesis of ACh is controlled by CHaT.36 The simultaneous treatment of RA and BDNF 

has been reported to increase the activity of CHaT, which would stimulate ACh synthesis.100 

Potassium chloride has also been reported to stimulate the release of ACh.144 As potassium 

chloride (KCl) is included in the treatment regime of the eighteen-day differentiation method 

from Day 11, it would be expected that ACh levels would be higher in the cell lysates. 

However, this was not the case in this study as no significant increase in ACh levels was noted. 

Rapid ACh hydrolysis by AChE,145 could result in the low levels of ACh detected in the 

differentiated cell lysates of this study. It has been reported that nicotinic ACh receptors are 

present in undifferentiated SH-SY5Y cells,146 thus, it is possible that ACh is released in 

undifferentiated cell lysates (Figures 21A, 21B). The release of ACh in N18TG2 

neuroblastoma 2/4 cloned differentiated cells as well as into the medium is reported to be 

enhanced by db-cAMP.144 Furthermore, ACh was found to stimulate fiber outgrowth of the 

differentiated cell lysate,144 which is observed in Figure 16F. 
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Figure 21: Acetylcholine levels in SH-SY5Y cell lysates, expressed as fold-change. Six-day 

differentiation (A), eighteen-day differentiation (B), six- and eighteen-day differentiation (C). n = 3 

experimental replicates. ** p ≤ 0.01; not significant (ns).    

 

Similar to ACh levels, a significant (p ≤ 0.01) decrease in the AChE level was observed 

between respective undifferentiated and differentiated cell lysates (six-day: 0.58-fold; 

eighteen-day: 0.51-fold) (Figure 23A, B). The difference between the AChE level in 

differentiated cell lysates of the six-day differentiation method and the eighteen-day 

differentiation method was however not significant (Figure 23C). 

As for the level of AChE in the supernatant, a significant (p ≤ 0.01) decrease in the AChE level 

was observed in the supernatant of the undifferentiated and differentiated cells of the six-day 

differentiation method (0.48-fold; Figure 24A) and the eighteen-day differentiation method 

(0.50-fold; Figure 24B). The difference in the level of AChE in the supernatant was not 

significant in the differentiated cells for either of the differentiation methods (Figure 24C).  

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

54 

 

 

 

Figure 22: Acetylcholine levels in the supernatant, expressed as fold-change. Six-day differentiation 

(A), eighteen-day differentiation (B), six- and eighteen-day differentiation (C). n = 3 experimental 

replicates. * p ≤ 0.05; ** p ≤ 0.01; not significant (ns).    

 

In SH-SY5Y cells, simultaneous treatment of RA and BDNF resulted in increased levels of 

AChE, when compared to RA-only treatment.100 However, in the current study, AChE levels 

did not increase in either the differentiated cells or the supernatant as expected, even though 

cells were sequentially treated with RA and BDNF in the six-day differentiation method and 

simultaneously treated with RA and BDNF in the eighteen-day differentiation method, 

(Figures 23A, 23B, 24A, 24B). However, AChE was expressed in the supernatants as well as 

the undifferentiated cells (Figures 23A, 23B, 24A, 24B). It has been reported that AChE is 

isolated in neurites and is dispersed in the cytoplasm (supernatant) of SH-SY5Y cells,147 and 

that undifferentiated cells also exhibited AChE level.100 Although an increase in AChE levels 

was expected at the end of differentiation, this was not found as the undifferentiated cells 

expressed higher AChE levels. According to Thullbery et al., the relationship between AChE 

protein expression and catalytic activity of AChE does not correspond, which may be a result 
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of genomic alterations due to the tumour-nature of SH-SY5Y cells,147 thereby, AChE is 

present in the cells but not catalytically active. Retinoic acid has also been found to stimulate 

the expression of AChE in A126-1B2 (mutant line of PC12) cells.132 

 

Figure 23: Acetylcholinesterase levels in SH-SY5Y cell lysates, expressed as fold-change. Six-day 

differentiation (A), eighteen-day differentiation (B), six- and eighteen-day differentiation (C). n = 3 

experimental replicates. ** p ≤ 0.01; not significant (ns).   

  

It is unclear why the differentiation methods did not lead to the expected increased production 

of ACh and AChE. Even though differentiation of the cells took place morphologically, the 

differentiation processes did not appear to produce molecular outcomes that paralleled the 

morphological features. According to Yang et al.,148 the morphology, genome and phenotype 

of cells in vitro can be altered by multiple passaging steps, thus, the reduced number of passages 

in the eighteen-day differentiation may have resulted in an altered phenotype and genotype. 
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Figure 24: Acetylcholinesterase levels in the supernatant, expressed as fold-change. Six-day 

differentiation (A), eighteen-day differentiation (B), six- and eighteen-day differentiation (C). n = 3 

experimental replicates. ** p ≤ 0.01; not significant (ns).  

 

3.3.5. Biomarkers 

 

Flow cytometry was used to determine the expression of mature (APP and BACE-1) and 

immature (PCNA) biomarkers in differentiated and undifferentiated cells of the two 

differentiation methods. The presence of PCNA in the undifferentiated cells provides confirms 

the presence of the protein in SH-SY5Y cells. The expression of PCNA is lower in 

differentiated SH-SY5Y cells, thus, it is suggestive that differentiation is complete as 

proliferation is reduced in differentiated cells. The mature markers in differentiated cells are 

indicators that differentiation of the SH-SY5Y cells occurred. The SH-SY5Y cells were stained 

with fluorophore-conjugated antibodies. 

The positive control was established by differentiating the SHSY-5Y cells for four days with 

RA (Section 2.3.7.1). The unstained samples of the positive control were not treated with 
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fluorophore-conjugated antibodies (Figure 25). The samples of the positive control were used 

to establish regions of expression and non-expression (Figure 26). In the positive control, only 

1.36% of the cell population expressed the immature biomarker (PCNA) (Figure 26A). In 

contrast, the positive control expressed the mature biomarkers, APP (77.21%) and BACE-1 

(59.71%) (Figures 26B, 26C).  

Only 27.68% of undifferentiated cells expressed PCNA (Figure 27A), while a total of 50.98% 

and 97.70% of undifferentiated cells expressed APP and BACE-1, respectively (Figures 27B, 

27C).  

The samples of the six-day differentiated cells expressed 25.96% of the immature biomarker 

(Figure 28A) whereas, 74.48% and 21.71% of the six-day differentiated cells expressed APP 

and BACE-1, respectively (Figures 28B, 28C). The expression of PCNA and BACE-1 was 

lower than the expression of APP.  

The samples of the eighteen-day differentiated cells expressed 4.27% of the immature 

biomarker (Figure 29A). The eighteen-day differentiated cells only expressed 29.33% and 

22.12% of APP and BACE-1, respectively (Figures 29B, 29C). 

In summary, the PCNA biomarker  was slightly expressed in both undifferentiated cells and 

cells that were differentiated for six days (Figure 30A). The mature biomarker, APP was 

expressed in the undifferentiated, six- and eighteen-day differentiated cells with the six-day 

differentiation method having the higher expression of APP than the eighteen-day 

differentiation method (Figure 30B). The BACE-1 enzyme was present in the undifferentiated, 

six- and eighteen-day differentiated cells with the undifferentiated cells having the highest 

expression (97.70%) and the six-day differentiation having the lowest expression (21.71%) 

(Figure 30C). Overall, the undifferentiated cells expressed both the mature biomarkers (APP 

and BACE-1) to a higher degree than the six- and eighteen-day differentiated cells (Figure 30). 

Although PCNA is expressed in both undifferentiated and differentiated SH-SH5Y cells, the 

level of expression is lower after the differentiation process.149 The level of PCNA expression 

was substantially lower in the differentiated SH-SY5Y cells of the eighteen-day differentiation 

method than the undifferentiated cells and the differentiated cells of the six-day method (Figure 

30). The SH-SH5Y cells are neuroblastoma cells. The PCNA biomarker is known to be 

overexpressed in cancer cells.143 As mentioned earlier (Section 3.2.1.2), the removal of FBS 

from the medium contributes to the termination of the cell cycle.104 The eighteen-day 
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differentiation method is exposed to a longer and gradual reduction of FBS concentration, 

whereas the FBS concentration in the six-day differentiation method was rapidly reduced over 

a short time. The expression of PCNA was lower in the eighteen-day differentiation method 

than in the six-day differentiation method, thus indicating that the longer exposure of cells to a 

serum-free environment reduced cellular proliferation. 

The transmembrane protein, APP, is expressed in both undifferentiated and differentiated SH-

SY5Y cells.97 This was confirmed (Figure 30), however, differentiated cells of the six-day 

differentiation method (sequentially treated with RA and BDNF) expressed higher levels of 

APP than the differentiated cells of the eighteen-day method (simultaneously treated with RA 

and BDNF). The level of expression of APP was reported to be higher in cells that are treated 

with RA, when compared to undifferentiated cells or cells treated with the combination of RA 

and BDNF.97 Riegerová et al.,97 proposed that in fully differentiated SH-SY5Y cells, proteases 

quickly process APP thereby producing lower levels of the protein.97 The latter may explain 

the low expression of APP in the differentiated cells of the eighteen-day method. Contrary, this 

has not been found to the case in differentiated human iPSCs, where the expression of APP 

was noted to be consistent throughout the differentiation process.150 Furthermore, the correct 

balance of APP expression was found to contribute to faster axonal outgrowth rate.151 This 

finding was noted in the eighteen-day differentiation method (Figures 16F, 30B). Over-

expressed APP has been reported to reduce the outgrowth rate.151 This was observed in the six-

day differentiation method (Figures 15C, 30B).  

In this study, undifferentiated and differentiated SH-SY5Y cells expressed BACE-1 (Figure 

30), a finding supported by Riegerová et al.97 The differentiated cells expressed BACE-1 to a 

lesser extent than the undifferentiated cells, however, according to Riegerová et al.,97 

undifferentiated SH-SY5Y cells express low levels of BACE-1.97 Furthermore, it has been 

reported that the level of BACE-1 expression increases after RA treatment and drops after 

exposure to BDNF.97 This was noted when comparing the positive control (Figure 26C) to the 

differentiated cells in the current study (Figures 28C, 29C). It has been proposed that non-

amyloidogenic proteolytic cleavage of APP is triggered by RA and BDNF treatment, thus 

yielding more sAPPα.97 The level of activity of BACE-1 in turn is hindered by the increase in 

sAPPα,97 resulting in lower levels of the marker. This finding was noted in differentiated SH-

SY5Y cells (Figure 30). Low levels of BACE-1 were found in the brains of adult mice and 

higher expression levels of the biomarker were detected in the early postnatal phase.152 It is 

also reported that transgenic mice (Tg2576), lipopolysaccharide-treated mice and cultured 
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neurons express high levels of BACE-1, however, the anti-inflammatory properties of RA 

supress BACE-1 expression.153 It was noted that amount of mature proteins being expressed 

after differentiation were low (Figures 30B, 30C), a finding which is corroborated by Červenka 

J et al.154
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Figure 25: The expression of the biomarkers: PCNA (A), APP (B), BACE-

1 (C) in unstained cells of the positive control (four-day differentiation of 

SHSY-5Y cells with RA). PCNA APC-A; APP PC5.5-A; BACE APC 

CY7 APC-A750-A. PCNA: proliferating cell nuclear antigen, APP: amyloid 

precursor protein, BACE-1: Beta-site APP cleaving enzyme-1. 

 

Figure 26: The expression of the biomarkers: PCNA (A), APP (B), BACE-

1 (C) in SH-SY5Y cells of the positive control (four-day differentiation of 

SHSY-5Y cells with RA). PCNA APC-A; APP PC5.5-A; BACE APC 

CY7 APC-A750-A. PCNA: proliferating cell nuclear antigen, APP: amyloid 

precursor protein, BACE-1: Beta-site APP cleaving enzyme-1. 
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Figure 27: The expression of the biomarkers: PCNA (A), APP (B), BACE-

1 (C) in undifferentiated SH-SY5Y cells. PCNA APC-A; APP PC5.5-A; 

BACE APC CY7 APC-A750-A. PCNA: proliferating cell nuclear antigen, 

APP: amyloid precursor protein, BACE-1: Beta-site APP cleaving enzyme-

1.  

 

Figure 28: The expression of the biomarkers: PCNA (A), APP (B), BACE-

1 (C) in SH-SY5Y cells of the six-day differentiation method. PCNA APC-

A; APP PC5.5-A; BACE APC CY7 APC-A750-A. PCNA: proliferating cell 

nuclear antigen, APP: amyloid precursor protein, BACE-1: Beta-site APP 

cleaving enzyme-1. 
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Figure 29: The expression of the biomarkers: PCNA (A), APP (B), BACE-

1 (C) in SH-SY5Y cells of the eighteen-day differentiation method. PCNA 

APC-A; APP PC5.5-A; BACE APC CY7 APC-A750-A. PCNA: 

proliferating cell nuclear antigen, APP: amyloid precursor protein, BACE-

1: Beta-site APP cleaving enzyme-1. 

 

 

Figure 30: Average expression of the biomarkers: PCNA (A), APP (B), 

BACE-1 (C) of the cell population (%) in cells of the positive control, 

undifferentiated SH-SY5Y cells and the six- and eighteen-day 

differentiation methods, respectively. PCNA: proliferating cell APP: 

amyloid precursor protein, BACE-1: Beta-site APP cleaving enzyme-1
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 Conclusion 

Current AD treatment regimens only offer symptomatic relief as there is currently no cure. In 

vitro studies for potential models for AD drug development are more economical as they are 

capable of large-scale production of cell cultures, and are less labour intensive. The SH-SY5Y 

cell line produces phenotypically homogenous cells and is capable of expressing human-

specific proteins. It is imperative to differentiate SH-SY5Y cells in order to establish a more 

mature neuronal phenotype as well as the expression of mature biomarkers. The aim of the 

study was to compare two differentiation protocols of SH-SY5Y neuroblastoma cells for the 

purpose of developing an in vitro AD drug development platform.  

Two methods were compared for their ability to yield differentiated SH-SY5Y cells: a six-day 

and an eighteen-day differentiation procedure. The undifferentiated SH-SY5Y cells were 

compared to the differentiated SH-SY5Y cells in order to select the most representative model 

for the development of an in-house AD drug development platform. 

The SRB assay confirmed that more cells were present at the end of the differentiation 

processes and staining with FDA/PI confirmed that the cells were viable after differentiation. 

The increase in cells over time without noticeable death was supported by the increase in 

protein concentration. However, the levels of ACh and AChE unexpectedly decreased after the 

differentiation process.  

Undifferentiated SH-SY5Y cells possess a flat, retracted and neuroblast-like phenotype with 

short neuritic processes. Differentiated cells produced a high number of longer neuritic 

projections that connected to other cells. A reduction in cellular proliferation was observed 

after RA-treatment. The differentiated SH-SY5Y cells were more evenly distributed and 

exhibited a pyramidal shaped cell body. The eighteen-day differentiation method resulted in 

fewer neurons, however with longer neuritic projections, ascribed to the simultaneous exposure 

to RA and BDNF when compared to the six-day differentiation method where there were more 

neurons, but fewer neuritic projections, as cells were consecutively treated with RA and BDNF. 

The PCNA biomarker was slightly expressed in SH-SY5Y cells that were differentiated for six 

days. The six-day differentiation method exhibited a higher expression of APP than the 

eighteen-day differentiation method. Low levels of the BACE-1 enzyme was expressed in the 

differentiatiated SH-SY5Y cells. The undifferentiated cells expressed proteins of both the 

immature (PCNA) and mature biomarkers (APP and BACE-1). 
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In conclusion, it was observed that the simulaneous treatment of RA and BDNF played an 

important role in cellular differentiation. The eighteen-day differentiation method involves the 

simultaneous treatment of RA and BDNF, whereas the six-day differentiation method includes 

the consecutive treatment of RA and BDNF. Morphologically, the eighteen-day differentiation 

method produced longer neurites with an intrinsic network of neurites connecting cells wheras 

the six-day differentiation method produced more neurons, but fewer neuritic projections. The 

eighteen-day differentiated cells exhibited the lowest PCNA (immature biomarker) expression 

whereas the six-day differentiation method had a higher PCNA expression than the eighteen-

day differentiation method. The combination treatment of RA and BDNF (consecutive and 

simultaneous) resulted in low expression of BACE-1 in the differentiated cells. In fully 

differentiated cells, cells exhibit low APP expression, which was evident in the eighteen-day 

differentiation method. This implies that the six-day differentiation method did not produce 

fully differentiated cells since the cells exhibited high APP expressions. Therefore, the results 

support morphological differentiation and some molecular alterations, but it is not 

recommended to investigate the mature cholinergic system using the differentiated SH-SY5Y 

cells. Further method development is required to ascertain the correct cocktail of differentiation 

factors to yield a mature phenotype expressing markers relevant to AD, including APP and 

BACE-1, and functional neurotransmitter systems, such as ACh and AChE.  
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 Study limitations and recommendations  

In this study, the morphology of the neurons such as neurite length, branching and the 

complexity thereof was constantly being compared by mere visual analysis. For future studies 

neurite outgrowth and branching analysis should be assessed using an ImageJ plugin called 

Neuron J or by a neurite outgrowth assay which would make analysis in more complex 3D 

models more reliable.   

Another aspect that was commonly referred to was cellular proliferation. The reduction of 

cellular proliferation was one of the characteristics of differentiated cells. In addition to PCNA, 

the inclusion of either a proliferation marker (ki-67) or a cellular proliferation assay such as 

CellTrace VioletTM would have been beneficial to confirm the findings. 

The eighteen-day differentiation method utilised ECM, whereas the six-day differentiation 

method did not. The use of ECM is advantageous as it provides a scaffold for the cells thus 

making the cells more visually appealing when comparing the photomicrographs of the two 

differentiation methods. For visually comparative purposes, future studies should keep the use 

of ECM constant by either using ECM in both methods or omitting it completely. 

The level of ACh was expected to be higher in differentiated cells, however this was not case. 

The inclusion of immunohistochemistry would have allowed the determination of whether the 

reduction of ACh and AChE levels were due to experimental artifacts. 

Initially, GAPDH was used as a control throughout flow cytometry analysis. However, the 

antibody stock ran out and could not be included in further experimentation. Another limitation 

to flow cytometry was that other antibodies (anti-APP, anti-BACE-1, anti-PCNA) were also 

low in stock, thus only one undifferentiated sample was used to represent both six- and 

eighteen-day differentiation methods. The study was also limited to three biomarkers; and it is 

recommended that in future studies biomarkers such as nestin and MAP2 should also be 

assessed. The assessment of the mature biomarker, MAP2, is imperative as β-amyloids 

destabilise these microtubules during the progression of AD. The analysis of MAP2 via 

immunocytochemistry would allow for the identification of the location of tau pre- and post-

differentiation, being indicative of hyperphosphorylation.  

If these limitations are addressed in future studies, the assessments would be more robust. Due 

to the multifaceted nature of AD, other targets such as MAP2 (monitor the complete effect of 

the β-amyloids in the AD model) and TrkB must be taken into consideration for future work. 
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Appendix II: Reagents and chemicals 

 

Acetic acid (1%) 

Acetic acid was purchased from Merck Chemicals (South Africa) and stored at room 

temperature. Acetic acid (%) was prepared by diluting 1 mL acetic acid up to 100 mL distilled 

water. Acetic acid (1%) was stored at room temperature. 

Amplex® Acetylcholine/Acetylcholinesterase activity assay kit 

The Amplex® Acetylcholine/Acetylcholinesterase Assay kit was purchased from Thermo 

Fisher (Massachusetts, USA) and stored at -20°C. The reagents were prepared according to the 

manufacturer’s instructions as described below: 

Acetylcholine stock solution (100 mM)  

Acetylcholine chloride was provided in the Amplex® Acetylcholine/Acetylcholinesterase 

Assay kit as a powder. A stock solution (100 mM) was prepared by dissolving acetylcholine 

chloride (5 mg) in distilled water (275 µL). The stock solution was made fresh before 

experiments. 

Acetylcholinesterase stock solution (100 U/mL) 

Acetylcholinesterase from electrical eel was provided in the Amplex® Acetylcholine/ 

Acetylcholinesterase Assay kit. A stock solution (100 U/mL) was prepared by dissolving the 

contents of the provided vial (60 U) with 600 µL reaction buffer (1X). The stock solution was 

stored -20°C in aliquots (100 µL). 

Reaction buffer (1X) 

The reaction buffer (1X) was prepared by diluting 5 mL Tris-HCl (5X) in 20 mL distilled water. 

The reaction buffer (1X) was stored at 4°C. 

Acetylcholine positive control 

The positive control (50 µM ACh) was prepared by diluting 5 µL ACh stock solution (100 

mM) in 9.995 mL distilled water. The stock solution was used immediately. 
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Hydrogen peroxide positive control 

The positive control (10 µM H2O2) was prepared by diluting H2O2 working solution (20 mM) 

in reaction buffer (1X). The solution was used immediately. 

Acetylcholinesterase positive control 

The positive control (AChE; 0.2 U/mL) was prepared by diluting 50 µL AChE stock solution 

(100 U/mL) in 50 µL reaction buffer (1X) and stored at -20°C. 

Anti-APP antibody  

The rabbit anti-APP antibody was purchased from Sigma-Aldrich (St. Louis, USA) and stored 

at -20°C. The antibody was diluted in PBS (1:500-1:1000, v/v). Anti-APP antibody was 

conjugated with the PE/Cy5.5® conjugation kit (ab102899) which was purchased from Abcam 

(Cambridge, UK) and stored at -20°C 

Anti-BACE-1 antibody 

The rabbit anti-BACE-1 antibody was purchased from Sigma-Aldrich (St. Louis, USA) and 

stored at -20°C. The antibody was diluted in PBS (1:100, v/v). Anti-BACE-1 antibody was 

conjugated with the APC/Cy7® conjugation kit (ab102859) which was purchased from Abcam 

(Cambridge, UK) and stored at -20°C. 

Anti-PCNA-APC antibody 

The rabbit anti-PCNA-APC antibody was already conjugated and was purchased from Miltenyi 

Biotec (Bergisch Gladbach, Germany) and stored at 4°C. The antibody was diluted in PBS 

(1:500-1:1,000, v/v).  

Bicinchoninic acid  

The BCA reagent consisted of reagent A and reagent B in a 50:1 ratio. The solution was 

discarded after use. 

Reagent A was prepared by dissolving 1 g sodium bicinchoninate (0.1%), 2 g sodium carbonate 

decahydrate (2%), 0.16 g sodium tartrate dihydrate (0.16%), 0.4 g sodium hydroxide (4%) and 

0.95 g sodium hydrogen carbonate (0.95%, pH=11.25) in 100 mL distilled water. The solution 

was stored at 4°C. 
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Reagent B contained 0.4 g copper (II) sulfate pentahydrate (4%) which was dissolved in 10 mL 

distilled water. The solution was covered with foil and stored at 4°C. 

Brain-derived neurotrophic factor      

Brain-derived neurotrophic factor was purchased from Sigma-Aldrich (St. Louis, USA) and 

stored at -20°C. The BDNF (10 µg/mL) was prepared in neurobasal medium and B27 

supplement (1X) by dissolving 10 µg BDNF in 980 µL neurobasal medium and 20 µL B27 

supplement (50X). 

B27 supplement 

B27 supplement (50X) was purchased from Thermo Fisher (Massachusetts, USA). B27 

supplement (50X) stored at -20°C in ready to use aliquots (1 mL). 

Copper (II) sulfate pentahydrate 

Copper (II) sulfate pentahydrate was purchased from Sigma-Aldrich (St. Louis, USA) and 

stored at room temperature. Copper (II) sulfate pentahydrate (0.4 g) was dissolved in distilled 

water (10 mL) and stored at 4°C.  

Dibutyryl cyclic adenosine monophosphate     

Dibutyryl cyclic AMP was purchased from Sigma-Aldrich (St. Louis, USA) and was stored at 

-20°C. Dibutyryl cyclic AMP (1 M) was prepared by dissolving 1 g in distilled water (2.04 

mL) and stored at 4°C. 

Differentiation media I 

Differentiation media I (50 mL) consisted of DMEM/Ham’s F12 medium (1:1) supplemented 

with 2.5% FBS, 1% penicillin/streptomycin and 10 µM RA (added immediately before use). 

This was achieved by mixing 1.25 mL FBS (100%), 500 µL penicillin/streptomycin (100X), 

100 µL RA (5 mM) and 48.15 mL DMEM/Ham’s F12 medium (1:1). Unused media 

supplemented with RA was disposed of.  

Differentiation media II 

Differentiation media II (40 mL) consisted of DMEM/Ham’s F12 medium (1:1) supplemented 

with 1% FBS, 1% penicillin/streptomycin and 10 µM RA (added immediately before use). This 

was achieved by mixing 400 µL FBS (100%), 400 µL penicillin/streptomycin (100X), 100 µL 
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RA (5 mM) and 39.10 mL DMEM/Ham’s F12 medium (1:1). Unused media supplemented 

with RA was disposed of.  

Differentiation media III 

Differentiation media III (100 mL) consisted of neurobasal medium supplemented with 1% 

penicillin/streptomycin, B27 supplement (1X), 20 mM KCl, 2 mM GlutaMAX and 2 mM db-

cAMP, 50 ng/mL BDNF (added immediately before use) and 10 µM RA (added immediately 

before use). This was achieved by mixing 1 mL penicillin/streptomycin (100X), 1.96 mL B27 

supplement (50X), 1.96 mL KCl (1 M), 990 µL GlutaMAX (100X), 200 µL db-cAMP (1 M), 

498 µL BDNF (10 ng/mL), 200 µL RA (5 mM) and 93.19 mL neurobasal medium. Unused 

media supplemented with RA was disposed of. 

DMEM/Ham’s F12  

Dulbecco's Modified Eagle's Medium and Ham’s F12 medium was purchased from Sigma-

Aldrich (St. Louis, USA) and stored at 4°C. A dual-medium was prepared by mixing equal 

parts of DMEM and Ham’s F12. 

Edetic acid  

Edetic acid (EDTA) was purchased from Sigma-Aldrich (St. Louis, USA) and stored at room 

temperature. Edetic acid was used undissolved. 

Fluorescein diacetate 

Fluorescein diacetate was purchased from Sigma-Aldrich (St. Louis, USA). The FDA stock 

solution was prepared by dissolving 5 mg of FDA in 1 mL of acetone (stored at -20°C).  

Fluorescein diacetaten/propidium iodide staining solution 

The FDA/PI staining solution was prepared by adding 8 µL of FDA stock solution and 50 µL 

of PI stock solution in 5 mL of PBS and used immediately.  

MaxGel extracellular matrix      

MaxGel ECM was purchased from Sigma-Aldrich (St. Louis, USA) and stored at -80°C. The 

extracellular matrix was prepared by diluting the solution with DMEM/Ham’s F12 at a ratio of 

1:100 (v/v).  
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Foetal bovine serum  

Foetal bovine serum was purchased from Thermo Fisher (Massachusetts, USA), heat-

inactivated and stored at -20°C. Foetal bovine serum was used undiluted. 

GlutaMAX 

GlutaMAX (100X) was purchased from Thermo Fisher (Massachusetts, USA) and stored at 

room temperature. GlutaMAX was used undiluted. 

Neurobasal medium 

Neurobasal medium was purchased from Thermo Fisher (Massachusetts, USA) and stored at 

4°C. Neurobasal medium was used undiluted. 

N-2 supplement 

The N-2 supplement (100X) was purchased from Thermo Fisher (Massachusetts, USA) and 

stored at -20°C. The N-2 supplement was used undiluted. 

Penicillin/streptomycin  

Penicillin/streptomycin (100X) was purchased from Sigma-Aldrich (St. Louis, USA) and 

stored at -20°C. Penicillin/streptomycin was used undiluted. 

Phase I medium  

Phase I medium (20 mL) consisted of DMEM/Ham’s F12 (1:1) supplemented with 5% FBS, 

1% penicillin/streptomycin, 10 µM RA (added immediately before use). This was achieved by 

mixing 1 mL FBS (100%), 200 µL penicillin/streptomycin (100X), 40 µL RA (5 mM) and 

18.76 mL DMEM/Ham’s F12 (1:1). Unused media after the addition of RA was disposed of. 

Phase II medium  

Phase II medium (40 mL) consisted of neurobasal medium supplemented with 1% 

penicillin/streptomycin, 1X GlutaMAX, 1X N-2 supplement (added immediately before use) 

and 50 ng/mL BDNF (added immediately before use). This was achieved by mixing 400 µL 

penicillin/streptomycin (100X), 400 µL GlutaMAX (100X), 400 µL N-2 supplement (100X), 

400 µL BDNF (10 µg/mL) and 38.40 mL neurobasal medium. 
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Phosphate-buffered saline   

Phosphate-buffered saline was purchased from Sigma-Aldrich (St. Louis, USA) and stored at 

room temperature. Phosphate-buffered saline was prepared by dissolving 1.015 g PBS in 110 

mL distilled water. Phosphate-buffered saline was stored 4°C. 

Potassium chloride  

Potassium chloride was purchased from Sigma-Aldrich (St. Louis, USA). Potassium chloride 

(1 M was prepared by dissolving 18.6 g) was dissolved in distilled water (250 mL) and stored 

at room temperature. 

Propidium iodide 

Propidium iodide was purchased from Sigma Aldrich (St Louis, USA). The PI stock solution 

was prepared by dissolving 2 mg of PI in 1 mL PBS (stored at 4°C). 

Retinoic acid      

Retinoic acid was purchased from Sigma-Aldrich (St. Louis, USA) and stored at  

-20°C. Retinoic acid (50 mg) was dissolved in 95% EtOH (33.3 mL) and stored in a dark bottle 

at 4°C after preparation. The mixture was not kept for longer than six weeks.   

Radioimmunoprecipitation assay buffer 

Radioimmunoprecipitation assay buffer consisted of 50 mM Tris-hydrochloride [pH 7.4], 150 

mM sodium chloride (NaCl), 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium 

dodecyl sulfate (SDS; w/v), 1 mM EDTA. This was accomplished by mixing 2.5 mL Tris-HCl 

(1 M), 438.30 mg NaCl, 500 µL Triton X-100, 5 mL sodium deoxycholate (10%), 500 µL SDS 

stock solution (10%). Radioimmunoprecipitation assay buffer was stored at 4°C.  

Sodium bicinchoninate 

Sodium bicinchoninate was purchased from Sigma-Aldrich (St. Louis, USA) and stored at 

room temperature. Sodium bicinchoninate was used undissolved. 

Sodium carbonate decahydrate 

Sodium carbonate decahydrate was purchased from Sigma-Aldrich (St. Louis, USA) and stored 

at room temperature. Sodium carbonate decahydrate was used undissolved. 
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Sodium chloride 

Sodium chloride was purchased from Sigma-Aldrich (St. Louis, USA) and stored at room 

temperature. Sodium chloride was used undissolved. 

Sodium dodecyl sulfate 

Sodium dodecyl sulfate was purchased from Sigma-Aldrich (St. Louis, USA) and stored at 

room temperature. Sodium dodecyl sulfate stock solution (10%) was prepared by dissolving 

10 g of SDS in 100 mL distilled water and stored at room temperature.  

Sodium deoxycholate 

Sodium deoxycholate was purchased from Sigma-Aldrich (St. Louis, USA) and stored at room 

temperature. Sodium deoxycholate was prepared by dissolving 10 g of Sodium deoxycholate 

in 100 mL distilled water and stored at room temperature. 

Sodium hydrogen carbonate 

Sodium hydrogen carbonate was purchased from Sigma-Aldrich (St. Louis, USA) and stored 

at room temperature. Sodium hydrogen carbonate was used undissolved. 

Sodium hydroxide 

Sodium hydroxide was purchased from Sigma-Aldrich (St. Louis, USA) and stored at room 

temperature. Sodium hydroxide was used undissolved. 

Sodium tartrate dihydrate 

Sodium tartrate dihydrate was purchased from Sigma-Aldrich (St. Louis, USA) and stored at 

room temperature. Sodium tartrate dihydrate was used undissolved. 

Sulforhodamine B 

Sulforhodamine B stain was purchased from Sigma Aldrich (St Louis, USA) and was stored at 

room temperature. The SRB stain solution (0.057%) was prepared by dissolving 57 mg SRB 

stain in 100 mL distilled water. The solution was stored at 4°C in the dark. 
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Trichloroacetic acid (50%) 

Trichloroacetic acid powder was purchased from Sigma Aldrich (St Louis, USA) and was 

stored at room temperature. The TCA solution (50%) was prepared by dissolving 50 g TCA 

powder in 100 mL distilled water. The solution was stored at 4°C. 

TRIS buffer  

TRIS powder was purchased from Sigma Aldrich (St Louis, USA) and stored at room 

temperature. The TRIS buffer was prepared by dissolving 120 mg TRIS powder in 100 mL 

distilled water. The buffer was adjusted to pH 10.5 and was stored at room temperature. 

Triton X-100 

Triton X-100 was purchased from Sigma-Aldrich (St. Louis, USA) and stored at room 

temperature. Triton X-100 was used undiluted. 
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