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1. Introduction 

Rhythmic activity is a type of brain activity that involves repeated depolarization of neuronal networks, 

which is associated with a number of important brain functions, including the regulation of movement 

and cognition 1. Notably, rhythmic activity alterations are relevant to disease, as they have been 

associated with specific brain syndromes, including epileptic seizures and dementia 2,3. Furthermore, 

rhythmic activity is also known to be impaired in patients with neurodegenerative disorders, which are 

nervous system disorders involving a progressive deterioration of nervous system functioning 4. These 

include neurodegenerative disorders such as Parkinson's disease (PD), dementia with Lewy bodies 

(DLB) and Alzheimer's disease (AD), which are affiliated with different symptoms, with common ones 

including dementia, mood disruptions and motor problems 5-7. 

Notably, rhythmic activity can be measured using quantitative electroencephalography (qEEG) and is 

divisible into many forms, which differ in terms of their frequency and their relative prevalence to each 

other. 4,8,9 . Rhythmic activity can thus be divided into higher frequency waves (alpha waves, beta waves)  

and lower frequency waves (delta waves, theta waves). Importantly, the specific type of rhythmic 

activity alteration that has been observed in neurodegenerative disorders is qEEG slowing, which 

involves an increased prevalence of lower frequency waves (associated with sleep and low attentiveness) 

and a decreased prevalence of higher frequency waves (associated with attentiveness) 3,10-12.  

Interestingly, qEEG studies have further revealed connections between the disruption of rhythmic 

activity and the presence of aggregating proteins associated with neurodegenerative disorders, such as 

α-synuclein and microtubule-associated protein tau (tau protein). Thus, it has been shown that increased 

levels of phosphorylated α-synuclein are correlated with an increased prevalence of lower frequency 

rhythmic activity in PD patients 13. Furthermore, it has been shown that increased levels of cerebrospinal 

fluid (CSF) tau protein are correlated with rhythmic activity disruptions also in AD patients 14,15. 

The exact explanation for the rhythmic activity disruptions is not known. However, studies of rhythmic 

activity in vitro as well as studies using computer modelling have shown that its generation is dependent 

on a number of parameters, including neuronal connectivity 16-20. It has thus been observed that 

synchronized rhythmic activity in vitro does not occur at all when the neurite coverage is very low (10% 

of the culture plate) 18. Rhythmic activity in vitro can also be abolished by disrupting neurite functioning, 

such as when neuronal microtubules are depolarized 17.  

Importantly, several studies exist that have shown that disruptions of connectivity exist in 

neurodegenerative disorders. For instance in PD, it has been observed that connecting structures 

(neurites and synapses) are destroyed or exhibit a disrupted physiology 21-33. Beyond this, subtle 

disruptions of connectivity-related cellular systems have been observed as well. Studies have thus shown 
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that the metabolism of cyclic adenosine monophosphate (cAMP) is disrupted in several PD models, with 

cAMP being a signaling molecule that plays a role in a variety of pathways, including those regulating 

neuronal connectivity 4,34-38. 

1.1. Neurodegenerative disorders 

Neurodegenerative disorders are a group of nervous system disorders, including dementia with Lewy 

bodies (DLB), Parkinson's disease (PD) and Alzheimer's disease (AD), which are characterized by a 

gradual degeneration of nerve cells, leading to a disruption of nervous system functioning 4-7. The impact 

of these diseases can be severe, as their progression can lead to dementia or motor dysfunction, in turn 

causing disability 5-7.  

Dementia is a condition characterized by cognitive dysfunction and memory loss, which in most cases 

is progressive, increasing in severity over time. To illustrate its severity, the annual societal burden 

caused by dementia is thought to be the greatest of all nervous system disorders, exceeding the burden 

of diseases such as stroke, traumatic brain injury and epilepsy 39. As a further illustration, dementia is 

though to affect tens of millions of people, with an annual worldwide cost of 818 billion dollars 40. 

Importantly, the most common cause of dementia are neurodegenerative disorders, with AD being 

responsible for 70% of all cases and DLB for 5% of all cases 41,42. PD causes some cases of dementia as 

well, as it is known to be associated with cognitive symptoms in late-stage disease 7. 

Motor dysfunction caused by neurodegeneration can take a variety of forms and can include problems 

of movement, gait or body posture. A variety of neurodegenerative disorders can cause motor 

dysfunction, including Huntington’s disease (HD), amylotrophic lateral sclerosis (ALS) and in some 

cases, DLB and AD 7,43-45. However, the neurodegenerative disorder that is most associated with motor 

dysfunction is PD, which is present in 2-3% of people aged 65 or older 6. Just like dementia, motor 

symptoms induced by neurodegenerative disorders represent a major burden on society. This can be 

observed from the fact that the annual cost of PD in the USA alone has been estimated to be 15 billion 

dollars 46. 

1.1.1. Parkinson's disease (PD) and Parkinson's disease dementia (PD-D) 

PD is a disorder that primarily impacts parts of the brain associated with motor functioning, such as the 

substantia nigra (SN), but can also target other structures in late-stage PD, such as the cerebral cortex. 

PD is associated with a variety of symptoms, including motor symptoms, olfactory symptoms, 

gastrointestinal symptoms and cognitive symptoms 6,47. 

Of the four types of symptoms, motor symptoms are considered to be primary and emerge earlier in 

disease progression. The key symptom of PD is bradykinesia, where the patient experiences slow 

voluntary movement initiation. Alongside bradykinesia, a second motor symptom – either muscular 

rigidity, rest tremor or postural instability – is required to be present for an official diagnosis 6,47.  
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Differently from motor symptoms, olfactory symptoms and gastrointestinal symptoms are not primary 

symptoms, but are instead prodormal symptoms of PD. The olfactory symptom characteristic of 

prodormal PD is anosmia (absence of smell). Meanwhile, several gastrointestinal symptoms are also 

characteristic of prodormal PD, including constipation, with PD patients exhibiting a spread of Lewy 

bodies throughout the enteric nervous system 6,47,48. 

Finally, cognitive symptoms are characteristic of late-stage PD and include dementia, memory deficits, 

mood disorders, pain and disruption of autonomic functions. As in the case of the other symptoms, the 

arrival of these symptoms is associated with the spread of Lewy bodies, in this case to the cerebral 

cortex. Notably, two key subtypes of PD are associated in particular with cognitive symptoms. These 

two subtypes are Parkinson's disease with mild cognitive impairment (PD-MCI) and Parkinson's disease 

dementia (PD-D), with PD-MCI being a milder precursor of PD-D 6,47,48.  

No cure for PD is known to exist. However, alleviation for PD can be achieved by the use of drugs 

targeting dopaminergic signaling, such as levodopa, catechol-o-methyl-transferase inhibitors, 

monoamine oxidase inhibitors and dopamine agonists. Furthermore, deep brain stimulation is an 

effective surgical treatment and can be used as a substitute treatment for pharmacological approaches 6. 

For non-motor symptoms, drugs similar to those used for DLB can be effective, including drugs such as 

acetylcholine inhibitors, N-methyl D-aspartate (NMDA) receptor antagonists, selective serotonin 

reuptake inhibitors and anti-psychotics 49.  

1.1.2. Dementia with Lewy bodies (DLB) 

DLB is a neurodegenerative disorder that impacts a variety of brain areas and is distinguished by a 

variety of symptoms. The first of these is fluctuating cognition, where patients experience delirium, 

which is a syndrome involving loss of attention and alertness. The second symptom is visual 

hallucinations, which is present in as many as 80% of the patients. The third symptom is rapid eye 

movement (REM) sleep behavior disorder, which often occurs earlier than the other symptoms and 

involves the loss of the paralysis characteristic of REM sleep. Finally, the fourth symptom of DLB is 

parkinsonism, meaning the presence of one or more symptoms shared with PD 50. 

PD and DLB thus share several symptoms – including both cognitive disruptions and parkinsonian 

symptoms. Nevertheless, the two disorders are distinct, as motor symptoms are  primary in PD, whereas 

cognitive symptoms are primary in DLB. The diagnostic criteria used for differentiation between these 

disorders is the time of cognitive symptom onset in relation to the time of parkinsonian symptom onset. 

More specifically, if cognitive symptoms emerge 1 year after the onset of motor symptoms or later, the 

patient is diagnosed as having PD-D. Otherwise, he is diagnosed as having DLB 49. 

No cure for DLB is known to exist, although the alleviation of symptoms is possible. Thus, cognitive 

problems can be alleviated using acetylcholinesterase inhibitors, which are drugs also used for symptom 
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alleviation in AD patients. Other symptoms, such as hallucinations and depression, can be alleviated 

with antipsychotics and antidepressants, respectively 7. 

1.1.3. Alzheimer’s disease (AD) and mild cognitive impairment (MCI) 

Alzheimer’s disease is a neurodegenerative disorder that disrupts the cortex, which is characterized by 

three categories of dysfunctions. The first of these are cognitive disruptions, which take the form of 

memory loss and severe dementia. The second of these are behavioral disruptions, such as mood 

fluctuations, hallucinations and delusional thinking. The third of these are daily living disruptions, where 

patients have problems with basic everyday activities 5,51. 

AD cannot be cured, but can be alleviated with a variety of treatment strategies 5. Of these, one approach 

for therapy aims to reduce the formation of amyloid beta (Aβ) plaques using antibodies and has proven 

to be successful in human trials 52. Other approaches that have been considered include inhibitors of 

5‑hydroxytryptamine receptors and deep brain stimulation, the same treatments as used in PD. Patient 

symptoms can also be alleviated by means of physician-supervised lifestyle changes, involving 

alteration in daily activities, diet and exercise 53. 

Mild cognitive impairment (MCI) is a cognitive disorder characterized by greater cognitive decline than 

similarly aged patients but without interference in daily life activities. MCI is closely linked to AD, with 

some studies even considering it to be a prodormal form of AD. This is primarily caused by the fact that 

MCI patients have an increased risk of disease progression to AD, with an 11-33% risk of developing 

dementia over 2 years 54,55 

1.2. Neurodegenerative disorders and aggregating proteins 

Notably, PD, DLB and AD are all associated with characteristic types of aggregates in patient tissue, 

which are formed due to aberrant protein aggregation. The aggregates considered distinctive for PD and 

LBD are α-synuclein containing inclusions known as Lewy bodies 6. Meanwhile, the aggregates 

considered distinctive for AD are tau protein containing neurofibrillary tangles and Aβ-containing 

amyloid plaques 5. Importantly however, there is an overlap between disorders – stages or subtypes of 

the diseases might be associated with different types of aggregates, not just the one particularly 

associated with that disease 56-58. 

1.2.1. α-synuclein 

α-synuclein is a protein composed of 140 amino acids that is known to occur in synapses, the cytosol 

and the nucleus. Its exact role has not been demonstrated, but it is known to be overexpressed broadly 

in the central nervous system and is thought to be involved in modulating synaptic vesicle clustering 

and release, mitochondrial function and intracellular trafficking 6,33,59,60. It is also involved in signaling, 

as α-synuclein has been shown to inhibit phospholipase D, the enzyme responsible for producing the 

phosphatidic acid signaling molecule. Despite its variety of roles, studies of rodents have suggested that 
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the presence of α-synuclein is not required for organism survival, as α‑synuclein knockout mice have 

been shown to be viable, although some studies have suggested that the mice experience disruptions in 

synaptic functioning and cognition 32,61.  

In terms of structure, α-synuclein has three domains. The first is the N-terminal domain, which is  known 

to contain hexamer amino acid repeats (KTKEGV) and is thought to be involved in lipid binding. The 

second is the non amyloid-component (NAC) domain, which is thought to be involved in aggregate 

formation, with characteristic synuclein aggregates including the smaller oligomers, the intermediary 

protofibrils and the large insoluble amyloid fibrils that make up Lewy bodies 62-64. The final domain of 

α-synuclein is the C-terminal domain, which is rich in acidic glutamate and aspartate residues, which 

are thought to be involved in interactions with metal ions and other proteins.  

Importantly, the pathogenic role of α-synuclein is indicated by an increased risk of developing PD in 

cases where patients contain multiplications of the α-synuclein gene in their genome 65. Mutations in the 

SNCA gene can also be disease-associated, such as the A53T and A30P mutations, which are thought to 

increase the rate of aggregate formation 66. 

1.2.2. Lewy bodies 

Lewy bodies are intracellular aggregates that are composed of aggregated α-synuclein fibrils alongside 

other proteins 67. These proteins include autophagy or protein degradation proteins, synapse proteins, 

cytoskeletal proteins and mitochondrial proteins, with specific examples including ubiquitin, 

synaptophysin and cytochrome C 68,69. Lewy neurites are aggregates related to Lewy bodies, which have 

a more elongated shape and are mainly localized in neurites. Lewy bodies are distinctive in the cells of 

both PD and LBD patients, but the distribution of these aggregates in the nervous system and the time 

of their emergence during disease progression is different between the two diseases 70,71. 

In terms of structure, Lewy bodies are composed of filaments, which are oriented radially, aligned from 

the center towards the edge of the structure 72. Lewy bodies have been suggested to have three distinct 

layers, differentiated from each other by protein composition. The innermost layer is mainly composed 

of ubiquitin, which is surrounded by a layer of α-synuclein and finally by the outermost layer, which is 

formed by neurofilaments 73. 

In the case of PD, Lewy bodies spread from brainstem structures to the midbrain and finally to cortical 

structures. More specifically, the aggregates spread from the dorsal IX/X nucleus to the locus coeruleus, 

then to the substantia nigra, subsequently to the mesocortex and finally to the neocortex 70. In the case 

of DLB, early development of Lewy body pathology in the cortex is considered characteristic of the 

disease 71. 
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1.2.3. β-synuclein and γ-synuclein 

β-synuclein is a protein of the synuclein family that is overexpressed in synapses and is present in many 

regions of the central nervous system. Its function is not fully known, but α-synuclein and β‑synuclein 

knockout mice have been shown to have mild alterations of dopamine levels, suggesting that β-synuclein 

is involved in the regulation of synapse function, which is similar to the role of α-synuclein 74. It is also 

involved in cell signaling, as it is known to be an inhibitor of phospholipase D 75. In terms of structure, 

β‑synuclein is similar in size and domain composition to α-synuclein, however the β-synuclein protein 

segment which is homologous to the α-synuclein NAC domain is altered in terms of its amino acid 

composition 76. 

Notably, β-synuclein is an aggregating protein, although it has a lower aggregation propensity than 

α‑synuclein 77. Its role in synucleinopathies is unclear. On the one hand, β-synuclein has been shown to 

be neurotoxic in certain contexts, for instance when it is overexpressed in nigral dopaminergic 

neurons 78. On the other hand, β-synuclein is absent from Lewy bodies, the distinctive type of 

pathological protein aggregate in PD 6,79. Some studies have also claimed that β-synuclein could be a 

neuroprotective agent and suggest that it could inhibit α-synuclein aggregation 80-82. 

Unlike α-synuclein, disease-related β-synuclein multiplications have not been discovered. However, two 

β-synuclein mutants have been found to be disease-associated, increasing the risk of developing DLB – 

the V70M and P123H β-synuclein mutants 83. These have been shown to have a variety of functions, 

including inducing cell death, causing axonal loss and precipitating alterations in mitochondrial shape 

and motility 84.  

γ-synuclein is the third member of the synuclein family and is a protein localized in the cytoplasm, the 

perinuclear area and the nucleus 85. Its function is not fully known, but γ-synuclein knockout mice exhibit 

a reduction of dopaminergic neurons when compared to wild-type animals 86. γ‑synuclein is also thought 

to have non-neuronal functions, including promotion of cancer cell survival and lipolysis 87,88. In terms 

of structure, γ-synuclein exhibits some homology with the other synucleins, especially in the N-terminal 

domain. However is more divergent from the other two synucleins than α-synuclein is from β-

synuclein 76,89. 

In terms of aggregation, γ-synuclein can aggregate, but does so at a reduced rate when compared to 

α‑synuclein 77. It is also not a component of Lewy bodies 79. Compared to α-synuclein and β-synuclein, 

the connection between γ-synuclein genetic variants and neurodegenerative disorders is less known, 

although, one study has indicated that a point mutation in a non-coding region adjacent to the γ‑synuclein 

gene (SNCG) locus increases diffuse Lewy body disease risk 90. 
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1.2.4. Microtubule-associated protein tau (tau protein) and neurofibrillary tangles 

Tau protein is a protein which regulates the stability of axonal microtubules and is encoded by the 

microtubule-associate protein tau (MAPT) gene 91. MAPT knockout mice are viable, but have been 

shown to have a reduced axonal growth rate, alongside cognition and motor deficits 92,93. Tau protein is 

distinguished by its ability to aggregate, which is known to be enhanced by tau protein phosphorylation 

and the presence of extracellular matrix proteins, such as glycosaminoglycans 94. 

Several types of protein modifications are associated with the tau protein of neurofibrillary tangles. The 

most distinctive is hyperphosphorylation, which is strongly related to tangle generation 95. Glycosylation 

is also though to be causative of tau protein aggregation, as it makes the protein more prone to 

phosphorylation 96. Other type of protein modifications, such as ubiquitination, glycation, polyamination 

and nitration have also been described for tau protein 97. 

Neurofibrillary tangles are fibrillar aggregates composed of tau protein that are found inside cell bodies 

and neurites. In terms of structure, the tangle is primarily composed of paired helical filaments and 

straight filaments 98,99. Alongside tau protein, other proteins are present as well, such as ubiquitin and 

glial fibrillary acidic protein 97.  

1.2.5. Amyloid beta (Aβ) and amyloid plaques 

Amyloid precursor protein (APP) is an integral membrane protein composed of around 700 amino acids 

that is thought to play a role in synapse formation and synapse activity 100. The cleavage product of APP, 

Aβ, is thought to play a role as well, with released soluble Aβ peptides acting as a form of signaling to 

nearby cells 101,102. Knockouts of APP have revealed that a proportion of the animals survive into 

adulthood in the absence of APP, although they suffer neurological problems, such as long-term memory 

deficits 103.  

Amyloid plaques are extracellular aggregates composed primarily of aggregated amyloid beta (Aβ) 

peptides but also other proteins, such as extracellular matrix proteins and ubiquitin 5,104. As in the case 

for synuclein, Aβ peptides assume a fibrillar amyloid structure in this aggregate 105. In terms of their 

evolution, amyloid plaques form around amyloid deposits, with inflammation-related components 

becoming associated with the aggregate after it grows in size 106. 

Amyloid plaque formation is also associated with γ secretase, a protein encoded by the AD-associated 

presenilin-1 and presenilin-2 genes. This protein plays a role in Aβ peptide generation, as it cleaves the 

substrate protein of Aβ – amyloid precursor protein (APP). Importantly, mutated γ-secretase can alter 

the amino acid composition of Aβ peptides by alternative cleaving of the protein, which in some cases 

leads to the generation of more aggregation-prone hydrophobic peptides 5. 
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1.3. Rhythmic and intrinsic activity 

1.3.1. In vivo rhythmic activity 

Rhythmic activity is a type of activity characterized by repetitive depolarization of neuronal networks. 

In the brain, rhythmic activity is highly diverse and can be measured with the qEEG method, which 

measures electric potential fluctuations at the scalp, which are in turn generated by membrane potential 

changes taking place at the synapses of pyramidal neurons in the cerebral cortex 4. 

Using qEEG, several different types of rhythmic activity have been identified, which are differentiated 

from each other based on their frequency (Figure 1). From highest to lowest frequency, these are – beta 

waves, alpha waves, theta waves and delta waves. Beyond these, there also exist types of rhythmic 

activity that occur primarily in juvenile animals, such as the low frequency (0.1 Hz) hippocampal giant 

depolarizing potentials (GDP) and cortical early network oscillations (cENOs) 107-109. Importantly, each 

type of rhythmic activity can be associated with different types of brain function – higher frequency 

rhythmic activity is generally associated with attentiveness, whereas lower frequency activity is 

associated with various sleep phases and inattentiveness 8. 

 
 

Figure 1. Basic concepts of quantitative electroencephalography (qEEG).  

(A) Illustration of qEEG measurement using s cranial electrode 

(B) Depiction of qEEG signal decoding. An illustration of a complex wave pattern (left panel), which is converted 

by a fast Fourier transform method (FFT) into component waves (right panel). Y-axis of the left panel = 

fluctuations of the membrane potential at the scalp 

(C) Frequency ranges of different brain waves. Vertical scale = rhythmic activity frequency (Hz). β waves = beta 

waves, α waves= alpha waves, θ waves = theta waves, δ waves = delta waves. 

(D) Formula used for determining the band power of qEEG signals. 

(E) Table illustrating the basic pattern of bandpower changes in cases of dementia. Green arrow = increase, red 

arrow = decrease. 

 

Importantly, these brain activities are generated in different areas of the brain. For instance, alpha and 

theta waves originate in the thalamus and are generated by thalamocortical neurons. Meanwhile, delta 

waves and slow waves can originate in either the thalamus or the cortex 110. A variety of mechanisms 
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are used for the generation of these waves, such as gap junctions, hyperpolarization-activated cyclic 

nucleotide gated (HCN) channels and voltage-gated calcium channels 110.  

As one example of how rhythmic activity is generated in vivo, slow waves (cortical low frequency waves 

similar to delta waves) are generated by a mechanism involving alternating neuronal excitability. More 

specifically, these waves are thought to be induced by neurons known as layer 5 regular spiking 

pyramidal neurons, which are large neurons that undergo bursting. During bursting activity, these cells 

depolarize first and then depolarize other neurons in the cortex 110,111. However, after this excitation, a 

high proportion of the target neurons afterhyperpolarize and becomes less excitable, thus inducing a 

break in the activity. Then, the afterhyperpolarization dissipates, excitatory inputs again increase in 

magnitude, triggering another round of depolarization, which in turn triggers another round of 

afterhyperpolarization, thus creating a rhythm 110,112. 

1.3.2. In vitro rhythmic activity 

Neurons exhibit rhythmic activity not only in in vivo systems, but also in culture preparations, such as 

those prepared from embryonic rat brains, with the standard practice being to generate such cultures 

from rat embryos on E18 or E16 86,113,114. For the seeding of these cultures, disassociated cortical neurons 

are transferred to culture plates, following which they develop in culture from round cells with small 

projections into cells exhibiting many of the attributes of mature neurons, including dendrites, axons, 

synapses and neuronal polarity 114. In vitro rhythmic activity has been named in various different ways, 

however one term that is frequently used to describe it is bursting or network bursting 86,115. 

A variety of attributes are important for determining the development of these cultures. These include 

both the density of the culture and its connectivity in terms of the amount of neuritic structures 18,114,116. 

Importantly, neuron cultures are unable to develop rhythmic activity in cultures which are seeded in 

overly low density or with an overly sparse neuritic network. For instance, one study has claimed that 

no rhythmic activity is generated in cultures with less than 50 neurons per mm2 as well as cultures where 

neurites cover 10% or less of the plate surface 18. 

In vitro, the mechanism behind rhythmic activity is thought to be the spontaneous depolarization of 

single cells, which triggers a depolarization that is then spread to the rest of the culture 16,117. A variety 

of factors are thought to be involved in regulating this spread, with the activity being dependent on 

glutamate receptors, such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and 

NMDA receptors 86,118,119. Notably, gamma-aminobutyric acid (GABA) receptors are also thought to 

play a role in the generation of network bursts, with these channels contributing an excitatory drive in 

early culture, which helps to generate network bursting 119. However, in later stages of the culture, 

GABA receptors are not required for the maintenance of network bursting and instead shift to have an 

inhibitory impact 86,118,119. 
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A variety of membrane channels are also thought to regulate the rhythmic activity of neuron cultures. 

These include voltage-gated sodium and potassium channels, which are responsible for generating the 

depolarization and hyperpolarization that is characteristic of action potentials 4. A further group are the 

voltage-gated calcium channels, such as L-type and T-type calcium channels, which regulate the 

neuron’s transition from resting membrane potential to its threshold potential, which is the potential at 

which action potentials begin to be generated 4,120. A final group of relevant channels are the cAMP-

regulated HCN channels, which regulate membrane potential at more negative values 38,121,122. 

Importantly, rhythmic activity is not generated in neuronal culture upon plating and instead develops 

over time. This is indicated by a study by Opitz et al., which showed that the level of synchronized 

activity in early culture is low, with about half of all active neurons being synchronously active at DIV9 

118. The level of synchronized activity then increases over time, as at DIV15, all active neurons become 

synchronized 118. Interestingly, the level of connecting structures in neuron cultures increases during the 

same timeframe, which possibly explains the development of synchronized network activity, due to 

connectivity being a key parameter of network bursting 16-19,114,123. 

Relevantly for this study, in vitro rhythmic activity is easy to measure accurately using several different 

methods. In vitro, two approaches are commonly used. In one approach, cells are prepared on plates 

equipped with a microelectrode array, which permit the direct measurement of the membrane potential 

of the neurons 16. This method however also has a disadvantage, in that it is difficult to determine how 

many neurons produce the signals detected at the microelectrodes and where these neurons are 

located 124.  

In the second approach, calcium sensors are used instead, such as dyes or genetically encoded calcium 

sensors such as GCaMP 113,118,125. Importantly, calcium sensors can be used because the depolarizations 

characteristic of rhythmic activity are followed by a calcium influx. Notably, this method has the 

advantage of producing one signal per neuron, which is simple to analyze and register using fluorescence 

microscopy. The disadvantage of this method however is that using this method, information about the 

membrane potential of the neuron is not recorded. 

1.3.3. The role of α-synuclein and tau protein in regulating rhythmic activity 

As mentioned, rhythmic activity disruptions exist in neurodegenerative disorders, including PD, DLB 

and AD, the disorders associated with either α-synuclein or tau protein. These disruptions are detected 

using qEEG and take the form of an increased prevalence of low frequency activity (also referred to as 

qEEG slowing) 3,10-12. In the case of PD, which is primarily a motor disorder, qEEG slowing is associated 

with patients that exhibit cognitive symptoms 10,126,127. Interestingly, qEEG slowing has also been 

claimed to be predictive of disease symptoms, such as the onset of dementia 128-130.  

The relationship between α-synuclein and disruptions of rhythmic activity has been most 

comprehensively studied in a publication by Caviness et al., which observed that increased levels of 
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phosphorylated α-synuclein were significantly correlated with an increased prevalence of lower 

frequency qEEG waves (delta waves, theta waves) and with a decreased prevalence of higher frequency 

qEEG waves (alpha waves, beta waves) 13. 

The impact of α-synuclein on rhythmic activity has also been studied in test animals, such as the Thy1-

α-synuclein mouse model. This model involves the use of genetically modified animals, which have 

been altered to express human α-synuclein under the control of the Thy-1 promoter, increasing the 

expression of α-synuclein 1,5-5 fold 131,132. Notably, McDowell et al. has observed an increase in the 

prevalence of lower frequency rhythmic activity using qEEG in these mice, which was similar to the 

disruption observed in human patients 133. This study was confirmed by a subsequent study by Morris 

et al. which furthermore observed reduced network excitability inside Thy1-α-synuclein mouse 

brains 134.  

In addition to in vivo studies, models have also been created to study the impact of α-synuclein in vitro, 

which have focused on the potential impact of recombinant α-synuclein artificially aggregated into 

fibrils. Notably, studies observed that treating the neurons with 0.13-0.50 µM recombinant α-synuclein 

aggregates reduces the frequency of network bursting 135,136.  

With regard to tau protein, a study by Smailovic et al. has observed a relationship between increased 

levels of tau protein and rhythmic activity disruptions in patients. In this study, a wide selection of 

dementia patients were measured, including patients suffering from AD and from MCI. More 

specifically, the rhythmic activity of the patients was measured using qEEG and a sample of their CSF 

was taken using lumbar puncture. It was thus observed that increased levels of tau were correlated with 

a decrease in the global field power (the signal strength) of high frequency rhythmic activity (alpha 

waves and beta waves). Interestingly, such a correlation was not observed in the case of increased levels 

of amyloid beta, another protein associated with AD 15.  

The impact of tau protein on rhythmic activity has also been studied in vitro. Thus, a study by 

Verstraelen et al. has observed that artificial overexpression of tau protein in cultured hippocampal 

neurons reduces the frequency of rhythmic activity in this model system. Interestingly, this study also 

investigated possible explanations behind the frequency reduction, which however yielded contradictory 

results – tau protein overexpression was observed to reduce the amount of neurites but not synapses 17. 

1.3.4. Intrinsic activity and functional magnetic resonance imaging (fMRI) 

Intrinsic activity is a type of brain activity that is not triggered by an external stimulus, which can be 

studied using a method known as functional magnetic resonance imaging (fMRI) 137. One of the most 

common types of fMRI is blood oxygen level dependent (BOLD) fMRI, which is a method that 

indirectly detects brain activity by analyzing blood flow in the head. More specifically, it measures the 

presence of oxygen-deprived blood, which is taken as an indicator of metabolic activity in the 

surrounding brain tissue. The BOLD fMRI signal is then used to detect functional connectivity (FC) 
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between different brain regions, with two parts of the brain being connected if they are active 

simultaneously. Notably, functional connectivity can be utilized further, for instance to identify the 

presence of different brain networks, such as the default mode network 4,138,139. 

On a technical level, MRI involves exciting hydrogen ions with a magnetic field, which will cause the 

particles to emit radio signals that can then be recorded. Importantly, the magnetic properties of the 

surrounding tissue alters this phenomenon – relevantly to BOLD fMRI, oxygenated and deoxygenated 

blood have different magnetic properties and thus alter the fMRI signal in different ways. This difference 

in magnetic properties is used in BOLD fMRI to identify metabolically active brain tissue, as active 

brain tissue consumes oxygen and produces local increases of deoxygenated blood, which then alter the 

fMRI signal. After identification of metabolically active brain tissue, the activity of different areas is 

then temporally correlated to identify those areas that are functionally connected 4,139. 

Importantly, fMRI has been used to study neurodegenerative disorders as well, with the goal being to 

detect alterations in the functional connectivity between brain regions. In the case of PD, connectivity 

has been shown to be altered in various circumstances, with the default mode network (DMN) being 

one of the networks disrupted in PD patients 140-142. In the case of DLB, disruptions of the fronto-parietal 

network and of the visual cortex have been observed, whereas the DMN is not impacted 143-145. In the 

case of AD, several studies show disruptions of the DMN and of the connectivity between the 

hippocampus and other brain regions 146-150. 

1.4. Neurites and synapses in PD, DLB and AD 

1.4.1. The impact of α-synuclein on neurites 

Neurite loss has been identified as a symptom in several synucleinopathies, including PD and DLB, with 

one example of afflicted neurites being nigrostriatal fibers, which connect the substantia nigra and the 

striatum 5-7,47,151. Importantly, neurite death in PD is thought to be dying-back process, which involves 

the death of synapses and neurites before the death of the neuronal somata 152-154. Aside from PD, 

neurites are also impaired in DLB, with neurite damage being observed in the cerebral cortex 27,155. 

Beyond this, studies exist which have connected neuritic lesions to α-synuclein in particular. For 

instance, increased levels of α-synuclein have been shown to induce degradation of both cortical and 

dopaminergic axons in both cortical and dopaminergic neurons 28,156,157. Beyond this, more subtle 

α‑synuclein related lesions have been described as well, such as the disruption of axonal transport, 

possibly through interactions with cytoskeletal proteins, including tau protein 158-160. Interestingly, 

α‑synuclein has also been suggested to impair myelination, possibly through an interaction with 

oligodendrocytes 161,162. 

Notably, studies exist which have indicated that increased levels of α-synuclein can impact dendrites. 

For instance, it has been shown that in the presence of increased levels of α-synuclein aggregates, the 
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level of oxidant stress is elevated in dendritic structures 163. Beyond this, α-synuclein aggregates have 

also been shown to cause the outright loss of dendritic spines, although this has been contradicted by a 

different study, which suggests that α-synuclein overexpression increases dendritic spine density 164,165. 

1.4.2. The impact of α-synuclein on synapses 

Importantly, in both diseased and non-diseased animals, α-synuclein is a predominantly synaptic 

protein, which is localized in presynaptic nerve terminals 60,166,167. The mechanisms for the synaptic 

localization of synuclein are not fully known, but it is known that it is enhanced by the interaction 

between synucleins and synaptic lipid rafts – synuclein levels are reduced when lipid rafts are broken 

down artificially 168,169. In the synapse, synuclein exists in a variety of forms. It has thus been claimed 

that α‑synuclein is monomeric when in the cytosol but adopts a multimeric form when interacting with 

plasma membrane components, with some studies claiming that multimerization is more specifically 

promoted by interaction between α-synuclein and polyunsaturated fatty acid groups 170-173.  

The function of α-synuclein in the synapse is mediated by its ability to bind and interact with a number 

of synaptic proteins. For instance, α-synuclein has been shown to interact with proteins involved in 

vesicle fusion, including vSNARE and the vesicle-associated membrane protein 2 (VAMP2) 174-176. The 

role of synuclein in this mechanism is thought to be involvement in the assembly of the SNARE 

complex, with rates of SNARE complex assembly reduced in synuclein triple knockout animals 175. 

α-synuclein has also been shown to influence synaptic vesicle dynamics, for instance by modulating the 

size of the synaptic vesicle reserve pool, which is a storage population of vesicles that is mobilized by 

the synapse for release in cases of strong stimulation 4,177,178. While α-synuclein is not mandatory for the 

presence or maintenance of the reserve pool, one study done in synuclein knockout mice has suggested 

that the size of the reserve pool is reduced in these animals under certain scenarios, such as in cases of 

extensive neuronal stimulation, with mobilization of synapses from the reserve pool also being 

disrupted 32. The role of α‑synuclein in reserve pool maintenance is further supported by studies 

indicating that α-synuclein inhibition using antisense oligonucleotides decreases reserve pool size 179.  

The specific way that synuclein influences the functioning on the reserve pool is not known, but it has 

been suggested that it involves the interaction of α-Synuclein with the cytoskeletal protein actin 180. 

Studies have shown that synuclein serves to fine-tune the polymerization of actin, promoting 

polymerization during synaptic activity and inhibiting polymerization during synaptic inactivity 177,181. 

This could in turn impact the mobilization of the reserve pool, as a functioning actin scaffold is required 

for mobilization of vesicles and for vesicle fusion 180,182. 

Beyond its disruption of the reserve pool of synaptic vesicles, α-synuclein has also been shown to 

interfere with the recycling pool of vesicles, which is a population of vesicles that is mobilized upon 

moderate neuronal stimulation 178. More specifically, increased levels of synuclein reduce the mobility 
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of this vesicle population and also reduce the mobility of vesicles between synapses, possibly due to an 

interaction between α-synuclein and the protein VAMP2 183,184.  

α-synuclein has also been shown to alter rates of neurotransmitter release, with some studies connecting 

this observation with an impact of synuclein on vesicle kinetics 167. More specifically, synuclein 

knockouts have been shown to have increased levels of dopamine release, whereas animals 

overexpressing synuclein have reduced levels of dopamine release 185-190. Studies also exist that suggest 

that elevated levels of synuclein can impair the release of other neurotransmitters, such as glutamate 191. 

There are indications that α-synuclein induced synaptic impairment has a key role in the etiology of PD 

and DLB 167. As one example of this, monomeric, multimeric and aggregated synuclein are abundant in 

the synapses compared to other cellular compartments, with the one synuclein aggregate not common 

in synapses being Lewy bodies 60,192. Furthermore, studies have shown that the presence of synuclein-

containing aggregates in synapses precedes the presence of somatic Lewy inclusions in dopaminergic 

neurons 193,194. Importantly, PD pathology on a cellular level has also been shown to begin at synapses, 

and then spread to somata 152-154. Beyond this, α-synuclein overexpression induced neurotransmitter 

release reduction has been argued to be an explanation for the impairments in dopaminergic 

neurotransmission that are characteristic of PD 6,167.  

1.4.3. The impact of tau protein on neurites and synapses 

In AD, neurites are lost in a variety of areas, including the white matter of the cortex and the corpus 

callosum, with neurite loss being thought to involve a dying-back mechanism similar to the one observed 

for α-synuclein 25,31,195. Importantly, both types of AD aggregate are associated with neurites, with 

neurofibrillary tangles containing tau protein, which is associated with axonal microtubules, whereas 

amyloid plaques are often interlaced with dystrophic neurites 196. With regard to synapses, loss of 

synapses in brain regions impaired by AD is thought to be a correlate of cognitive impairment, with 

synaptic dysfunction thought to be triggered by a number of mechanisms, such as oxidative stress 197. 

In its non-pathological form, tau protein is known to serve a number of axonal functions. These include 

altering the polymerization of microtubules, with tau protein thought to stabilize microtubule assemblies 

and thus playing a role in the genesis of neurites 198. By contrast, tau protein overexpression is thought 

to disrupt axonal transport (although this is disputed in some studies) and lead to axon degeneration, 

possibly through the formation of the more toxic phosphorylated tau protein 5,17,29,199-201. Interestingly, 

tau protein overexpression has also been shown to induce gliosis 200. 

Non-pathological functions for tau protein in the synapse are less known than functions for tau protein 

in the neurites, although tau protein is known to be contained in the synapse, with one study suggesting 

that neurons lacking tau exhibit a reduction in synaptic bouton size 202. Beyond this, tau protein has also 

been suggested to have other roles, such as regulation of synaptic receptor activity 203. As in the case of 

neurites, tau protein can also have a pathological role in the synapse. Thus for instance, the presence of 
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hyperphosphorylated or oligomeric tau protein is thought to be associated with a loss of synapses 204. In 

addition to this, tau protein is also though to interfere with synaptic functions in more subtle ways as 

well, such as by disrupting synaptic vesicle kinetics and neurotransmitter release rate 205.   

1.5. cAMP and HCN channels 

1.5.1. Cyclic adenosine monophosphate (cAMP) 

cAMP is a cellular secondary messenger that is involved in signaling 206. In neurons, it can activate a 

variety of other messaging proteins, such as kinases of the protein kinase A (PKA) family, mitogen-

activated protein (MAP) kinases and HCN membrane channels 38,207. Notably, cAMP is also a signaling 

target, for instance of neurotransmitter receptor signaling pathways 208. More specifically, these 

pathways are known to influence cAMP levels by altering the activity of enzymes involved in cAMP 

production and breakdown – adenyl cyclases (AC), which synthesize cAMP from adenosine 

triphosphate (ATP), and phosphodiesterases (PDE), which break cAMP down into adenosine 

monophosphate (AMP) 207. 

Through its role in signaling, cAMP is involved in regulating a variety of neuronal functions. As one 

example, cAMP is involved in the regulation of synaptic long term potentiation (LTP), which is the 

process where synapses are strengthened in response to recent activity. In this process, NMDA receptors 

in synapses are repeatedly activated, leading to a calcium influx that activates a calcium-dependent 

adenyl cyclase. This subsequently increases the level of cAMP, leading to the activation of PKA and 

cAMP response element binding protein (CREB). The activation of CREB then alters gene transcription, 

leading to alterations in synaptic growth and function (Figure 2) 4. 

 
 

Figure 2. cAMP signaling.  

Illustration of cAMP signaling and cAMP regulators. Black arrows and blue arrows = activation, red lines = 

inhibition, ATP = adenosine triphosphate, cAMP = cyclic adenosine monophosphate, AMP = adenosine 

monophosphate, HCN = hyperpolarization activated cyclic nucleotide gated channel, PKA = protein kinase A, 

DARPP-32 = dopamine- and cAMP-regulated neuronal phosphoprotein, CREB = cAMP response element-

binding protein. 

 

Aside from NMDA receptors, cAMP also mediates the function of a variety of metabotropic 

neurotransmitter receptors. Examples of these include dopamine receptors, serotonin receptors and 

muscarinic acetylcholine receptors 209-211. In the case of metabotropic receptors, the impact on cAMP is 

mediated by G proteins, which bind and activate PDE or AC enzymes 212. This then leads to downstream 

signaling mediated by enzymes, such as PKA or DARPP-32 (Figure 2) 210. 
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A variety of methods can be used to measure the levels of cAMP in cells. For instance, genetically 

encoded cAMP sensors can be used, which are sensors that detect cAMP using cAMP-interacting 

domains from proteins such as PKA or EPAC 213. For visualizing cAMP change, these sensors normally 

use fusion proteins incorporating the cAMP binding protein with a cyan fluorescent protein (CFP) and 

a yellow fluorescent protein (YFP). When cAMP increases in the presence of this sensor, the fusion 

protein changes its conformation, which in turn changes the ratio of CFP to YFP through a mechanism 

known as Förster resonance energy transfer (FRET) 213. Examples of such cAMP FRET sensors include 

AKAR4-cAMPs and Epac1-cAMPs 213,214. Aside from FRET sensors, other types of genetically encoded 

cAMP sensors also exist, such as the GFP-derived cAMPr 215. 

1.5.2. Hyperpolarization-activated cyclic nucleotide–gated channels (HCN channels) 

One of the most interesting downstream targets of cAMP signaling are HCN channels, which are 

voltage-gated membrane channels that depolarize the cell upon opening and that have a higher 

conductivity at hyperpolarized membrane channel voltages. HCN channels are present in a variety of 

organs, including the central nervous system, where it fine-tunes the cellular membrane potential when 

it is near resting level38,216. 

As the name of the family implies, HCN channel activity can be regulated by cAMP, which binds the 

cyclic nucleotide binding domain of the protein. Doing this, the activation midpoint of the HCN channel 

is switched to be more positive, which leads to an increase of HCN channel conductance at membrane 

potential values near resting level 217,218. Notably, the activation midpoint can also be affected by other 

mechanisms, including by binding the membrane-binding signaling molecule phospatidylinositol-4,5-

biphosphate (PIP2), which has a similar impact on cAMP 219,220.  

HCN channels can be inhibited and probed with a variety of molecular factors. One approach involves 

targeting the cAMP levels by modulating the activity of AC or PDE enzymes. For AC regulation, 

forskolin can be used to activate the enzyme, whereas 2',3'-Dideoxyadenosine (DDA) and SQ-22536 

can be used to inhibit the enzyme 221-226. For PDE regulation, rolipram can be used to inhibit PDE4, 

whereas linderane can be used to indirectly activate PDE3 224,227.  

HCN channels can also be probed with other molecular factors. For instance, HCN channels can be 

inhibited with a millimolar concentration of cesium ions, which is a pore blocker 228-231. ZD-7288 can 

also be used to inhibit HCN channel activity by shifting its activation midpoint to a more negative 

value 122,232. Finally, agents developed to affect HCN channels in heart tissue, such as zatebradine, 

ivabradine and cilobradine can be used as inhibitors also 233,234.  

HCN channels have a number of functions, one of which is involvement in the generation of network 

oscillations such as the thalamocortical delta waves. During generation, cells are depolarized by a 

current mediated by HCN channels, which depolarizes the membrane to the cell's threshold potential, 

which activates T-type calcium channels and thus leads to the generation of action potentials. After this, 
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T-type calcium channels enter an inactive state, causing the cell to become hyperpolarized, which in 

turn causes the activity of HCN channels to increase, as they are more active at hyperpolarized 

membrane voltages. In reaction to this, the cell becomes more depolarized, leading the cell to again 

reach its threshold potential, thus repeating the cycle 38,235,236. 

HCN channels are also thought to be involved in the generation of spindle waves, which are a NREM 

sleep associated qEEG pattern involving an alteration between a 1-4 second period of depolarization, 

followed by a 5-20 second refractory period. These waves are generated similarly to thalamocortical 

delta waves, in that the depolarization requires hyperpolarization to activate the T-type calcium channel. 

In the case of spindle waves however, the depolarization causes the cell to accumulate calcium, 

activating a calcium-dependent adenyl cyclase and leading to cAMP production. cAMP binding then 

shifts the midpoint of HCN channels, causing a low-level depolarization of the cell that prevents the cell 

from becoming hyperpolarized. This state dissipates slowly and is responsible for the long refractory 

period that is characteristic of spindle waves 237-239.  

Finally, HCN channels are thought to be involved in the transition from spindle wave associated NREM 

sleep to wakefulness or REM sleep by acting as mediators of cAMP signaling. More specifically, in 

order to trigger this transition, the spindle wave pattern is abolished by a permanent increase of cAMP 

levels that is in turn triggered by an increase in neurotransmitter signaling 38,236. 

1.5.3. cAMP and HCN channel disruptions in PD 

Notably, some studies have indicated a possible connection between cAMP misregulation and PD. For 

instance, studies in both PD models and patients have observed altered levels of adenylate cyclase  

activity, with both increases and decreases in activity being reported in different experimental contexts 

4,34-36,212,240,241. In parallel to these results, alterations in cAMP levels have also been observed and some 

studies have also reported that cAMP-boosting small molecules can have a neuroprotective impact in 

PD models 242-245. Finally, some limited data also exists from studies of PD patient CSF, which suggest 

that PD patients have reduced levels of cAMP – these studies however are dated and are contradicted 

by the results of other studies 37,246  

Notably, PD-related disruptions of HCN channels have also been observed. For instance, one study in 

6-OHDA rats has reported that HCN-channel dependent pacemaking is reduced in the globus pallidus 

of these animals , which they postulate is a downstream result of dopamine depletion 247. Similar 

reductions of HCN channel function in response to dopamine depletion have been observed in MitoPark 

rats, which are rats exhibiting disrupted mitochondria that are used in some studies as a PD model 248. 

Finally, disruptions of hyperpolarization-activated inward rectifier current have also been observed in 

substantia nigra dopaminergic neurons in 1-methyl-4-phenylpyridinium (MPP+) toxicity models of 

PD 249. 
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1.6. Aims of the project 

As mentioned, studies in both patients and test animals have observed that increased α-synuclein levels 

lead to disruptions in rhythmic activity 13,133. In this study, our intention was to investigate these 

disruptions, more specifically by identifying possible mechanisms and pathways that could explain why 

α-synuclein changes the behavior of rhythmic activity. In order to investigate this, cortical neuron 

cultures were used, which allow for the application of several experimental modalities and also permit 

the analysis of extracellular α-synuclein. With regard to specific experimental questions, our intention 

was to investigate the following: 

1. Does α-synuclein overexpression alter the rhythmic activity of cultured neurons?  

2. How much do released α-synuclein species play a role in regulating cultured neuron rhythmic 

activity? 

3. Does α-synuclein overexpression disrupt connecting structures, such as neurites and synapses? 

4. Does α-synuclein overexpression disrupt levels of cAMP, a signaling molecule that regulates 

synaptic potentiation and HCN channels? 

5. Do other members of the synuclein family alter the rhythmic activity of cultured neurons when 

overexpressed? 

6. Is in vitro rhythmic activity altered by overexpression of tau protein, a neurodegenerative 

disorder associated protein that is not a part of the synuclein family? 
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2. Materials and methods 

2.1. Experimental materials and their preparation 

2.1.1. Cultured neurons  

Cultured neurons analyzed in the experiments were harvested from embryonic day 18 (E18) embryos of 

Wistar rats, which are outbred experimental albino rats 250,251. Notably, the age of the embryos was 

suitable for experiments of neuron network bursting, as various studies of this phenomenon in cultured 

neurons had used similarly aged embryos (e.g. E16, E18) 86,118. For plating, cortices without hippocampi 

were harvested and the neurons were plated at a density of 250 000 neurons per well 84. 

2.1.1.1. Cultured neuron preparation  

Before preparation cell culture plates (Greiner) were coated with polyornithine (Sigma, 100 µg/ml) at 

4oC for at least one week. Following this, the plates were coated with laminin (Sigma, 1 µg/ml) at 4oC 

for at least one day. On the day of plating, the laminin was extracted and the plates washed with 

phosphate-buffered saline (PBS). Following this, 2/3 of the final volume of the culture medium was 

added to the wells and the wells were incubated at 37 oC  and 5% CO2 until the neurons were ready to 

be plated.  

Following this, pregnant rats were euthanized and their embryos extracted. Then, cortices without 

hippocampi were isolated from E18 rat embryos and collected into 4oC calcium magnesium free (CMF) 

medium, which was prepared by diluting Hank’s balanced salt solution (HBSS) 1:9 in distilled water 

and adding sodium bicarbonate until 7.5% (pH 7.2-7.4) 84. The cortices were trypsinated with 0,25% 

trypsin (Sigma) for 15 minutes and treated with DNAse (Roche) for 10 minutes, following which trypsin 

was inhibited by addition of 4oC fetal calf serum (FCS, BioChrom). The cortices were then triturated, 

after which the debris was allowed to sediment without centrifugation. The supernatant from this was 

centrifuged, the liquid portion discarded and the cells resuspended in medium.  

After resuspsension, the cells in the medium were counted using a counting chamber (Neubauer) and 

trypan blue to permit seeding at the desired density of 250 000 neurons per well. The cells were then 

cultured in Neurobasal medium (Thermo Fisher Scientific), which had been supplemented with 

transferrin (AppliChem), penicillin (Thermo Fisher Scientific), streptomycin (Thermo Fisher 

Scientific), neomycin (Thermo Fisher Scientific), L-glutamine (Sigma) and 1x B27 supplement (Thermo 

Fisher Scientific). 

Importantly, culture plates were plated in such a way that only 8 of the 24 wells of the Greiner plate 

were filled with neurons. More specifically, corner-wells were excluded and the non-corner wells along 
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the long edge of the plate were plated. The inner wells were filled with either medium or PBS. This 

arrangement was performed to regularize evaporation in the culture plates. 

2.1.1.2. Cultured neuron preparation on coverslips 

For coverslips, 12 mm coverslips (Menzel) were incubated in HCl (1 M) at 20oC overnight. Following 

this, they were heated in a microwave at 180 oC for 4 hours for additional sterilization. The coverslips 

were then added to the plates, following which the plates were plated with neurons as normal. 

2.1.1.3. Cultured neuron incubation 

All neurons were incubated at 5% CO2 and 37 oC inside a Labotect Labo C101 incubator for the duration 

of the culture’s lifespan. Notably, the internal atmosphere of the incubator was hypersaturated with water 

vapor. For this, a large Petri dish filled with water was added to the bottom of the incubator. 

Additionally, the incubator itself also refreshed the water vapor atmosphere from a water supply of 

distilled water. The cultured neurons were specifically cultured in 750 µl cultured medium, of which the 

culture medium lost 100-150 µl through evaporation over the 4-5 week incubation period. The medium 

was also exchanged once on day in vitro 4 (DIV4).  

2.1.2. Overexpressed proteins and sensors 

A variety of overexpressed proteins were used over the course of our study. In all cases, these were 

overexpressed using AAV6 viral particles containing the cDNA of the protein, with neurons transduced 

with these particles on either DIV2 or DIV4. Notably, the expression of the cDNA was in all cases under 

the control of the neuron-specific promoter hSyn, ensuring neuron-specific expression. 

2.1.2.1. Bcl-xL – anti-apoptotic protein 

B-cell lymphoma extra large (Bcl-xL) is an anti-apoptotic protein localized inside the mitochondrial 

membrane, which inhibits the death of neurons by blocking cytochrome C release 252. Notably, our group 

had previously used this protein to inhibit the death of neurons in cell culture 113. This was done in this 

study as well to enable the study of neurons in the absence of apoptotic cell death.  

For the expression of Bcl-xL, 3x107 adeno-associated virus (AAV) viral particles containing a Bcl-xL 

cDNA were pipetted on the neurons on DIV2. Notably, the Bcl-xL cDNA also included an AU1 

antibody-binding tag, which was used to identify the produced Bcl-xL protein using Western Blot. 

Bcl‑xL was overexpressed in all cultures unless mentioned otherwise. 

2.1.2.2. Synucleins – α-synuclein, β-synuclein, γ-synuclein, β-synuclein mutants 

In this study, three different wild-type synucleins were tested – wild-type α-synuclein, β-synuclein and 

γ-synuclein. Alongside these, two mutant synucleins were tested – the V70M β-synuclein mutant and 

the P123H β-synuclein mutant. The properties of these proteins have been described more in the 

introductory section of this study. Briefly, α-synuclein and the β-synuclein mutants are disease-
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associated aggregating proteins, which have been associated with diseases known as synucleinopathies 

65,83,84. Meanwhile, wild-type β-synuclein is claimed by some studies to also have a neurotoxic impact, 

whereas wild-type γ-synuclein is generally thought to be the least toxic of the synuclein variants due to 

the low amount of data suggesting it has a neurotoxic role 78. Notably, γ-synuclein was the main control 

used in our study due to its close structural relationship with the other synucleins as well as due to its 

relative non-toxicity. 

For the expression of synuclein variants, expression using AAV viral particles after transduction on 

DIV4 was used. However, the amount of viral particles varied, with most experiments using 2x108 AAV 

viral particles of synuclein-overexpressing virus. This viral titer was selected, as viral titers higher than 

2x108 caused an impact on neuronal functioning due to the viral load used (Figure 3). 

 

Figure 3. Inducing expression using 4x108 AAV viral particles reduces the frequency of network bursting, 

whereas inducing expression with 2x108 AAV viral particles does not. 

(A-B) Quantification of the frequency of network bursts in the presence of different overexpression levels of the 

control protein γ-synuclein. Overexpression levels are denoted by the viral titer used to induced the expression, 

with the number indicating the amount of transducing viral particles. 2x108 viral particles is the same 

overexpression level as used in Figure 18 and this is compared with either 4x108 (A) or with 1x108 and 5x107 viral 

particles (B). Statistical analysis: a two-tailed t‑test with Welch's correction (A) or a one-way ANOVA (B). 

Statistical power was determined with a post-hoc test. "n.s." = not significant. *: p < 0.05. Statistical power: 1 – β 

> 63% (A), sample size: 12 independent cultures (A), 9 independent cultures (B). 

 

Importantly, two sets of viral particles were used for testing the synucleins. The first set included a 

complete set of wild-type synucleins. In this set, all of the viral vectors also simultaneously 

overexpressed nuclear localization signal tagged mCherry (NLS-mCherry), a red fluorescent protein 

expressed in the nucleus. This set was used for all analyses involving wild-type synucleins. 

In comparison, the second set was made up of viruses not overexpressing NLS-mCherry but only 

synucleins. As with the first set, the set was complete, including all wild-type synucleins as well as the 

β-synuclein mutants. This set was used for all analyses involving the β-synuclein mutants. A different 

set was used for this analysis as it was the same set that was used to analyze these proteins in a dedicated 

study of β-synuclein mutants prepared in our lab by Dr. Maryna Psol 84. 
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2.1.2.3. Tau protein  

Tau protein is a cytoskeletal protein involved in regulating cytoskeletal stability, which has been 

implicated in Alzheimer’s disease due to it being a component of neurofibrillary tangles 253,254. In our 

study, it was used as a point of comparison for the synucleins. More specifically, if synucleins were 

observed to interfere with neuron functioning, the impact of tau protein was also determined to identify 

if the observed impacts were synuclein specific.  

For the overexpression of tau protein, a similar protocol was used as for synuclein overexpression. On 

DIV4, 2x108 AAV viral particles were used to transduce the neurons to induce tau protein 

overexpression. Notably, this viral vector also expressed NLS-mCherry alongside tau protein from the 

same viral vector genome. 

2.1.2.4. GCaMP6 – calcium sensor 

GCaMP6 is a genetically-encoded calcium sensor localized in the cytosol that is used to detect calcium 

changes inside cells 255,256. Structurally, it is composed of a green fluorescent protein (GFP) alongside a 

calmodulin domain and an M13 peptide sequence from a myosin light chain kinase. Upon calcium-

binding, an interaction between the calcium ions, calmodulin and the M13 peptide sequence causes a 

conformation change of the GFP protein, increasing its fluorescence (Figure 4). 

In this study, GCaMP6 was used to indirectly measure network bursts, which take the form of neuron 

network spanning depolarizations. This was possible, as a calcium influx is known to follow the 

depolarization, which can be detected using the calcium sensor. Indeed, network bursts are easily 

measurable using this setup and they show up as a spike in the calcium sensor fluorescence in several 

neurons at the same second (Figure 4). For expression of GCaMP6, neurons were transduced on DIV2 

with 3x107 GCaMP6-encoding AAV viral particles. 

 
 

Figure 4. GCaMP increases in fluorescence in response to a calcium influx, such as those observed in 

neurons during network bursting. 

(A) Illustration of the GCaMP fluorescence increase in response to calcium ions. Depicted are inactive GCaMP6 

with low fluorescence (left image) and active GCaMP6 with increased fluorescence (right image). 

(B) Illustration of the relationship between depolarizations, the calcium influx and the fluorescence change.  

(C) Example calcium sensor fluorescence traces of neurons recorded over 60 seconds. 
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2.1.2.5. NLS-mCherry – nucleus-marking fluorophore 

mCherry is a red fluorescent protein derived from DsRed, which in this study was used in combination 

with a nuclear localization signal (NLS) for the easy quantification and identification of neurons 257. 

This was made possible due to the simple, evenly shaped fluorescent signal that is produced by neuronal 

nuclei expressing this fluorophore, which in turn made it easy to identify them using an automated 

computer analysis procedure. 

In this study, NLS-mCherry was expressed alongside either synucleins or tau protein. This was 

accomplished as the viral vectors used for tau protein or synuclein overexpression also contained a 

complementary DNA (cDNA) sequence that induced NLS-mCherry expression. In some experiments, 

NLS-mCherry was also expressed using a virus that only encoded NLS-mCherry. In either case, neurons 

were transduced with 2x108 viral particles to induce NLS-mCherry expression on DIV4. 

2.1.2.6. Sy-GCaMP – pre-synaptically located calcium sensor 

Synaptophysin-GCaMP (Sy-GCaMP) is a variant of the GCaMP3.5 calcium sensor, which contains a 

synaptophysin anchor designed to localize the GCaMP3.5 inside the presynapse 255. In this study, this 

sensor was used to quantify presynapses using a dynamic method. More specifically, our study counted 

only those synapses identified to take up calcium using Sy-GCaMP, thus excluding the quantification 

of inactive synapses and debris  (Figure 5). In this study, Sy-GCaMP was expressed by transducing 

neurons on DIV2 with 3x107 AAV viral particles encoding this sensor. 

 
 

Figure 5. Synaptophysin-GCaMP is localized in synapses and provides a dynamic signal that responds to 

changes of calcium levels at the pre-synapse. 

(A) Illustration of the Sy-GCaMP structure and its function. Sy-GcaMP = synaptophysin-GCaMP, GFP = green 

fluorescent protein, M13 = M13 peptide sequence. 

(B) Illustration of the method used to differentiate between active synapses and debris. The graphs indicate the 

change of calcium sensor fluorescent intensity over time. Spikes in fluorescence intensity over time were 

considered to characterize active synapses, whereas flat fluorescence intensity was considered to characterize 

inactive synapses and debris. 
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2.1.2.7. cAMPr – cAMP sensor 

cAMPr is a cAMP sensor that contains a green fluorescent protein (GFP) as the fluorescent component, 

as well as two domains derived from the cAMP-binding protein kinase PKA – PKA-C and PKA-R. In 

the resting state, the PKA-derived domains are bound to each other. However, upon cAMP introduction, 

the interaction is broken and the fluorescence of cAMPr increases (Figure 6). In this study, cAMPr 

expression was induced by transducing neurons on DIV4 with 1x108 viral particles. 

 
 

 

Figure 6. The cAMPr sensor directly measures cAMP level using GFP and PKA domains 215.  

(A) Illustration of the cAMPr mechanism during resting state (left panel) and after cAMP binding (right panel). 

GFP = green fluorescent protein, PKA-R= regulatory subunit of PKA, PKA-C = catalytic subunit of PKA, cAMP 

= cyclic adenosine monophosphate, PKA = protein kinase A. 

(B) Sample cAMPr trace of a neuron expressing cAMPr, which is treated with cAMP level changing molecules. 

More specifically, a γ-synuclein overexpressing neuron was imaged on DIV15 for the generation of this image. 

The trace has been corrected for bleaching. Red line = time duration for applying cAMP level reducing molecules 

(linderane 20 µM, SQ-22536 20 µM), blue line = time duration for applying cAMP level increasing molecules 

(rolipram 5 µM, forskolin 5 µM).   

2.1.2.8. AKAR4-cAMPs – sensor of phosphorylation by PKA, a cAMP regulated kinase 

AKAR4-cAMPs is a sensor that detects phosphorylation by protein kinase A, which is a cAMP-activated 

protein kinase. With regard to its components,  it consists of a cyan fluorescent protein (CFP), a yellow 

fluorescent protein (YFP), a SUB domain and a PABD domain. In terms of its design, AKAR4‑cAMPs 

functions as a Förster resonance energy transfer (FRET) sensor. In the resting state, the two fluorophores 

are separated in space, meaning that an excitation of the CFP fluorophore will trigger light emission 

primarily at the wavelength characteristic of CFP. After the phosphorylation of the SUB domain 

however, the conformation of the protein changes in such a way as to move the fluorophores closer to 

each other in space. As a result, excitation of the CFP fluorophore will trigger light emission also at the 

wavelength characteristic of YFP (Figure 7). 

In this study, AKAR4-cAMPs was primarily used as a cAMP sensor. This was possible, as the signal is 

responsive to cAMP increases due to the close relationship between cAMP levels and PKA 

phosphorylation. Indeed, this close relationship was visible when using the sensor, as the AKAR-cAMPs 

sensor signal was responsive to small molecules that increase or decrease cAMP levels (Figure 7). In 
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this study, AKAR4-cAMPs was expressed in the neurons by transducing them on DIV4 with 1x108 viral 

particles encoding the protein. 

 
  

Figure 7. AKAR4-cAMPs sensor is a FRET sensor responsive to PKA phosphorylation, which itself is 

responsive to cAMP levels 214. 

(A) Illustration of the AKAR4-cAMPs mechanism in the resting state (left) and after PKA phosphorylation  (right). 

"-OH" = free hydroxyl group of the SUB domain. "-OP" = phosphorylated hydroxyl group of the SUB domain.  

"CFP" = cyan fluorescent protein. "YFP" = yellow fluorescent protein. "FRET" = Förster resonance energy 

transfer. "PKA" = Protein kinase A. "cAMP" = cyclic adenosine monophosphate. 

(B) Sample FRET/CFP trace of a neuron expressing AKAR4-cAMPs, which is treated with cAMP level changing 

molecules. The graph illustrates the change of the cAMP-sensitive FRET/CFP ratio of the sensor. Red line = time 

duration for applying cAMP level reducing molecules (linderane 20 µM, SQ-22536 20 µM), blue line = time 

duration for applying cAMP level increasing molecules (rolipram 5 µM, forskolin 5 µM).  

 

2.1.3. Viral vectors and particles 

2.1.3.1. List of viral vectors 

For protein expression, our study used AAV6 viral particles containing AAV vectors. For preparing 

these vectors, the same basic design was used. On the ends of these vectors, inverted terminal repeats 

(ITRs) were included, which are required for virus packaging. Each cDNA expressed from the vector 

was placed under the control of a human synapsin promoter (hSyn), which ensured neuron specificity. 

Downstream of the cDNA, most vectors also included a woodchuck hepatitis virus post-transcriptional 

regulatory element (WPRE) and a bovine growth hormone polyadenylation sequence (bGH pA), which 

were included to increase the level of cDNA expression. 

Beyond this basic design, two subtypes of vectors could also be identified. The vectors used for 

overexpression of analytical sensors and Bcl-xL were monocistronic, containing the cDNA of only one 

protein. By contrast, the vectors used for overexpression of tau protein and the synucleins were 

bicistronic, containing the cDNA for the protein and additionally NLS-mCherry. Importantly, the 

bicistronic vectors contained additional vector elements. These included the simian virus 40 

polyadenylation site (SV40), used for polyadenylation, an intronic sequence (Int) and a transcription 

blocker (TB), used for stopping transcription at the blocker. 
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The various viral vectors used are detailed more in Figure 8. Note that the bicistronic synuclein/tau 

protein  expression viruses were used for the analysis of all wild-type synucleins and for the analysis of 

tau protein. By contrast, the monocistronic synuclein expression viruses were used for the analysis of 

only the β-synuclein mutants. 

The majority of these viral vectors had been prepared in our lab over the course of previous studies. 

However, the cAMPr and AKAR4-cAMPs viral vectors were prepared during this study. Descriptions 

of their production have been included in order to demonstrate the basic concepts of molecular cloning 

applied for viral vector preparation. 

 
 

Figure 8. AAV6 viral vectors used during the study. 

Illustrations of the various AAV overexpression vectors used in this study. Wide red arrows = expressed cDNAs, 

blue boxes = non-expressed elements, light blue boxes = gene promoters, hSyn = human synapsin, cDNA = 

complementary cDNA, NLS-mCherry = nuclear localization signal tagged mCherry, WPRE = woodchuck 

hepatitis virus post-transcriptional regulatory element, bGH polyA = bovine growth hormone polyadenylation 

sequence, SV40 = simian virus 40 polyadenylation site, Int = intronic sequence, TB = transcription blocker, β-syn 

= β-synuclein, ITR = inverted terminal repeat, Sy-GCaMP = synaptophysin-GCaMP. 
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2.1.3.2. Preparation of viral vectors using molecular cloning – cAMPr 

Cloning of the cAMPr AAV6 expression vector was performed in two stages. First, the sequence of 

interest was ordered, amplified and then cloned into an intermediary pMA vector. Second, the sequence 

was cloned into a pAAV vector without destroying the sensitive pAAV ITR sequences, required for 

virus production. The amplicon was cloned twice because direct cloning of the amplicon into pAAV 

vectors has a very low chance of success. This is because of the special conditions required to transform 

and grow AAV viruses, which are required for the preservation of its ITR sequences. 

For the first step, bacteria containing the p2lox-cAMPr plasmid were ordered from Addgene, which 

expressed the single-wavelength fluorescent cAMP sensor cAMPr 215. Two primers were ordered from 

Sigma – cAMPr sense and cAMPr antisense (Table 1). These primers were designed for molecular 

cloning. More specifically, after production of the amplicon using the primers, the intention was to cut 

it with restrictases, producing specific sticky ends, following which the resulting fragment could be used 

to clone first into a pMA vector and then into a pAAV vector. 

The primers were designed to have several components. The first component was a hexanucleotide 

sequence (A6), which was selected to prevent disruption of the cloning site from nucleotide loss. The 

second component was a cloning site, which was selected to enable molecular cloning of the constructs. 

The third component was a non-coding segment from the AAV target plasmid. This was included to 

ensure that the resulting AAV plasmid would contain the same non-coding sequences as other AAV 

plasmids. Following this, the final component matched the cAMPr cDNA sequence, which was included 

to be able to hybridize the primer with the cAMPr target sequence and to be able to amplify it. 

Name Primer sequence 

cAMPr sense 
AAAAAAGCTAGCAAGGATCCACCGGTCGCCACCATGGGCAACGC

CGCCGCCGCCAAGAA 

cAMPr antisense AAAAAAAAGCTTGCGGCCGCTTTACATCTTCCGCTTTCTCAG 

AKAR4 sense 
AAAAAAGAATTCAAGCTGCTAGCAAGGATCCACCGGTCGCCACC

ATGGTGCGGGGTTCTCATCATCATCATCATCATGGTA 

AKAR4 antisense AAAAAAAAGCTTGCGGCCGCTTTACTCGATGTTGTGGCGGAT 

 

Table 1. Primers used for cloning AAV vectors.  

 

After the arrival of the bacteria containing the p2Lox-cAMPr plasmid, the vector was extracted from 

the ordered bacteria using a QIAPrep Spin Miniprep Kit (Qiagen) according to manufacturer protocol. 

Following this, the plasmid DNA was further purified by sedimentation. For this, a tenth of the total 

mixture volume of 3 M sodium acetate was added to the mixture. After acetate addition, 100% ethanol 

was added, the mixture stirred and stored at -80 oC for five minutes. The mixture was then centrifuged 

at 13 000 rpm and 4 oC for 30 minutes, the ethanol supernatant was removed and 70% ethanol was added 

without mixing the pellet. The mixture was then centrifuged at 13 000 rpm and 4 oC for three minutes. 
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For taking up DNA, the ethanol was removed, the DNA briefly dried and then dissolved in Tris-

ethylenediaminetetraacetic acid (TE) buffer. 

After DNA purification, the produced DNA was analyzed. For this, the concentration of the DNA was 

measured using a biophotometer (Eppendorf) and the identity of the DNA was confirmed using an 

analytical restriction. For determining the identity of the DNA, it was restricted in 1 x CutSmart buffer 

for 1 hour using NheI and HindIII restrictases. After restriction, the DNA fragments were analyzed on 

a 0.8% agarose gel containing ethidium bromide. The size of the resulting fragments was compared to 

fragments predicted using an in silico analysis. For electrophoresis, the E835 electrophoresis device 

(Consort) was used, whereas for gel visualization, the Gel Doc EQ (Bio-Rad) was used. 

After the identity of the vector was confirmed, 20 pg/l of the p2Lox-cAMPr was used as a template for 

PCR amplification using the cAMPr sense and antisense primers. This was done to extract the cAMPr 

sequence so it could then be cloned into a pMA vector. For amplification, the MiniCycler PTC 150 (MJ 

Research) was used. Briefly, the templates were cycled 25 times with a PCR program, which consisted 

of a denaturation step at 98 oC for 30 seconds, an annealing step at 60 oC for 30 seconds and an elongation 

step at 72 oC for two minutes. The final elongation cycle was extended by an extra three minutes. Aside 

from the template, the PCR mixture contained 1 x HF Phusion Buffer, 5 μM cAMPr sense and antisense 

primer, 200 μM deoxynucleotide triphosphates (dNTPs), 3 % dimethyl sulfoxide (DMSO), 1 mM MgCl2 

and 1 U/μl Phusion DNA polymerase. 

After the amplification was completed, the intention was to extract the amplicon using an agarose gel, 

following which it was to be cut for cloning into a pMA vector. In order to achieve the agarose gel 

extraction, the PCR mixture containing the amplicon was electrophoresed on an agarose gel using a Gel 

Doc EQ (Bio-Rad) chamber. After this, the band corresponding to the amplicon was cut out using a 

clean scalpel and then purified from the gel using the QIAquick Gel Extraction Kit according to 

manufacturer protocol. For this, briefly, the gel slice was dissolved, the DNA bound to the QIAquick 

column, washed and then precipitated. Following this, the DNA was precipitated using sodium acetate 

and ethanol, washed and then dissolved in TE.  

After precipitation, the amplicon was cut using the NheI and HindIII restrictases for one hour in 1 x 

CutSmart buffer, following which the mixture was electrophoresed again on an agarose gel, the larger 

fragment extracted using a scalpel and purified using the QIAquick Gel Extraction Kit. Simultaneously, 

the pMA-RQ-SolFscv backbone vector was cut using the NheI and HindIII restrictases for one hour in 

1 x CutSmart buffer. This DNA was also electrophoresed on an agarose gel, the backbone fragment cut 

out using a scalpel and extracted using a QIAquick Gel Extraction Kit. 

After the fragments were extracted, they were washed by sedimentation with ethanol in the presence of 

sodium acetate and dissolved in TE. Their concentration was then determined. After this, these 

fragments were ligated together using a T4 DNA Ligase in 1 x T4 Ligase Buffer, yielding a pMA vector 
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containing a cAMPr sequence. For the ligation, briefly, the DNA was heated at 45 oC for 5 minutes, 

after which the ligase and buffer was added, then ligation was performed at 16 oC for 15 minutes and 

subsequently 25 oC for 15 minutes. For the ligation a molar ratio of 3:1 (insert to vector) was used. 

After the pMA-cAMPr vector had been ligated, the intention was to transform it into bacteria so it could 

be multiplied before cloning into the pAAV vector backbone. For transformation, 50 μl chemically 

competent 5-α Escherichia coli bacteria were used according to manufacturer protocol. Briefly, the 

bacteria were thawed and mixed with DNA. The mixture was gently flicked and cooled on ice for 30 

minutes. Following this, a 42oC heat shock was applied to the bacteria for 30 seconds using a water bath. 

Following this, the mixture was cooled on ice for 5 minutes, then mixed with SOC medium and shaken 

at 180 rpm and 37 oC for 1 hour. Following this, the bacteria were smeared on LB agar plates containing 

an ampicillin antibiotic and incubated overnight at 37 oC. On the following day, bacterial colonies were 

seeded into liquid LB medium containing an ampicillin antibiotic. 

After transformation and bacterial incubation, the resulting pMA-cAMPr vectors were harvested from 

the bacteria. For this, DNA was purified from the bacterial preparations using a QIAprep Spin Miniprep 

Kit and then precipitated. The identity of the plasmid contained in the colony was confirmed using an 

analytical restriction, which utilized the BamHI restrictase in a 1 x CutSmart buffer. Following the 

restriction, DNA samples were sent for an exact sequence confirmation to the MicroSynth SeqLab. 

After the pMA-cAMPr vectors were prepared, it was possible to finally perform cloning into the pAAV 

vector. Notably, all of the preliminary steps were taken for two reasons. Firstly, it was desired to fully 

confirm the sequence of the amplicon using sequencing before it was cloned into the pAAV vector. This 

was done to prevent wasting resources on the cloning and preparation of faulty pAAV vectors. Secondly, 

it was also desired to optimize the conditions for pAAV vector ligation, which requires high 

concentration and pure DNA fragments, such as those that can be acquired from the restriction of a 

plasmid.  

In order to clone the cAMPr sequence into the pAAV vector, the pAAV backbone and the pMA 

intermediary vector were restricted and the fragments were then ligated. For the restriction, pMA cAMPr 

vector was cut using the NheI and HindIII restrictases in 1 x CutSmart buffer. Simultaneously, the pAAV 

backbone vector was also cut using the NheI and HindIII restrictases in 1 x CutSmart buffer. Following 

the restriction, the mixtures were electrophoresed on an agarose gel, the fragments of interest were cut 

out using a scalpel and purified using a QIAquick Gel Extraction Kit. The fragments were further 

purified by being precipitated with sodium acetate and ethanol and then taken up in TE. 

Following this, the concentration of the fragments was determined using an electrophotometer. 

Subsequently, the fragments were ligated using T4 DNA ligase in 1 x T4 Ligase Buffer. Briefly, the 

DNA was heated at 45 oC for 5 minutes, ligation was performed at 16 oC for 15 minutes and subsequently 

at 25 oC for 15 minutes. For the ligation, a molar ratio of 3:1 (insert:vector) was used. 
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After the pAAV-cAMPr constructs had been ligated, it was then necessary to transform these into 

bacteria. For this, it was required to use SURE electrocompetent bacteria instead of the 5-α bacteria used 

for normal transformation. This was done to ensure the survival of the ITR sequences of the ligated 

pAAV vectors, which are degraded inside 5-α bacteria. 

For the transformation, the SURE cells were placed on ice for ten minutes. Following this, DNA was 

added to the cells and gently stirred, then incubated on ice for one minute. After incubation, the bacteria 

were pipetted into a cuvette, dried and pulsed using 1.7 kV and a GenePulser device. The cells were 

then incubated at 37 oC in SOC medium while being shaken at 180 rpm. The bacteria were spread on 

LB agar plates with the ampicillin antibiotic, which were incubated overnight at 37 oC. 

On the next day, bacterial colonies were seeded into liquid LB agar medium. Following this, plasmids 

from the colonies were purified from the bacteria using the QIAprep Spin Miniprep Kit. The plasmids 

were then purified using precipitation and taken up in TE. The identity of the plasmids was confirmed 

using analytical restriction. For this, plasmids were cut in 1 x CutSmart buffer with the SmaI restrictase 

for 1 hour. The resulting fragments were electrophoresed on an agarose gel and the size of the fragments 

compared to the size of the predicted fragments. The colonies containing the plasmids of interests were 

kept at 4 oC for storage, following which they were used to seed a larger volume of liquid LB medium. 

These bacteria were grown overnight. 

Following the incubation, plasmids were extracted from bacteria using the Nucleobond PC 2000 

(Macherey-Nagel) kit according to manufacturer protocol. Briefly, bacteria were centrifuged and 

resuspended in an RNase a mixture. Following this, the bacteria were lysed and the bacterial mass 

suspended. The bacteria were suspended on ice and the supernatant transferred to a Nucleobond column. 

After binding of DNA, the column was washed and then eluted. The DNA mixture was precipitated and 

pelleted. Finally, the pellet was dissolved in TE. Following DNA dissolution, an analytical restriction 

was carried out using SmaI in 1 x CutSmart buffer to double check the identity of the plasmids. This 

restriction also served the secondary advantage of enabling us to determine the integrity of the ITRs. 

Following verification, the DNA was ready for viral preparation. 

2.1.3.3. Preparation of viral vectors using molecular cloning – AKAR4-cAMPs 

Preparation of the AKAR4-cAMPs AAV6 expression vector was largely similar to the procedure used 

for the cloning of the cAMPr AAV6 expression vector. As a result, only the unique portions of the 

protocol will be described. 

With regard to the plasmids used as the source for the AKAR4 sequence, a pcDNA3-AKAR4 was used 

after being ordered from Addgene 214. The primers used for amplification were AKAR4 sense and 

AKAR4 antisense (Table 1) For cloning sites, instead of the cloning sites used for the cAMPr vector, 

the AKAR construct amplicons were designed to use the EcoRI and HindIII cloning sites instead. 
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As the most crucial differentiating step, the intermediary AKAR4 vector (pMA-AKAR4) was 

transformed twice. This was done as immediate transformation into the pAAV vector using SURE cells 

was impossible and yielded mutated dimeric DNA, likely due to the presence of additional repeat 

sequences (the homologous CFP and YFP cDNA sequences of the AKAR4-cAMPs cDNA). As a result, 

the bacteria were first transformed into XL-10 gold bacteria, which degraded the ITR sequences only in 

some of the transformed plasmids. As a result, it was possible to harvest the plasmids from the XL-10 

gold bacteria (Stratagene) and then transform the ready-made plasmids (not the ligation mixtures) 

directly into the SURE cells. Notably, intermediary transformation was also tried using 5-α bacteria, 

however these completely degraded the ITR sequences in all plasmids. 

For transformation into XL-10 gold, the bacteria were thawed and β-mercapto-ethanol was dissolved in 

the mixture containing the bacteria. Following this, the ligation mixture was introduced into the bacteria 

and the tubes were gently stirred. The mixture was then incubated on ice for 30 minutes, following 

which they were heat pulsed for 30 seconds on a 42 oC water bath. The mixture was incubated on ice 

for 2 minutes and mixed with SOC medium. Subsequently, the bacterial mixture was shaken for 1 hour 

at 37 oC. The bacteria were then spread on plates containing ampicillin antibiotics and incubated at 37 

oC overnight. The next day, colonies were picked for plasmid purification. Plasmids were purified one 

day afterwards using the QIAprep Spin Miniprep Kit and purified additionally by being precipitated in 

ice-cold ethanol with sodium acetate, then washed with 70% ethanol and taken up in TE. 

After these plasmids had been prepared, they were transformed into SURE cells. This step and all the 

subsequent ones were carried out identically as for the cAMPr pAAV expression plasmid. 

2.1.3.4. Preparation of viral particles 

In all cases, the viral vectors were prepared in the form of AAV6 viral particles in collaboration with 

my supervisor, Dr. Kügler, and the lab technicians, Sonja Heyroth and Monika Zebski. Three steps were 

undertaken to prepare the vectors. To begin, HEK cells were transfected with the viral particles, allowed 

to grow and lysed. Then, the first extraction step was conducted using gradient centrifugation. Finally, 

the second extraction step was conducted using heparin column affinity chromatography. 

For production of viral particles using HEK cells, HEK293 cells were cultured inside cell factories at a 

density of 1 x 108 cells per cell factory. These cells were grown in DMEM (10% FCS, 1% PS) until 

reaching 50% confluency, after which their medium was replaced with DMEM (2% FCS). The cells 

were then transfected using the calcium-phosphate method, after which they were again incubated in 

DMEM (10% FCS, 1% PS). Around two days after transfection, the cells were lysed using the citric 

saline method. A sufficient degree of confluency was also required for deciding to lyse the cells 84,113. 

After the lysis of viral particles, iodixanol gradient ultracentrifugation was performed. In this procedure, 

iodixanol is used to create a set of density gradients, which are used to isolate components of a sample, 
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such as the lysate containing AAV viruses acquired after virus production. More specifically, AAV 

viruses separate themselves into one of the bands, which can then be extracted using a sterile needle 258.  

The resulting solutions were then purified subsequently using fast-protein liquid chromatography on 

Heparin affinity columns 84,113. Briefly, the solution is run through a column filled with heparin beads, 

which bind the AAV6 viral particles. After this, the rest of the lysate is washed off and the AAV6 viral 

particles are eluted with a solution that releases the AAV6 viral particles from the heparin column. The 

viral particles are then gathered as part of this eluate. Finally, the eluates are dialyzed extensively against 

PBS and the resulting virus samples are aliquoted and frozen at -80 oC 84,113,259. 

For verifying the purity of the viral particles, Coommassie staining and a SDS-PAGE analysis was used. 

The number of viral genome copies was then determined using quantitative PCR (qPCR) and divided 

by the number 30 to determine the total number of transduction units (infectious viral particles).  

Importantly, the number of transduction units of the viral sample was calibrated by comparing it to either 

previous preparation of the same virus or a virus expressing a similar protein (e.g. NLS‑mCherry). This 

was done to ensure consistency of protein expression across different preparations of the same virus. 

Notably, in the case of the series of viruses used for studying wild-type synucleins, the transducing units 

were calibrated across all the viruses, as all these viruses expressed NLS-mCherry (Figure 8A). 

For this calibration, two methods were used. For viruses expressing NLS-mCherry, neurons were 

transduced with viruses encoding NLS-mCherry at different amounts of transducing units during the 

first week of culturing, after which the level of mCherry fluorescence produced by the viruses were 

compared and the assumed number of transducing units corrected if the mCherry fluorescence did not 

match between the two viruses. For viruses not expressing NLS-mCherry, neurons were also transduced 

with viruses during the first week of culturing. After around 1 week, the neurons were lysed and the 

protein levels inside the lysates were compared using a Western blot. If protein amounts between two 

viral preparations were different, then the number of transducing units were corrected. 

2.1.4. List of used antibodies 

Primary antibody and dilution Secondary antibody and dilution Used for figure: 

Anti-α-synuclein (Syn211) 

(ThermoFisher, 32-8100, 1:1000) 

Anti-mouse HRP 

(Dianova, 666, 1:3000) 
Figure 21 

Anti-α-synuclein 

(BD Biosciences, BD610787, 1:1000) 

Anti-mouse HRP 

(Dianova, 1:3000) 
Figure 22 

Anti-neurofilament L (anti-NFL) 

(Cell Signaling, 2837, 1:500) 

Anti-rabbit Cy2 

(Dianova, 1:250) 

Figure 25, Figure 31, 

Figure 33 

Anti-MAP2 

(Sigma, ab5622, 1:500) 

Anti-rabbit Cy2 

(Dianova, 1:250) 

Figure 25, Figure 31, 

Figure 33 

Anti-synapsin 

(Synaptic Systems, 1:500) 

Anti-rabbit AlexaFluor 350 

(ThermoFisher, 1:250) 
Supplementary Figure 1 

 

Table 2. Table of antibodies used in different experiments.  

The primary and secondary antibodies have been indicated alongside the used dilution, as well as the figure 

corresponding to the experiment that they were used in. HRP = horse radish peroxidase, Cy2 = cyanine. 
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2.1.5. List of used macros, programs and calculation sheets 

Name Type Used for: 

mCherry_segmentation  ImageJ macro 
Segmenting NLS-mCherry images for identifying cell 

locations 

stack_deflicker ImageJ macro 
Correcting the movement artefact and the exposure 

time variation of GCaMP6 calcium activity videos 

FluoroSNNAP 260 Stand-alone program 
Detection of individual cell depolarizations from a 

calcium activity video 

GraphPad Prism Stand-alone program Visualization of data, statistics 

Affinity Designer Stand-alone program Illustrations for figures 

burst_identifier Excel spreadsheet 
Determining the number of network bursts and the 

percentage of neurons involved in network bursts 

presynapse_quantifier ImageJ macro 
Determining the number of active presynapses from a 

video of presynaptic calcium activity. 

neurite_quantifier ImageJ macro 
Determining the amount of neurites from an image of 

ICC-stained axons or dendrites 

akar_divider ImageJ macro 
Generating a FRET ratio image from the 

AKAR4‑cAMPs CFP and YFP signals 

scanner ImageJ macro 

Analyzing the FRET ratio image to determine the 

average FRET ratio per neuron (AKAR4-cAMPs) 

Analyzing the cAMPr image to determine the average 

level of neuronal cAMPr fluorescence (cAMPr) 

 

Table 3. List of macros and programs used over the course of the doctoral thesis. 

The various programs and ImageJ macros used in this study have been indicated. NLS-mCherry = nuclear 

localization signal tagged mCherry, CFP = cyan fluorescent protein, YFP = yellow fluorescent protein, FRET = 

Förster resonance energy transfer. 

 

2.1.6. List of substances 

Substance Target and function Used for figure: 

Rolipram (Abcam, 1 µM) Phosphodiesterase inhibitor Figure 27 

Rolipram (Abcam, 5 µM) Phosphodiesterase inhibitor Figure 6, Figure 7 

Forskolin (Abcam, 5 µM) Adenylate cyclase activator Figure 6, Figure 7 

Linderane (Cayman, 20 µM) Phosphodiesterase activator Figure 6, Figure 7 

SQ-22536 (Cayman, 20 µM) Adenylate cyclase inhibitor Figure 6, Figure 7 

ZD-7288 (Sigma, 10 µM) HCN inhibitor Figure 26 

BDNF (Cell Signaling, 2 nM) TrkB agonist Figure 26 

 

Table 4. List of substances used in the various figures.  

The substances used over the course of the study have been indicated, alongside their function and the figure that 

they were used in. HCN = hyperpolarization-activate cyclic nucleotide gated cation channel, TrkB = tyrosine 

receptor kinase B, BDNF = brain-derived neurotrophic factor. 

 

Substances used in the experiments were ordered from the manufacturer, following which they were 

dissolved in DMSO or water, aliquoted and stored at -20 oC (Table 4). For application of the substances 

alongside imaging, two methods were used. When using the inverted microscope, neuron plates were 

treated with the substance, which was pipetted into the medium in such a volume that it would be diluted 
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to the final concentration. After this, the cell plate was incubated inside the incubator for 30 minutes and 

then recorded. 

When using the immersion microscope, the substances were diluted inside the perfusion solution. These 

solutions were then introduced onto the neurons over the course of normal perfusion – the normal 

perfusion solution was switched to the solution containing the substance. 

2.2. Analytical methods 

2.2.1. Recording of neuron network bursts 

2.2.1.1. Transduction of neurons for analyzing network bursts (wild-type synucleins, tau protein) 

For the recording of neuron network bursts, neurons were transduced on DIV2 with 3x107 AAV virus 

particles encoding Bcl-xL as well as 3x107 AAV virus particles encoding GCaMP6. After this, neurons 

were transduced on DIV4 with 2x108 AAV virus particles encoding either a synuclein or tau protein 

cDNA (Figure 8A). The neurons were then incubated and fluorescence of these neurons was recorded 

on DIV10, DIV16, DIV19, DIV22, DIV25, DIV28 and DIV31.  

2.2.1.2. Transduction of neurons for analyzing network bursts (mutant synucleins) 

For the mutant synucleins, neurons were otherwise transduced identically as for wild-type synucleins 

and tau protein. However, on DIV4, a different set of AAV viruses was used (Figure 8B). Furthermore, 

on DIV4 the viruses were also transduced with 3x107 AAV virus particles encoding NLS-mCherry by 

itself. After this, the neurons were incubated and the fluorescence of these neurons was recorded on 

DIV16, DIV25, DIV28 and DIV31. 

2.2.1.3. Neuron recording setup 

For neuron recording, an Observer Z1 (Zeiss) microscope was used, which is an inverted microscope. 

This microscope was equipped with a plate incubator, which kept the cell plates in an environment 

consisting of 37 oC and 5% CO2 while they were being recorded. For this, the atmosphere was regulated 

by a Temp Module S (Zeiss) and a CO2 Module S (Zeiss), whereas the plate was contained inside a 

heating insert M24 2000 EC (Pecon) and an Incubator PM 2000RBT (Pecon). The heating insert and 

incubator were furthermore placed on a Zeiss microscope stage, which allowed for the manual 

movement of a culture plate. In order to supply the CO2, a properly secured carbon dioxide canister 

equipped with a pressure release regulator was installed near the microscope. The microscope was also 

powered using a Power Supply 322 (Zeiss). 

To supply the microscope with light, a Zeiss HXP 120V device was used, which was normally operated 

at the default setting (50% light strength). The microscope was equipped with a variety of filter cubes, 

of which two were required for analyzing the network bursts of neurons – a 43HE DsRed filter (Zeiss) 
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for NLS-mCherry detection and a GFP filter (Semrock) for GCaMP6 detection. For magnification, a 

Fluar 5x objective (Zeiss) was used with a 0.25 aperture. 

2.2.1.4. Recording NLS-mCherry fluorescence and the calcium activity of neurons 

In order to acquire images for the detection of neuron network bursts, two sets of fluorescent images 

were required. To begin, it was necessary to take a 2x2 binned static image of the NLS-mCherry 

fluorescence, which permitted the detection of neuron locations. Subsequently, a 2x2 binned video of 

the activity of the GCaMP6 calcium sensor was recorded. Importantly, for recording the calcium sensor 

activity, the exact same area of neurons was recorded, thus making it possible that the neurons identified 

using NLS‑mCherry fluorescence would be the exact same neurons recorded in the GCaMP6 calcium 

sensor activity video (Figure 9). 

 

Figure 9. Segmentation of cell nuclei using the "mCherry_segmentation" macro.  

(A) Composite image of NLS-mCherry expressing nuclei (red) alongside GCaMP6 expressing cytosols (green). 

Both images were acquired from neurons expressing γ-synuclein from DIV4 to DIV28. The green component of 

the image was acquired from a video of GCaMP6-expressing neurons during calcium activity. The red component 

was acquired by taking a separate image of mCherry-expressing nuclei. 

(B) Results of an automated identification procedure for nuclei. A source picture of mCherry-expressing nuclei 

(red fluorescence, left panel) and a post-processing image of identified nuclei (black shapes, right panel) are 

indicated.  

 

Before recording the neurons, the Greiner culture plate was extracted from the cell culture incubator and 

placed inside the microscope plate incubator for the duration of the measurement. During the 

measurement a set of standard practices was used. This included measuring the neurons in the plate 

incubator for no longer than 30 minutes and avoiding unnecessary illumination of the neurons using the 

microscope. These steps were taken in order to ensure minimal aggravation of the neurons during 

imaging, thus enabling the neurons to survive for multiple measurements. 

For recording the NLS-mCherry fluorescence of the neurons, an area of the neuron culture was selected 

which was about 50% of the distance between the left edge of the culture well and the center of the well, 

which usually contained 2000-3000 neurons. After this, a stack of images from taken of these neurons, 

which consisted of several images. Firstly, the stack contained NLS-mCherry images taken at several 

exposure times ranging from 50 ms exposure to 1 s exposure. After this, one static image was recorded 

of the GCaMP6 signal using 500 ms exposure and one image was also recorded using brightfield 

illumination.  
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After the NLS-mCherry image stack was taken, the exact same location was recorded to detect the 

calcium sensor signal. For this, every one second an image of the GCaMP6 signal was taken using a 500 

ms exposure time (1 Hz frame rate) for a total of 60 images. Importantly, this frame rate was selected 

as neuron network bursting involves a long-lasting calcium influx into the neurons, which could be 

detected easily even when the temporal resolution was very low. 

Once both the static NLS-mCherry image and the calcium sensor video had been taken, the next well 

was recorded using the same protocol. Only one image per culture plate well was taken as in most cases, 

taking more pictures was unnecessary due to the uniform character of network bursting across the entire 

culture. Furthermore, taking more pictures would not always have been possible because of the 30 

minute time limit for imaging one neuron culture plate. 

2.2.1.5. Segmentation of the image using the NLS-mCherry image stack 

After the images were acquired, they were analyzed using an automated procedure designed in ImageJ 

(Table 3, “mCherry_segmentation”) 261. In the first step, the stack of static images was processed, with 

the NLS-mCherry frames of this image being used to identify the locations of cells the image. Notably, 

these frames consisted of nuclei filled with NLS-mCherry, which were observable on the image as 

strongly fluorescent spherical structures (Figure 9). These spherical structures were optimal for 

identifying cell locations, as automated computer analysis procedures identify circular structures more 

easily than structures with a complicated shape (such as neurons). Notably, localization of the nuclei 

also enable the localization of cytosols, as in neurons, the cytosol surrounds the nucleus. 

For segmentation of the image, a custom-made ImageJ macro was used. This macro was designed to 

identify structures of interest (i.e. the cells) from the image based on three principles. Firstly, it was 

necessary to only identify structures, which were substantially brighter in the image than the background 

pixels. Secondly, it was necessary to separate clumps of structures, such as clustered neurons. Finally, 

it was necessary for the structure to be sufficiently large (at least 30 pixels), which would prevent bright 

pieces of cellular debris from being identified as neuronal nuclei. 

In order to accomplish the first goal, the image was first pre-processed by several background 

subtraction steps (including ImageJ utility “Subtract Background”), which significantly increased the 

contrast between the neuronal nuclei and the background 261. Following this, Phansalkar local 

thresholding was performed, where the program would identify neuronal nuclei based on their relatively 

higher brightness compared to background pixels 262. 

After this, the image was segmented a second time for the identification of dim structures. This was 

necessary because the Phansalkar thresholding method is not capable of identifying dim structures when 

they are located immediately next to a bright structure. In order to analyze the image a second time, all 

of the neuronal nuclei identified during the first round of Phansalkar thresholding were subtracted from 
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the original image. After this was performed, Phansalkar thresholding was applied on the image again, 

thus detecting the dimmer neurons. 

After structure identification, clusters of neurons were separated. For this, a maxima-based watershed 

method was used. This method made use of the fact that each fluorescence signal of a NLS-mCherry 

marked nucleus contained only one local maximum (spot of brightest fluorescence). Therefore, clustered 

neurons could be separated using these local maxima, as each neuron only had one. In order to achieve 

this, utilities included with the ImageJ platform were used, including a maxima-locating program and a 

maxima-based watershed 261,263. 

After separating the neuronal clusters into individual neurons, it was necessary to filter these neurons 

for size. In this stage of analysis, the image had been processed into binarized masks, with identified 

structures taking the form of black structures on a fully white background (Figure 9). These structures 

were then filtered for size using the “Analyze Particles” utility in ImageJ. Structures composed of 120 

pixels or more (30 pixels or more was also used in some cases) were identified as neurons, whereas the 

rest were excluded as debris. 

Finally, the amount of identified structures was counted to determine the number of neurons in the 

image. Finally, the masks of the identified neurons were slightly enlarged, having the impact of 

enlarging the contours of the identified neurons for the next stage of analysis. This was done to ensure 

that the neuronal cytosol was included inside the mask (contour). 

2.2.1.6. Segmentation settings 

Importantly, the macro used for segmentation enabled the use of multiple settings. Firstly, the NLS-

mCherry image used to segment the image could be altered. Namely, some NLS-mCherry pictures were 

taken with a higher exposure time, resulting in the image having a greater brightness. Others were taken 

with a lower exposure time, resulting in the image having a lower brightness. If higher exposure time 

pictures were used for segmentation, the analysis would be more sensitive but the false detection rate 

would be increased. If lower exposure time pictures were used for segmentation, the opposite would be 

the case. 

Secondly, the size filter of the analysis algorithm could also be altered. Namely, it could be selected 

whether the analysis would require structures to be 30 pixels in size or larger to be detected as neurons 

or as much as 120 pixels in size or larger. If the former criterion was used, the analysis would be more 

sensitive but the false detection rate would be increased. If the latter criterion was used, the opposite 

would be the case. 

In this study, NLS-mCherry images with an exposure time of 1000 ms were segmented when the image 

was acquired on DIV10. Furthermore, when processing images from this timepoint, structures 30 pixels 

in size or larger were detected as neurons. These settings were selected for this timepoint, as at this 
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timepoint, the increased false detection rate was not particularly important – less debris was apparent in 

the neurons at this timepoint than the subsequent timepoints due to the culture not being aged. In 

contrast, the increased sensitivity was considered advantageous, as it would increase the chance of 

detecting the neurons, which possessed only a medium intensity of fluorescence on DIV10. 

Meanwhile, NLS-mCherry images with an exposure time of 500 ms were segmented when the image 

was acquired on DIV16 or later. Furthermore, when processing images from this timepoint, structures 

that were 120 pixels in size or larger were detected as neurons. These more strict settings were required 

for this timepoint, as at this timepoint, more fluorescent debris was present in the culture medium, which 

were falsely detected as neurons under more lenient settings. 

2.2.1.7. Pre-processing of the GCaMP6 calcium activity recording 

Notably, the GCaMP6 calcium activity recording would occasionally contain artefacts caused by either 

faults of the imaging equipment or by experimental error. The most common artefact was a “flickering” 

phenomenon, where some frames of the calcium recording were brighter than other frames, which was 

caused by small fluctuations of the exposure time. The second most common artefact was a movement 

artefact, where the neurons in the video moved slightly compared to their initial position. This was likely 

caused by accidentally pushing the microscope or the table that it was placed on. 

In order to correct this artefact, a separate ImageJ macro was created (Table 3, “stack_deflicker”). This 

macro performed two tasks. Firstly, the flickering artefact was corrected using a “Stack Deflicker” 

ImageJ utility (designed by Jesper Pedersen), which also corrected the image for bleaching 261. Secondly, 

the movement artefact was corrected using the “StackReg” ImageJ utility (designed by Philippe 

Thevenaz) 261. 

2.2.1.8. Analysis of the calcium activity of the neurons to determine individual neuron 

depolarizations 

After pre-processing the calcium activity recording, the next step was to determine the depolarizations 

of individual neurons based on the calcium activity recording, for which the program FluoroSNNAP 

was used 260. Notably, both the identified neuron locations (in the form of binarized masks) and the pre-

processed calcium activity recording were used for this analysis step. 

As the first step, the neuron locations were converted to the format used by the FluoroSNNAP program. 

For this, the binarized masks were processed using the “Threshold” tool of the program’s “Segmentation 

GUI” utility, which allowed the program to recognize the locations and to save them as a file compatible 

with Matlab (the coding language of FluoroSNNAP).  

Following this, the measurement settings were modified as follows. Firstly, in the setting screen 

“Analysis Modules”, only the basic analysis was selected, for which all verification boxes in the screen 

were unchecked. Secondly, in the setting screen “Acquisition Frame Rate”, the frame rate was set to 1 
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frame per second. Thirdly, in the settings screen “Baseline Fluorescence”, 3 seconds was used as the 

time window, whereas 10% was used as the “Percentile for baseline fluorescence”.  

After this, the images were analyzed by the program as described in Patel et al. 260. Briefly, the image 

was processed in several steps. Firstly, the program determined the average fluorescence of the neurons 

over the course of the calcium imaging video, after which the fluorescence was normalized by 

calculating the factor (F-F0)/F0, where F is the fluorescence and F0 is the lowest decile of the fluorescence 

values measured over the previous 3 seconds. This normalized fluorescence was then used to detect 

peaks using a spike detection algorithm custom-prepared by Patel et al., which involved comparing the 

spikes of the normalized fluorescence to a database of possible calcium spike shapes 260. Based on this, 

the program produced a raster file, where depolarization events for each neuron over 60 seconds were 

recorded. These results could be visualized in a variety of ways, for instance as a raster plot (Figure 10). 

 
 

Figure 10. Example raster plot produced by the FluoroSNNAP program. 

An example raster plot demonstrating non-stimulated network bursting for cultures overexpressing γ-synuclein 

from DIV4 to DIV28. Dots aligned in a row = depolarization events by an individual neuron. The data for this 

raster plot was generated by FluoroSNNAP, whereas the raster plot design was generated using GraphPad Prism. 

2.2.1.9. Analysis of individual neuron depolarizations to determine network bursts 

After the FluoroSNNAP program had been used to determine individual neuron depolarizations, the 

number of network bursts was determined alongside the amount of neurons contributing to each burst, 

which was done using a custom-made Excel spreadsheet (“burst_identifier”, Table 3). As mentioned, 

network bursts are a type of neuron culture event, where a large segment of the entire culture becomes 

depolarized over the course of a ~5 seconds. Thus, the basic concept for identifying network bursts was 

to determine the rate of network activation over the recording in 5 second time windows. If this 

percentage of activation was significantly higher than the percentage of activation during regular 

activity, the event was identified as a network burst. Notably, time windows were used as neurons 

involved in the same network burst underwent depolarization during different seconds – some neurons 

would depolarize a second earlier and some a second later than others. 

To detect network bursts, the FluoroSNNAP analysis data was exported in the form of a spreadsheet 

containing the exact time at which an individual neuron depolarization event was detected (in seconds 

from beginning of recording). This data was then entered into the “burst_identifier” Excel spreadsheet. 

In this spreadsheet, the number of neurons (as % of total neurons) undergoing a depolarization were 
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determined for each second of the recording. On the basis of these values, the number of neurons (as % 

of total neurons) was determined that underwent a depolarization inside a 5-second time window. 

These 5-second time windows were then used to identify network bursts. A network burst was registered 

when the amount of depolarizing neurons (as % of total neurons) inside a time window was 10% higher 

than the amount of depolarizing neurons (as % of total neurons) during a time window consisting of 

background activity. For instance, if 43% of the neurons depolarized during one time window and 12% 

during a time window consisting of background activity, a burst was considered to have taken place in 

the first time window. 

After the burst was identified, the percentage of total neurons involved in this activity was also 

determined. For this, the amount of depolarizing neurons during the background activity was subtracted 

from the amount of depolarizing neurons during the network bursts. For instance, in the example inside 

the above paragraph, the percentage of total neurons involved in that network burst would have been 

determined to be 31% (12% subtracted from 43%). 

After the analysis had been performed, the number of network bursts was stored in GraphPad Prism 

software. The percentage of total neurons involved in each network burst was stored as well. 

2.2.2. Data visualization 

For data visualization, three different types of software were used – GraphPad Prism, Affinity Designer 

and Microsoft Word. 

GraphPad Prism was used for several purposes. To begin, it was used as the main software for storing 

the numerical values from various experiments and furthermore, to compile the results of different 

repeats of the same experiment. GraphPad Prism was also used to generate a variety of different graphs. 

Basic graphs were generated as “Column” type graphs (e.g. Figure 3), whereas the majority of graphs 

were generated as “Grouped” type graphs (e.g. Figure 18). Beyond the creation of graphs, GraphPad 

Prism was also used to create scatter plots (e.g. the plot in Figure 18). 

In all cases, data was displayed as a column graph with an error bar, with the height of the column graph 

indicating the mean of the sample, whereas the error bar depicted the standard deviation of the sample 

(e.g. Figure 18). In some cases, the means were also indicated further as values organized into a table, 

as in Figure 21. 

Meanwhile, additional illustrations were created using vector graphics software Affinity Designer. In 

some cases, the illustrations were created from geometric shapes (e.g. Figure 8). In other cases, it was 

used to create illustrations from recordings of neurons, which were exported from the original images 

using ZEN software (Zeiss) or ImageJ. Finally, table figures were created with the help of Microsoft 

Word. 
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2.2.3. Statistical analysis of data 

2.2.3.1. Unpaired two-tailed t-test with Welch’s correction 

To compare whether the mean of two samples is different, our study used an unpaired two-tailed t-test 

with Welch’s correction. For this, our study used GraphPad Prism software. An example of a figure 

using this type of statistical analysis is Figure 18. 

In general, the t-test is a type of analysis involving two hypotheses, with one proposing that the two 

compared means are not different (that the means are equal), whereas the other one proposes that the 

two compared means are different (the means are not equal). In this test, a t-statistic is calculated from 

the means, standard deviations and sample sizes of the datasets. Following this, the p-value is calculated, 

which indicates the chance that two randomly selected sample datasets would have means as far apart 

as the two means in the comparison 264.  A low p-value thus indicates a greater likelihood that the two 

means being compared are indeed different from each other. 

Meanwhile, our study used an unpaired t-test, as our compared samples were not matched – the neuron 

populations that were being compared were not the exact same population under a different treatment, 

but two independent neuron populations grown separately. Furthermore, Welch’s correction was used, 

as this is the type of test that is used when it is not known if the variance (standard deviation) of the 

compared samples is different or identical. Finally, a two-tailed t-test was used, as this type of test is 

used when it is not known which of the compared samples is larger – a one-tailed t-test can only be used 

when it is known one of the two sample means is larger 264. 

In order to determine if the two calculated means were significantly different, the p-values were 

compared to different α, which is a value indicating the cutoff point, below which p-values indicate a 

significant difference. For this study, the α was selected to be 0.05, as per convention. Additionally, the 

size of the p-values were indicated on the graphs using asterisks. The meaning of the asterisks are as 

follows – * indicates 0.01 < p < 0.05, ** indicates 0.001 < p < 0.01, *** indicates 0.0001 < p < 0.001, 

**** indicates p < 0.0001 264. 

2.2.3.2. Post-hoc statistical power test 

In order to determine the post-hoc statistical power of the sample comparisons, GPower 3.1. software 

was used 265. In terms of what it describes, statistical power is a numerical value that indicates the chance 

of identifying a significant difference using the given sample size and effect size, assuming that such a 

difference actually exists. A higher statistical power thus indicates a higher likelihood of finding actual 

significant differences between two samples 264. 

For determining post-hoc statistical power, a two-tailed test for two independent means was used, which 

calculated the statistical power as a function of the size of the samples, the means of the samples and 
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the standard deviations of the samples. In our study, the statistical power was determined for all 

statistically significant comparisons and included in the figure legend. 

2.2.3.3. One-way ANOVA 

To determine whether more than two population means were equal, a one-way analysis of variance 

(ANOVA) with Tukey’s multiple comparisons test was used. For this, GraphPad Prism software was 

used. In terms of what it describes, the basic type of comparison performed by the ANOVA test is similar 

to the basic type of comparison by the t-test, except that the means of more than two samples are 

compared. The calculation process is also different, with the p-value determined by calculating a so-

called F ratio, not a t-statistic, as in the case of the t-test 264. 

2.2.4. Quantification of protein amounts using a Western blot analysis 

2.2.4.1. Lysate acquisition 

For gathering lysates and culture mediums, a solution was prepared containing Tris (1 M) sodium 

dodecyl sulphate (SDS, 0.5%), dithiothreitol (DTT, 100 mM) and protease inhibitor (PI, 1 x). After this, 

culture plates containing neurons were taken from the incubator, their medium was gathered into 

Eppendorf tubes and the culture wells were washed. Following this, 80 µl of the lysis buffer was pipetted 

into the culture well. The lysis buffer was then applied on the neurons and the neurons were scraped 

from the coating with a pipette tip that had been cut to have a blunt wide end 84. 

Following this, the lysate was pipetted into an Eppendorf tube, quickly centrifuged and then sonicated 

with an ultrasonic homogenizer (UW 270 Bandelin Electronics) for 10 seconds. Following this, the 

neurons were centrifuged for 30 minutes at 13000 rpm and 4 oC. After the centrifugation was done, the 

supernatant was extracted, aliquoted and stored at -20 oC 84. The previously gathered culture mediums 

were also aliquoted and stored at -20 oC. 

2.2.4.2. Bicinchoninic acid (BCA) assay 

For determining the concentration of protein inside the lysates, a BCA assay was used. For this assay, 

the lysates were thawed and diluted, whereas to provide a point of comparison, various dilutions of a 

bovine serum albumin (BSA) standard were also prepared. Then, 10 µl of the dilutions were loaded onto 

the plate, after which the dilutions were treated with 190 µl of a mixture consisting of reagents A and 

reagents B of the Pierce BCA Protein Assay Kit (ThermoFisher). The 96-well plate was then incubated 

inside a 37oC incubator for 30 minutes. 

After incubation, the 96-well plate was extracted and transferred into a Spark 10M plate reader (Tecan), 

which measured the absorbance of each well at a 562 nm wavelength. The measured absorbances were 

then transferred into an Excel table, where the known masses of the BSA standard and their measured 

absorbances were used to create the calibration curve. This calibration curve was then in turn used to 
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determine the amount of protein in the sample wells, which was used to determine the concentration of 

the protein lysate. 

2.2.4.3. Preparing acrylamide gels 

Before conducting the Western blot, acrylamide gels were prepared. For this, an assembly consisting of 

a spacer glass and a short glass fixed using a casting frame was prepared. Following this, a mixture was 

prepared containing 125 mM Tris, 0,1% SDS, 12-20% acrylamide, as well as acrylamide polymerization 

catalysts APS and TEMED. Before hardening of this mixture, it was transferred to the assembly so it 

could be hardened into a resolving gel. Before allowing the gel to harden, the top edge of the resolving 

gel was levelled by addition of 100% ethanol or isopropanol. 

After the gel had fully hardened, the ethanol was poured off and the upper side of the gel was washed 

using water. After this, a mixture was prepared consisting of 375 mM Tris, 0.1% SDS and 4% 

acrylamide, as well as the acrylamide polymerization catalysts APS and TEMED. The mixture was then 

pipetted on top of the resolving gel until reaching the edge of the two spacer and short glasses. After 

this, a comb was placed inside the gel, which was done to form slots for protein samples in the second 

layer of the gel. Subsequently, the second layer of the acrylamide gel was allowed to harden into the 

stacking gel. After this was complete, the acrylamide gel was wrapped inside wet tissue paper and stored 

in a bag at 4 oC. 

2.2.4.4. Western blot procedure 

For performing the Western blot, lysates were extracted from the freezer and thawed, after which a pre-

calculated amount of lysate was mixed with 6x SDS loading buffer (consisting of Tris, glycerol, SDS 

and bromophenol blue) and distilled water. Similar mixtures were also prepared from a protein standard 

(e.g. an α-synuclein or γ-synuclein protein standard). Then, the mixture was heated at 95 oC for 5 minutes 

in order to ensure the denaturation of the protein’s secondary structure. During this time, a pre-prepared 

acrylamide gel was placed inside a Western blot chamber (Bio-Rad) filled with electrophoresis buffer 

(25 mM Tris, 190 mM glycine, 0.1% SDS), following which the slots of the gel were washed with the 

same buffer. 

After the Western blot mixtures had been heated, they were allowed to cool briefly, following which 

they were transferred onto the gel alongside a PageRuler protein ladder (ThermoScientific). The gel was 

then attached to an electrophoresis device and electrophoresed at 70 V for 20 minutes, after which it 

was electrophoresed at 100 V for as long as was needed for full separation of proteins on the gel. This 

process was tracked using the protein ladder. 

After the gel had been fully run, they were moved into a room with 4 oC temperature. In this room, 

protein transfer from the gel to the membrane was conducted, for which a polyvinylidene fluoride 

(PVDF) Immobilon transfer membrane (Merck Millipore) was used. In order to facilitate the transfer, 

an assembly was created consisting of a sponge, blotting paper, gel, membrane, blotting paper and 
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sponge. This assembly was then secured and transferred into a Bio-Rad membrane transfer device in 

such a way that the gel was aligned towards the cathode side of the device, whereas the membrane was 

aligned towards the anode side of the device, thus enabling transfer from gel to membrane. 

Subsequently, the transfer device was placed inside the Western blot chamber and filled with 1x transfer 

medium (20% methanol, 25 mM Tris, 192 mM glycine, pH 8.3). Protein transfer was then conducted at 

100 V for 1 hour. Importantly, in order to prevent heating of the transfer buffer, a container filled with 

ice was added into the Western blot chamber and the chamber was surrounded on the outer side with 

additional ice. 

After the transfer was completed, the membrane was transferred into a PBS solution containing 4% 

paraformaldehyde (PFA) and 0,1% glutaraldehyde (GA). This was done to fix the proteins, thus 

minimizing protein loss during the subsequent experimental stages. The fixing procedure was carried 

out for 30 minutes at room temperature. In order to prevent spread of toxic PFA and GA gases, this 

experiment was conducted under a fume hood. 

After the membrane was fixed, it was washed three times with a TBS-T solution (20 mM Tris, 137 mM 

NaCl, 0.1% Tween-20) for 10 minutes each. Subsequently, the membrane was transferred into a 

blocking solution, which took the form of either milk powder (5%) or BSA (4%) diluted in TBS-T. In 

this solution, the membrane was then blocked for 60 minutes at room temperature.  

During the blocking of the membrane, a dilution was prepared of the primary antibody inside the 

blocking solution inside a 50 mL Falcon tube (experiment-specific details on Table 2). After the 

blocking was done, the membrane was then transferred into this Falcon tube and rolled on a SRT6 rolling 

device (Stuart) at 4 oC overnight. 

On the next day, the membrane was extracted from the Falcon tube and washed inside TBS-T three 

times for 10 minutes each. During the washing procedure, a dilution was prepared of a horse radish 

peroxidase (HRP) conjugated secondary antibody, which was selected to bind the primary antibody 

(experiment-specific details on Table 2). This antibody was the diluted inside the blocking solution 

inside a 50 mL Falcon tube. After the membrane was washed, it was subsequently transferred into this 

Falcon tube and rolled on a rolling device at room temperature for 1 hour. 

After the membrane had been incubated with the secondary antibody, it was washed again inside TBS‑T 

three times for 10 minutes each. During the washing, two solutions were heated to room temperature – 

ECL solution 1 (2.5 mM luminol, 0.4 mM p-coumaric acid, 100 mM Tris) and ECL solution 2 (0.018% 

H2O2, 100 mM Tris). After the membrane had been washed, the two ECL solutions were mixed together 

1:1, after which the surface of the membrane was covered with the mixture and incubated at room 

temperature for 1 minute. Subsequently, the membrane was placed between two pieces of plastic and 

transferred to a PhosphoImager device. This was done to measure the light response, which is produced 

by the secondary antibody conjugated HRP enzyme when it oxidizes luminol in the presence of 
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hydrogen peroxide. The strength of this light intensity was thus proportional to the amount of secondary 

antibody, which was in turn proportional to the amount of primary antibody and through that, the amount 

of protein inside the membrane 84. 

Importantly, four technical replicates were conducted for each Western blot membrane. This involved 

four identically loaded Western blot gels, which were treated identically. 

2.2.4.5. Determining the mass of protein samples  

For determining the mass of various protein samples, the strength of their Western blot signals was 

measured using Image Lab software (Bio-Rad), after which a calibration curve was prepared using the 

strength of the Western blot signals and the known masses of α-synuclein standards (Figure 11). More 

specifically, a linear curve was prepared, for which the GraphPad "Simple Linear Regression" analysis 

modality was applied. Finally, in order to predict the mass of protein samples from this linear curve, the 

“interpolate unknowns from standard curve” GraphPad Prism utility was used, with the input values 

being the sample band Western blot signal intensities. 

 

Figure 11. Example of a calibration curve used to determine α-synuclein mass. 

Visualization of a calibration curve used for α-synuclein mass determination. Red line = linear regression curve, 

points = data points from an α-synuclein standard. The r2 value has also been indicated. 

2.2.4.6. Determining the concentration of α-synuclein inside and outside the neurons 

Notably, in Figure 21, the concentration of α-synuclein was calculated both inside and outside the 

cultured neurons. For this, a formula was used for determining the molar concentration as a function of 

α-synuclein mass, volume and molar mass (Figure 12).  

 
 

Figure 12. Formula used for calculating the intracellular and extracellular molar concentration of 

α‑synuclein. 

Image of the concentration calculation formula. CM = molar concentration (M), m = mass (g), M = molar mass 

(g/mol), volume (L). 

 

Of these parameters, the molar mass of α-synuclein was acquired from the UniProt database. In order to 

determine the total mass of intracellular and extracellular α-synuclein, a known fraction of the lysate or 
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culture medium (e.g. 1% of the total) was loaded onto the Western blot gel alongside α-synuclein protein 

standards of known mass. These were then used to determine the mass of the lysate/medium fraction, 

which was multiplied to determine the total mass of α-synuclein (e.g. if 1% of the total was used, the 

mass was multiplied 100 times for the total mass). 

For determining the volume of the cultured neurons used to prepare the lysate, the total number of 

neurons in the culture was determined using neuron counting, following which this number was 

multiplied by a previously published value of individual neuron volume (6 picoliters) 266-268. Meanwhile, 

the volume of the extracellular medium was determined using pipette measurement. 

2.2.5. Studying the impact of extracellular α-synuclein using cell culture supernatant 

exchange 

For conducting the medium exchange experiments, three populations of neurons were used. The first 

population of neurons (“donor neurons”) was transduced with AAV viral particles inducing expression 

of synuclein, whereas the second population (“receptor neurons”) was not. More specifically, the donor 

neurons were transduced on DIV2 with 3x107 AAV transducing units for expression of Bcl-xL and 

3x107 AAV viral particles for expression of GCaMP6. Then on DIV4, the donor neurons were 

transduced with 2x108 AAV transducing units for expression of α-synuclein. Meanwhile, the receptor 

neurons was transduced only with viral particles encoding Bcl-xL or GCaMP6. The donor and receptor 

neurons were then cultured in parallel until the day of medium exchange. 

For the experiment depicted on Figure 23, the medium exchange was conducted on DIV22. To conduct 

this medium exchange, the medium of the receptor neurons was removed, after which the entire medium 

was gathered from the donor neurons and transferred to the receptor neurons. After this, the neurons 

were recorded 1 day, 3 days and 9 days after the exchange in order to determine the frequency of network 

bursts. 

For the experiment depicted on Figure 24, the medium exchange was conducted on DIV28. For this, the 

medium of the donor neurons was removed, after which the medium of the receptor neurons was 

gathered and transferred to the donor neurons. After this, the neurons were imaged 1 day and 3 days 

after the exchange in order to determine the frequency of network bursts. 

2.2.6. Quantification of pre-synapses using Sy-GCaMP 

2.2.6.1. Transduction of neurons for analyzing network bursts  

For the quantification of presynapses, neurons were transduced on DIV2 with 3x107 AAV virus particles 

encoding Bcl-xL as well as 1x108 AAV virus particles encoding Sy-GCaMP. After this, neurons were 

transduced on DIV4 with 2x108 AAV virus particles encoding either a synuclein or tau protein (Figure 

8). The neurons were then incubated and recorded on DIV16, DIV25, DIV28 and DIV31. 
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2.2.6.2. Recording synaptic calcium activity 

For recording the neurons, the same microscope and equipment was used as for the recording of network 

bursts, involving the inverted microscope Axio Observer Z1. However, instead of using a 5x objective, 

an LD-Plan 40x 0,6 aperture objective was used (Zeiss), which provided a larger magnification required 

for the detection of small synaptic structures.  

Furthermore, to track the change of synaptic calcium activity over time, a 2x2 binned video was taken 

of the Sy-GCaMP3.5. signal using a GFP filter cube (Semrock). For this video, one image was taken 

every second for a total of 60 seconds. The exposure time for each image was ~500 ms, with the exposure 

time calibrated slightly at the beginning of each experiment to ensure a similar level of fluorescence as 

previous repeats of the same experiment. This was necessary, as the analysis algorithm was sensitive to 

the absolute amount of fluorescence. 

2.2.6.3. Analysis of the synaptic calcium activity video 

For image analysis, the "presynapse_quantifier" macro was used (Table 3). This macro used the 

previously acquired synaptic calcium activity video of a neuronal culture expressing Sy-GCaMP3.5. 

The basic design principle was to identify structures that underwent a calcium increase and then to count 

these structures as an indicator of the number of active presynapses (presynapses that underwent calcium 

activity). 

More specifically, the macro first corrected the image for two types of artefacts that were also 

characteristic of the GCaMP6 recordings used to identify network bursts. Namely, the Sy-GCaMP3.5. 

videos exhibited a flickering artefact, where the exposure time of the image changed slightly, causing a 

one second increase of the fluorescence intensity of the image. In addition to this, the videos possessed 

movement artefacts caused by accidentally pushing the microscope or the desk that the microscope was 

stationed on. In order to correct the flickering artefact, the "Stack Deflicker" ImageJ utility was used, 

whereas to correct the movement artefact the "StackReg" ImageJ utility was used. Importantly, the 

"Stack Deflicker" method also functioned to correct the image for bleaching. 

After the artefacts were corrected, ImageJ utilities were used to create a maximum projection and 

minimum projection image, which, respectively, were images depicting either the highest or lowest light 

intensity at each pixel location over the 60 second recording. After this, the minimum projection image 

was subtracted from the maximum projection image using the ImageJ "Image Calculator" utility 261. The 

result was an image depicting the total change in calcium sensor fluorescence over 60 seconds at each 

pixel, with active synapses that underwent calcium influxes being strongly highlighted over debris and 

background structures.  

After this, the level of background in the image was further reduced using the "Smooth", "Subtract 

Background" and "ROF denoise" utilities in ImageJ. Following this, two fold the average fluorescence 

of the image was subtracted to set the intensity values of all background pixels to 0. The image was then 
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binarized using the "Threshold" utility of ImageJ, yielding an image of black particles on a white 

background. 

These particles were then filtered with size. More specifically, excessively small structures (structures 

smaller than 64 pixels) were excluded to prevent detection of artefacts. The number of the remaining 

structures was then counted. Subsequently, the number was divided by the size of the imaging area 

(0.091 mm2) in order to yield the number of active presynapses per mm2. This number was then recorded 

in GraphPad Prism for later statistical analysis.  

2.2.7. Determining the amount of axons and dendrites using immunocytochemistry 

In order to determine the amount of axons and dendrites, several steps were carried out. To begin, 

neurons were transduced and incubated until DIV16 or DIV28. After this, the neurons were fixed using 

PFA and stored at 4 oC. Then, the neurons were extracted and stained with a primary antibody against 

either NFL (for axons) or MAP2 (for dendrites), after which they were visualized with a secondary 

antibody conjugated to a Cy2 fluorescent protein. Subsequently, the stained neurons were recorded using 

an Axio Imager Z2 microscope and finally, the amount of neurites was quantified using the custom-

made ImageJ macro "neurite_quantifier" (Table 3). 

Notably, the axonal and dendritic marker were selected based on previously published studies, which 

indicated that NFL was abundant in axons, whereas MAP2 was abundant in dendrites 253,269,270. In order 

to demonstrate that these markers indeed stained distinct structures, a culture of neurons were stained 

against both markers using ICC, revealing that distinct structures were indeed stained (Figure 13). 

 
 

Figure 13. MAP2 and neurofilament L are present in distinct neuritic structures, as determined by ICC 

staining. 

Fluorescence image showing an immunocytochemical stain against MAP2 (red) and neurofilament L (green). The 

antibodies anti-neurofilament L (Cell Signaling) and anti-MAP2 (Sigma) were used. 

2.2.7.1. Transduction setup (wild-type synucleins, tau protein) 

For determining the amount of neurites, neurons were plated on culture plates containing coverslips. 

Then, neurons were transduced on DIV2 with 3x107 AAV virus particles encoding Bcl-xL. After this, 

neurons were transduced on DIV4 with 2x108 AAV virus particles encoding either a synuclein or tau 

protein (Figure 8A). The neurons were then incubated until DIV16 or DIV28, after which they were 

fixed, stained using immunocytochemistry and recorded. 
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2.2.7.2. Transduction setup (β-synuclein P123H mutant) 

For determining the impact of the β-synuclein P123H mutant, a similar transduction setup was used. 

However, on DIV4, a different set of synuclein-encoding AAV viruses was used (Figure 8B). 

Furthermore, on DIV4 the viruses were also transduced with 3x107 AAV virus particles encoding NLS-

mCherry. 

2.2.7.3. Fixing plates using 4% PFA 

For fixing the plates, culture plates containing neurons were extracted from the culture incubator on 

DIV16 or DIV28. Subsequently, the culture medium of the neurons was removed and the neurons were 

washed twice with PBS. After this, the neurons were treated at room temperature for 15 minutes with a 

4% paraformaldehyde (PFA) dilution in PBS.  

Once this treatment was done, the neurons were washed twice with PBS for five minutes each. Following 

this, PBS containing 0.02% sodium azide was pipetted on neurons, after which the culture plates were 

wrapped in parafilm and stored at 4 oC until immunocytochemistry. 

2.2.7.4. Staining neurons using immunocytochemistry 

For immunocytochemistry, the plates were brought to room temperature. Following this, the sodium 

azide containing PBS was removed and the neurons were treated for 5 minutes at room temperature with 

T-PBS (PBS containing 0.1% Triton X100). During this step, a blocking solution was created consisting 

of 5% normal goat serum (NGS) and 1% bovine serum albumin (BSA) inside T-PBS. After the neurons 

had been treated with T-PBS, the neurons were treated for 1 hour at room temperature with the blocking 

solution. In order to ensure that the neurons were blocked evenly, the neurons were shaken using a 

PSU‑20i plate shaker (Grant bio) for the duration of this treatment. 

During the blocking, an antibody dissolution mixture was created, for which 5% NGS was diluted in 

T‑PBS. After creating this mixture, dilutions were created of the primary and secondary antibody. For 

imaging axons, a 1:500 dilution of anti-NFL primary antibody was created, whereas for imaging 

dendrites, a 1:500 dilution of anti-MAP2 primary antibody was used. For both primary antibodies, a 

Cy2 conjugated anti-rabbit secondary antibody was utilized, which was diluted 1:250 (Table 2). 

After the neurons had been blocked, the blocking solution was removed and the neurons were treated 

with the dilution of the primary antibody overnight at 4 oC. During the incubation, the plate was shaken 

using an ST5 plate shaker (neoLab). For the duration of this incubation, the secondary antibody dilution 

was stored at 4 oC. 

The subsequent day the primary antibody dilution was removed and the neurons were washed 3 times 

with T-PBS for 5 minutes each. After this was complete, the neurons were treated with the secondary 

antibody dilution at room temperature for 1 hour, during which the plate was shaken using the PSU-20i 
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plate shaker. Subsequently, the secondary antibody dilution was removed and the neurons were again 

washed with T-PBS for 5 minutes each. 

Following this, the coverslip containing neurons was extracted using sterile pincers, washed with water, 

dried and mounted on microscope slides using Mowiol (Roth). Following this, the coverslips were ready 

for imaging. 

2.2.7.5. Recording ICC-stained neurites using fluorescence microscopy 

In order to record the neurites, the general intention was to acquire an image of both the neurites as well 

as well as image of the nuclei expressing NLS-mCherry. The second image was acquired to identify the 

location of cytosols (located peripherally to the nuclei), which were subtracted from the image during 

the analysis. 

In order to acquire the images, a set of devices was used consisting of the Axio Imager Z2 microscope 

(Zeiss), the HXP 120V light source (Zeiss) and the microscope power supply 232 (Zeiss). The 

microscope furthermore utilized a Plan-Apochromat 40x 0.95 aperture objective (Zeiss) to achieve a 

sufficient magnification to detect neurites. For identifying the NLS-mCherry signal, a 45 Texas Red 

objective (Zeiss) was used, whereas for identifying the Cy2 signal, a "GFPxtra" filter was used with the 

following settings – emission range 473-491 nm, beam splitter 495 nm, excitation range 506-534 nm. 

In both cases, the light source was operated at 48% intensity. 

Thus, in order to record the neurites, microscope slides with the mounted coverslips were transferred to 

the Imager Z2 microscope. Following this, a stack of unbinned static images was acquired, consisting 

of several images of the NLS-mCherry signal with exposure times ranging from 50 to 1000 ms as well 

as several images of the Cy2 signal with exposure times ranging from 250 to 4000 ms. For each 

coverslip, four image stacks were acquired. 

2.2.7.6. Computer analysis of neurite amount 

In order to analyze the amount of neurites, a custom-made "neurite_quantifier" macro was used (Table 

3). The basic concept of the analysis macro was to determine the location of neurites using a Hessian 

transformation, which detects line-like structures. In order to avoid detection of non-neuritic structures 

(such as edges of neuronal cytosols), the cytosolic component of the image was subtracted using the 

NLS-mCherry signal (Figure 14). 

For analysis of neurites, the Cy2 image acquired using 1000 ms exposure time was selected. After this, 

a Gaussian blur was applied on the image using the ImageJ "Gaussian Blur" utility. After this, the 

background of the image was subtracted using the ImageJ "Subtract Background" utility. Following this, 

the "Tubeness" utility of ImageJ was used, which is a Hessian transformation based analysis method 

that detects the degree to which structures in the image were "tube-like". The image was then binarized 
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using the ImageJ "Threshold" utility, where the image was divided into detected neurites (with a 

tubeness score over 0) and background (tubeness score of 0). 

 
 

Figure 14. Summary of neurite identification algorithm. 

Illustration of the neurite identification algorithm. Depicted are an illustration of an image of neurons (left panel), 

the contours identified from these neurons using a Hessian transformation (middle panel) and an image of neurite 

contours after subtraction of the cytosols using the nuclear signal (right panel). 

 

Following this, the NLS-mCherry image acquired using 500 ms exposure time was selected. 

Subsequently, this image was segmented to identify the location of cytosols (by identifying the location 

of the nuclei), for which a method was used that is similar to the one used to segment images for network 

bursting analysis. The identified cytosols were then subtracted from the binarized image. 

Following this, the amount of detected neurites was determined. For this, the size of the area covered by 

detected neurites was measured, following which the size of the entire area without the subtracted 

cytosols was measured as well. The percentage of the image area (and thus percentage of well surface) 

covered by neurites was determined by dividing the first area by the second one. 

As mentioned, for each independent culture 4 images had been taken. The values for the 4 images were 

averaged and the average was recorded as the amount of neurites for that independent culture. 

2.2.8. Immersion microscopy for imaging cAMP levels with AKAR4-cAMPs 

2.2.8.1. Microscope setup 

For immersion microscopy, an Axio Examiner D1 microscope was used alongside a set of devices. As 

light sources, a Colibri LED controller (Zeiss) was used, which permitted illumination of neurons with 

monochromatic light of specific wavelengths - 360 nm, 455 nm, 505 nm and 590 nm t. As a container 

for the coverslip during perfusion, a RC-26 GLP imaging chamber (Warner) was used. Importantly, this 

chamber was modified to ensure removal of the perfusion liquid using a dulled syringe needle. For 

intermediary storage of the cells before imaging, a C16 Incubator (Labotect) was used. 

In order to run the inflow of the perfusion, two Perfusor Secura FT syringe pumps (Braun) equipped 

with large syringes and 1.57 x 1.14 polyethylene tubing (Warner) were used alongside a VC-8 Valve 

controller (Warner). In order to extract perfusion liquid from the chamber through the dulled syringe 

needle, a 2120 Varioperpex peristaltic pump (LKB) with 3/16 x 1/8 silicone 3350 tubing (Tygon) was 
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utilized. For perfusion liquid, ACSF was used with the following contents – NaCl (128 mM), KCl (3 

mM), MGSO4 (1 mM), NaH2PO4 (1 mM), HEPES (30 mM), D-Glucose (10 mM), CaCl2 (1.5 mM), pH 

7.4. The perfusion was run at a speed of 20 ml of liquid passing through the imaging chamber per hour. 

In order to ensure that the perfusate was at 37 oC during the imaging, a TC-344B temperature controller 

(Warner) was used alongside a heated channel which raised the temperature of the perfusate to 37 oC 

immediately before it was led into the imaging chamber. 

For visualizing the AKAR4-cAMPs signal, a W N-Achroplan 10x 0.3 aperture objective (Zeiss) was 

used. The neurons were excited with 455 nm monochromatic light (50% light intensity) and were passed 

through a 78 HE filter cube (Zeiss), with the beam divided into one wavelength characteristic of CFP 

and a second one characteristic of YFP. These beams were then separately picked up using two MRm 

CCD cameras (Zeiss).  

Notably, the NLS-mCherry image was recorded with the same objective. However, the neurons were 

excited instead with 590 nm wavelength monochromatic light, which was passed through a 60 HE filter 

cube (Zeiss).  

2.2.8.2. Transduction setup (wild-type synucleins, tau protein) 

For measuring the level of cAMP using the AKAR4-cAMPs sensor, neurons were plated on culture 

plates containing coverslips. After this, neurons were transduced on DIV2 with 3x107 AAV virus 

particles encoding Bcl-xL as well as 1x108 AAV virus particles encoding AKAR4-cAMPs. 

Subsequently, neurons were transduced on DIV4 with 2x108 AAV virus particles encoding either a 

synuclein or tau protein (Figure 8A). The neurons were then incubated until DIV16 or DIV28, after 

which they were imaged using immersion microscopy. 

2.2.8.3. Transduction setup (β-synuclein P123H mutant) 

For determining the impact of the β-synuclein P123H mutant, a similar transduction setup was used. 

However, on DIV4, a different set of synuclein-encoding AAV viruses was used (Figure 8B). 

Furthermore, on DIV4 the viruses were also transduced with 3x107 AAV virus particles encoding NLS-

mCherry. 

2.2.8.4. Recording the AKAR4-cAMPs signal (static) 

A static recording of the neurons was performed for most experiments, such as for the results shown on 

Figure 27, Figure 31 and Figure 33. For this, the culture plates were extracted from the temporary storage 

incubator and the coverslips containing the neurons were removed using metal tweezers. The coverslips 

were placed then into the perfusate which had been previously heated to 37 oC along with the objective. 

After focusing, two images stacks were recorded. The first image stack was binned 2x2 and contained 

the CFP and YFP components of the AKAR4-cAMPs signal. It was taken at 100 ms exposure time with 

the monochromatic light being emitted at a "50% light intensity" setting. The second image stack was 
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binned 2x2, contained several frames of the NLS-mCherry signal and had exposure times ranging from 

100 to 8000 ms with the monochromatic light still being emitted at a "50% light intensity" setting. It 

also contained a frame of the CFP signal and an image acquired using brightfield illumination.  

2.2.8.5. Recording the AKAR4-cAMPs signal (dynamic) 

Notably, for Figure 7, a dynamic recording of AKAR4-cAMPs was performed. For this, the images 

were acquired using the same settings as for the static recording. However, instead of taking a single 

image, an 800 second video was taken instead at a sampling rate of 1 frame per second. The same 

objective, exposure time, monochromatic light and light intensity was used. 

During this imaging, the perfusion solution was exchanged twice – once to apply an ACSF dilution 

containing linderane (20 µM) and SQ-22536 (20 µM) and a second time to apply an ACSF dilution 

containing forskolin (5 µM) and rolipram (5 µM) at times indicated in the figure (Figure 7). In order to 

perform this exchange, the two syringe pumps were loaded with a syringe, with one of them containing 

the original ACSF perfusate and the other one containing the dilution. At the moment of the exchange, 

the first syringe pump was switched off and the second was switched off. Furthermore, the perfusion 

speed was increased to 80 ml per hour during the first 30 seconds of the exchange to ensure more rapid 

exchange of the perfusates.  

2.2.8.6. Image analysis 

Subsequently, the image was processed using custom-made ImageJ macros –"mCherry_segmentation", 

"akar_divider" and "scanner" (Table 3). The "mCherry_segmentation" macro was the same as the one 

used for the network burst and neurite amount analysis and served the purpose of identifying cytosol 

locations via identification of nuclear locations. The second macro, "akar_divider" was used to create a 

ratio image from the CFP and YFP (FRET) components of the AKAR4-cAMPs signal. This was 

achieved by dividing the YFP component with the CFP component using the ImageJ "Image Calculator" 

utility.  

The third macro, "scanner" used the file containing the cytosol locations from the 

"mCherry_segmentation" macro and the YFP/CFP ratio as inputs. In terms of its function, it served to 

scan the ratio image at each of the cytosol locations using the ImageJ "multi-measure" and "Measure" 

functions. The YFP/CFP ratio of all neurons in the image was then averaged and stored for statistical 

analysis. 

2.2.9. Immersion microscopy for imaging cAMP levels with cAMPr 

2.2.9.1. Microscope setup 

The same microscope equipment and perfusion setup was used to record cAMPr as was used to record 

AKAR4-cAMPs. With regard to the optical settings, 455 nm monochromatic light was used to excite 

cAMPr, which was then passed through a 78 HE filter cube (Zeiss). Identically to AKAR4-cAMPs, a 



54 

 

W N-Achroplan 10x 0.3 aperture objective (Zeiss) was used. Importantly, when using the cAMPr sensor 

the cAMPr signal was picked up using only one camera, not two as was done for the AKAR4-cAMPs 

signal. 

2.2.9.2. Transduction setup (wild-type synucleins, tau protein) 

In order to measure the level of cAMP using the cAMPr sensor, neurons were plated on culture plates 

containing coverslips. Then, neurons were transduced on DIV2 with 3x107 AAV virus particles 

encoding Bcl-xL as well as 1x108 AAV virus particles encoding cAMPr. Subsequently, neurons were 

transduced on DIV4 with 2x108 AAV virus particles encoding either a synuclein or tau protein (Figure 

8A). The neurons were then incubated until DIV16 or DIV28, after which they were imaged using 

immersion microscopy. 

2.2.9.3. Transduction setup (β-synuclein P123H mutant) 

In order to determine the impact of the β-synuclein P123H mutant, a similar transduction setup was 

used. However, on DIV4, a different set of synuclein-encoding AAV viruses was used (Figure 8B). 

Furthermore, on DIV4 the viruses were also transduced with 3x107 AAV virus particles encoding NLS-

mCherry. 

2.2.9.4. Recording the cAMPr signal (static) 

A static recording of neurons expressing cAMPr was performed for the experiment shown on Figure 27. 

For acquiring this image, the culture plates were removed from the temporary storage incubator and the 

coverslips containing the neurons were extracted using metal tweezers. These were placed then into 

perfusate which had been earlier heated to 37 oC along with the objective. After focusing the image, two 

image stacks were recorded. The first image stack contained a single cAMPr image. It was taken at 500 

ms exposure time after neurons were excited with monochromatic 455 nm light being emitted at a "100% 

light intensity" setting. The second image stack was binned 2x2, contained several frames of the NLS-

mCherry signal and had exposure times ranging from 100 to 8000 ms with the monochromatic light 

being emitted at a "50% light intensity" setting. It also contained a frame of the CFP signal and an image 

acquired using brightfield illumination.  

2.2.9.5. Recording the cAMPr signal (dynamic) 

Notably, a dynamic recording of neurons expressing cAMPr in the presence of various molecular factors 

was performed for the experiment shown on Figure 6. This recording was performed similarly as the 

dynamic recording for neurons expressing AKAR4-cAMPs, with a 1000 second video being recorded 

at a sampling rate of 1 frame per second. The key difference was the imaging settings – each frame for 

the cAMP recording was gathered with an exposure time of 500 ms with the monochromatic 455 nm 

light being emitted at a "100%" light intensity setting.  
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2.2.9.6. Image analysis 

In order to analyze the cAMP signal recordings, the custom-made ImageJ macros 

"mCherry_segmentation" and "scanner" were used. The "mCherry_segmentation" functioned 

identically as for the network burst analysis and was used to determine the location of neuronal cytosols 

via location of nuclei.  

Meanwhile, the "scanner" macro used the neuronal cytosol location as an input in addition to the static 

recording of cAMPr fluorescence. Using this images, it scanned the cAMPr fluorescence image at each 

of the cytosol locations using the ImageJ "multi-measure" and "Measure" utilities. The recorded cAMPr 

fluorescence all neurons in the image was then averaged and stored for statistical analysis. 

  



56 

 

 

3. Results 

Previous studies have indicated that in both human patients and experimental animals, increased levels 

of α-synuclein interfere with rhythmic neuronal network activity, which is a type of activity involving 

repeated depolarizations of neuronal networks 13,133,134. However, not much is known about the 

mechanisms leading to this phenomenon on a cellular level, which are difficult to study in vivo due to 

the difficulty of assaying impacted neurons.  

To counteract this limitation, this study used cultured neurons to model the ways in which increased 

levels of α‑synuclein interfere with rhythmic neuronal network activity. This model was selected due to 

two factors. Firstly, the extracellular environment of neurons could be manipulated and analyzed more 

easily in vitro than in vivo, allowing for the study of extracellular α‑synuclein species, which have been 

shown to interfere with neuronal function in a variety of ways 136,271-273. Secondly, using this model 

allowed for the easier application of several experimental methods, such as fluorescent microscopy and 

immunocytochemical staining. 

The overall plan of the study was divided into three steps. Firstly, it was determined whether α‑synuclein 

overexpression changed the behavior of network bursts, which is the characteristic rhythmic activity of 

cultured neurons. Secondly, if this reduction was observed, the model was used to study the cellular 

mechanisms that triggered these changes. Thirdly, the model was used to determine whether the neuron 

network would be impacted by the overexpression of other disease-associated proteins, such as mutant 

species of β-synuclein and tau protein. 

3.1. Optimization of the experimental setup 

3.1.1. Minimizing in vitro cell death 

However, before any experiments could be performed, it was necessary to minimize levels of cell death 

in the cultured neuron model. This was important to ensure the presence of network bursting, which 

according to a study by Ito et al., required a culture density of more than 50 neurons/mm2. Notably, in 

one of our previous studies, cultures were observed to drop to this density (50 neurons/mm2) and also 

below it when expressing proteins that induced cell death, such as α-synuclein 78. Furthermore, such 

levels of cell death were observable already at DIV18, only 4 days after DIV14, the timepoint on which 

network bursting becomes mature in vitro 78,116.  

Additionally, minimization of cell death was required to study how sample proteins impacted the 

functioning and structural integrity of neuronal structures, such as axons, dendrites and synapses, 

independently of cell death. This was important as previous studies had shown that the density of such 

structures in culture (e.g. neurite density) was correlated with the density of neurons per mm2 18.  
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In order to reduce levels of cell death, two methods were applied. Firstly, neurons were induced to 

overexpress Bcl-xL, which had previously been shown to be an effective inhibitor of neuronal cell death 

113,274. Secondly, the water vapor levels inside the neuron culture incubator were saturated, which was 

done to minimize evaporation. This was necessary as evaporation of water changes the osmolarity of 

the culture medium, which is known to reduce the viability of cultured neurons 275,276. In order to reduce 

evaporation, the culture incubator was changed from a HeraCell incubator (Heraeus) to a Labo C201 

incubator (Labotect), which enables the active regulation of humidity levels inside the incubator.  

In order to test the whether these two methods reduced cell death, neuron cultures were induced to 

overexpress α‑synuclein from DIV4 to DIV28 in three experimental groups. The first group was induced 

to overexpress Bcl-xL and was cultured in the HeraCell incubator, whereas the second group was 

induced to overexpress with Bcl-xL and was also cultured in the HeraCell incubator. Finally, the third 

group was induced to overexpress Bcl-xL and was cultured in the humidifying Labo C201 incubator. 

When comparing the number of surviving neurons at DIV28 between these three groups, cell survival 

was significantly greater in both of the groups overexpressing Bcl-xL. More specifically, 410-450 

neurons per mm2 survived in cultures overexpressing Bcl-xL, whereas only 54 neurons per mm2 

survived in cultures not overexpressing Bcl‑xL (Figure 15).Because as many as 410-450 neurons/mm2 

neurons survived in the two experimental groups overexpressing Bcl-xL, these two groups were further 

tested to determine whether these cultures exhibited network bursting. In order to analyze network 

bursting, neurons were induced to overexpress Bcl-xL, α-synuclein and the calcium sensor GCaMP6. 

One group was cultured inside a HeraCell incubator, whereas a second group was cultured inside the 

humidifying Labo C201 incubator. In order to characterize the network bursts, the frequency of bursts 

per minute was determined. It was thus observed that on DIV28, both cultures exhibited network 

bursting. However, the average frequency of this activity was significantly higher in neurons cultured 

in the humidifying Labo C201 incubator (3.4 network bursts per minute) than in the HeraCell incubator 

(1.3 network bursts per minute) (Figure 15). 

Based on this result, the condition where neurons were induced to overexpress Bcl-xL and were cultured 

in the humidifying Labo C201 incubator was selected for all subsequent experiments as the standard 

experimental setup. As a final test, it was determined whether the network bursting of such cultures 

evolved in the same way as described in literature, with a maturation of the culture characterized by an 

increase in culture synchronization around DIV14-15. To perform this test, neurons were induced to 

overexpress Bcl-xL, GCaMP6 (to detect network bursts) and the control protein γ-synuclein. In order to 

analyze the level of synchronization, the amount of neurons involved in network bursting (as % of total 

neurons) was determined. As expected, this amount increased significantly from DIV10 to DIV16, 

indicating a maturation of the neuron culture between these two timepoints. Interestingly, the amount of 

neurons involved in network bursting declined significantly from DIV16 to DIV28. This was likely due 

to culture aging, as synchronized network bursting ceased by DIV39 (Figure 16). 
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Figure 15. Culture optimization reduces cell death and increases the frequency of rhythmic activity. 

(A) Quantification of culture density neurons in cultures that expressed α-synuclein from DIV4 to DIV28 under 

three separate conditions – neurons not expressing Bcl-xL that were incubated in a HeraCell incubator (white 

bars), neurons overexpressing Bcl-xL that were incubated in a HeraCell incubator (light gray bars) and neurons 

overexpressing Bcl-xL that were incubated in a humidifying Labo C201 incubator (dark gray bars). The number 

of neurons in culture per mm2 ± standard deviation is shown. Statistical analysis: two-tailed t‑test with Welch's 

correction and a post-hoc test to determine statistical power. ****: p < 0.0001. Statistical power: 1 – β > 100%. 

Sample size of independent cultures: 6 (white bars), 9 (light gray bars), 12 (dark gray bars). 

(B) Quantification of the frequency of network bursts in neurons expressing α-synuclein from DIV4 to DIV28 and 

Bcl-xL from DIV2 under two conditions – neurons cultured in a HeraCell incubator (Heraeus) (light gray bars) 

and neurons cultured in a humidifying Labo C201 incubator (Labotect) (dark gray bars). The number of network 

bursts per minute ± standard deviation is shown. **: p < 0.01. Statistical power: 1 – β > 84%. Sample size of 

independent cultures: 9 (light gray bars), 12 (dark gray bars). 

 

 
 

Figure 16. The synchronization of neuron network bursting increases from DIV10 to DIV16 and then 

declines. 

Quantification of the amount of neurons involved in network bursting in cultures overexpressing γ-synuclein and 

Bcl-xL. The number of neurons involved in bursting (as % of total neurons) ± standard deviation is indicated. 

Statistical analysis was performed using a one-way ANOVA alongside a post-hoc power analysis. 

****: p < 0.0001. Statistical power: 1 – β > 100%. Sample size of independent cultures: 18. 

 

3.1.2. Selection of methodology 

After this, the next task was to select the experimental parameters. To begin, it was necessary to 

determine the experimental readout that would be used to characterize the properties of neuron network 

bursting. Importantly, previous studies had observed that more sizable levels of α‑synuclein increase the 

prevalence of low frequency rhythmic activity in vivo  13,133. As these studies had characterized rhythmic 

activity in terms of its frequency, the frequency of in vitro rhythmic activity (i.e. frequency of network 

bursts) was thus selected as the primary readout in our study as well. Importantly, this was done in 
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acknowledgement of the fact that network bursts are far simpler than in vivo types of rhythmic activity 

observed in the brain, which involve several brain regions and many different activity types 86,110,118. 

Subsequently, it was necessary to also select a readout that could be used as a simple indicator of 

neuronal connectivity, as this had previously been shown to be one of the key parameters determining 

the behavior of neuronal networks 16-20. To achieve this purpose, the amount of neurons involved in 

network bursting was selected as the secondary readout. It was reasoned that a presence of broken 

neuronal connections would prevent the depolarizing impulse of the network burst from reaching 

additional neurons, which would thus lead to a reduction in the number of neurons involved in network 

bursting. 

After selecting the experimental readouts, it was necessary to determine the method that would be used 

to overexpress α-synuclein and the other experimental proteins. Notably, in the study by McDowell et 

al., overexpression of α-synuclein had been achieved by genetically modifying animals to contain a 

human α-synuclein gene under the control of the Thy1 promoter 133. In our study, this method was ruled 

out, as it was necessary to overexpress more than one protein in order to establish our experimental 

model (e.g. control synucleins, tau protein, genetically-encoded sensors). Therefore, the experimental 

proteins were instead expressed by transducing neurons with AAV6 viral particles 113. This was done as 

the AAV6 transduction method allowed us to express several different proteins and also to generate new 

expression vectors. Beyond this, the AAV6 method was selected as it had been used for neuronal 

expression in our research previously, including for researching the impact of α-synuclein 78,113,250.  

Notably, our cultures were neuron-glia co-cultures, where glia were included to ensure neuronal 

maturation and maintenance 276-279. As a result, it was necessary to ensure that expression would be 

neuron-specific, for which all proteins were expressed under the control of a neuron-specific hSyn 

promoter, which was placed in front of the cDNA sequence in the AAV expression cassette (Figure 8) 

250,278. Ensuring neuron specificity was relevant, as the focus in this study was on the impact of 

α‑synuclein on the physiology of neurons, not glial cells .  

Notably, the study by McDowell et al. observed that α-synuclein disrupted rhythmic activity in 10 month 

old animals when using a model that increased α-synuclein expression 2-5 fold 131,133. As our cultures 

exhibited rhythmic activity for only around 5 weeks, it was essential to increase the expression level 

beyond what was used by McDowell et al. to ensure that any rhythmic activity disruptions of α‑synuclein 

would be observable inside the 5 week timeframe. In order to achieve this, expression-boosting 

regulatory sequences were included in most of the constructs, such as the WPRE and bGH pA elements 

(Figure 8).  

After determining the means of protein expression, it, was necessary to select a negative control for 

α‑synuclein. Notably, our previous studies had used fluorescent proteins (e.g.) EGFP as controls, which 

was however problematic due to these proteins not being similar to synucleins in terms of structure 78,113. 
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Therefore, it was necessary to select a new negative control that was structurally and phylogenetically 

related to α-synuclein but less toxic and disruptive in terms of its impact. For this role, the other two 

members of the synuclein family were considered – β-synuclein and γ-synuclein. Of the two, 

β‑synuclein was similar in structure to α-synuclein but had been described to induce neuronal cell death 

in various articles and thus was unsuitable as a negative control 78,84. In contrast, γ-synuclein was also 

similar in structure to α-synuclein but had not been described to be toxic and was thus selected as the 

primary negative control.  

Finally, it was necessary to decide which method would be used for the measurement of network 

bursting. Notably, previous studies of network bursting had used multielectrode arrays to measure 

network bursting, which has the advantage of measuring membrane potential changes directly 280,281. 

However, this method was not selected in our study, as it is associated with characteristic problems, 

such as the difficulty of determining how many neurons produce the signals detected at the electrode 

and where these neurons are located 124. As a result, network bursts were instead visualized  using the 

GCaMP6 genetically encoded calcium sensor, which would detect the network bursts by identifying the 

post-depolarization calcium influx (Figure 4) 86,113,118,125.  

3.1.3. Determining the synuclein expression level 

After selecting the experimental methodology, the expression rate of α-synuclein for all subsequent 

experiments was determined. As mentioned, the intention was to choose the highest possible expression 

rate, as that would increase the likelihood of detecting neuronal network alterations using α-synuclein 

during the five week lifespan of the culture. However, it was also considered important to ensure that 

the expression rate was not innately toxic to the neurons – although AAV6 viruses have a low toxicity, 

they can be toxic when very high amounts (e.g. over 1010 viral genome copies) are used 282.  

In order to determine the highest non-toxic level of expression, an experiment was designed where 

neuron cultures were induced to overexpress γ-synuclein using different amounts of viral particles– 

4x108, 2x108, 1x108 and 5x107 viral particles. The cultures also expressed Bcl-xL and GCaMP6 for 

measuring the frequency of network bursts. Using this experimental setup, it was determined that the 

frequency of network bursts was significantly reduced when γ-synuclein overexpression was induced 

using 4x108 as opposed to 2x108 viral particles, indicating that the higher expression level disrupted 

neuron network bursting. However, the frequency of network bursts was not altered when γ‑synuclein 

overexpression was induced by 2x108 as opposed to 1x108 and 5x107 viral particles (Figure 3). Thus 

protein expression using 2x108 viral particles were determined to be the highest expression rate that did 

not disrupt neuron network bursting. This expression rate was therefore used in all subsequent 

experiments to overexpress synucleins and tau protein. 

After determining the expression rate for α-synuclein overexpression, it was necessary to ensure that the 

expression level of the α-synuclein and γ-synuclein expressing viruses was equivalent to each other. 
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This was done to ensure that any observed disruption of neuron network activity would be caused by 

the unique impacts of the overexpressed synuclein, not by a difference in the amount of viral particles 

used to trigger the overexpression. In order to determine whether the viral expression amounts were 

equal, the level of NLS-mCherry expressed by the viruses was compared, as all synuclein expressing 

viruses also induced the expression of NLS-mCherry (Figure 8). Doing this, comparable levels of 

expression were observed for the vector used for expressing α-synuclein as for the one used for 

expressing γ-synuclein (Figure 17). 

 
 

Figure 17. α‑synuclein and γ-synuclein expression levels are equal when induced using 2x108 AAV viral 

particles. 

(A) Micrographs of neurons that were induced to express either α-synuclein or γ-synuclein from DIV4 using 2x108 

AAV viral particles. Both vectors also contained the cDNA for NLS-mCherry (Figure 8), so the expression of 

NLS-mCherry (red) is depicted. NLS-mCherry = nuclear localization signal tagged mCherry.  

(B) Average absolute fluorescence of neurons expressing synuclein alongside NLS-mCherry. Average 

fluorescence ± standard deviation is depicted. “A.U.” = arbitrary units. Statistical analysis: two-tailed t‑test with 

Welch's correction and a post-hoc power analysis. "n.s." = not significant. Sample size: 100 neuronal nuclei (per 

condition). 

 

3.2. α-synuclein overexpression reduces the frequency of neuron network 

bursting in culture 

After the experimental setup had been optimized, it was necessary to show that α-synuclein 

overexpression reduced the frequency of rhythmic activity in vitro, just as increased levels of 

α‑synuclein altered the frequency of rhythmic activity in vivo. This was required, as the prepared in vitro 

setup was suitable as a model for the in vivo phenomenon only if such a reduction was observed. Indeed 

this was the case, as neurons overexpressing α-synuclein had a significantly reduced burst frequency 

compared to neurons overexpressing the control protein γ‑synuclein. From DIV15-22, a small reduction 

of -14% to ‑16% was observed, with this reduction being significant at DIV15. In comparison, from 

DIV25 to DIV31, the reduction was more pronounced and grew larger over time, with the reduction of 

burst frequency between α‑synuclein and γ-synuclein overexpressing neurons increasing from DIV25 

(‑45%) to DIV31 (-74%) (Figure 18).  

Interestingly, the reduction in frequency by α-synuclein consisted of two distinct impacts on neuron 

network functioning. Firstly, α‑synuclein overexpression triggered a small but marginally significant 
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reduction of burst frequency between DIV15 and DIV22. Secondly, α-synuclein overexpression induced 

a much larger impact from DIV25 to DIV31 (Figure 18). This was likely caused due to the aging of the 

culture, as the larger impact emerged 1‑2 weeks before the end of synchronized network bursting at 

DIV39 (Figure 16). 

 
 
 

Figure 18. α-synuclein overexpression reduces the frequency of network bursting in cortical culture.  

(A) Scatter plot demonstrating non-stimulated network bursting for cultures overexpressing either α-synuclein (left 

panel) or γ-synuclein (right panel) at DIV28. Dots aligned in a row = depolarization events by an individual neuron. 

(B) (Left panel) Quantification of network burst frequency in α-synuclein overexpressing neurons (white bars) and 

γ‑synuclein overexpressing neurons (gray bars). The number of network bursts per minute ± standard deviation is 

shown. (Right panel) Table showing the percentage reduction of burst frequency inside neurons overexpressing 

α‑synuclein when compared to neurons overexpressing γ-synuclein. Statistical analysis: two-tailed t‑test with 

Welch's correction and a post-hoc power analysis. "n.s." = not significant. *: p < 0.05, ****: p < 0.0001. Statistical 

power: DIV15: 1 – β > 67.2%, DIV25: 1 – β > 99.9%, DIV28: 1 – β > 100.0%, DIV31: 1 – β > 96.5%, sample 

size: 18 independent cultures. 

 

After this, it was analyzed whether overexpression of α-synuclein caused greater levels of cell death 

than the overexpression of control protein γ-synuclein. This was done to identify whether the observed 

reduction in burst frequency was caused by death of cultured neurons or by a disruption of neuron 

physiology not directly related to cell death (e.g. through a loss of neuritic structures or synapses). To 

quantify whether α-synuclein caused increased levels of cell death, the number of neurons was 

quantified at the same location from DIV10-DIV32. This revealed that the same percentage of neurons 

survived in cultures overexpressing α-synuclein as in cultures overexpressing γ-synuclein (Figure 19). 
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Figure 19. α-synuclein overexpression does not induce additional cell death when expressed in neurons 

alongside anti-apoptotic factor Bcl-xL. 

Quantification of neuron survival in neurons overexpressing either α-synuclein (white bars) or γ-synuclein (gray 

bars) in the presence of Bcl-xL overexpression. The number of neurons surviving from DIV10 (as % of the number 

of neurons for that condition at DIV10) ± standard deviation is depicted. Statistical analysis: two-tailed t‑test with 

Welch's correction and a post-hoc test for statistical power. Sample size: 18 independent cultures. 

 

 
 

Figure 20. α-synuclein overexpression reduces the amount of neurons involved in neuron network bursting. 

(A) Fluorescent image of neuron calcium response during a network burst. Cell nuclei = red (indicator – NLS-

mCherry), calcium sensor response = green (indicator – GCaMP6), merge of two signals = yellow. 

(B) Quantification of the amount of neurons involved in network bursting in α-synuclein overexpressing neurons 

(white bars) or γ‑synuclein overexpressing neurons (gray bars). The average amount of neurons involved in a 

network burst (as % of total neurons) ± standard deviation is displayed. Statistical analysis: Two-tailed t‑test with 

Welch's correction, post-hoc statistical power test. ****: p < 0.0001. Statistical power of DIV28 comparison: 1 – β 

> 99%. Sample size: 41 independent cultures. 

 

Subsequently to this, it was investigated whether α-synuclein was interfering with the connectivity of 

the neuron network, as this would be a possible explanation for the observed reduction of neuron 

network burst frequency. As stated earlier, it was reasoned that a disrupted neuronal connectivity would 

prevent the depolarizing impulse of the network burst from reaching additional neurons and would 

therefore reduce the amount of neurons involved in neuron network bursting. Indeed, overexpression of 

α‑synuclein significantly reduced the amount of neurons involved in neuron network bursting by 29% 

when compared to γ-synuclein overexpressing neurons (Figure 20). This therefore suggested that 

α‑synuclein indeed interfered with the connectivity of neurons.  
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3.3. The cell culture supernatant of neurons overexpressing α‑synuclein 

contains up to 0.36 µM released extracellular α-synuclein. 

Our experiments therefore showed that the frequency of network bursts and the amount of neurons 

involved in neuron network bursting were reduced by α-synuclein overexpression. However, it remained 

unclear as to what amount of α‑synuclein had triggered this reduction and whether that α-synuclein was 

intracellular or extracellular. It was thus decided to determine the amount of α-synuclein both in the cell 

culture supernatant (for extracellular synuclein) and in cell lysates (for intracellular synuclein). 

Determining this was important, as it would further explain why α‑synuclein overexpression reduced 

the frequency of network bursting. This was done under the premise that if the cell culture supernatant 

was observed to contain large amounts of α-synuclein, then this would be a suggestion of a possible role 

of extracellular α-synuclein in reducing the frequency of neuron network bursting.  

In order to determine this, an experiment was designed to identify the amount (in µg) and concentration 

of extracellular and intracellular α‑synuclein. Briefly, neurons expressed α-synuclein from DIV4 onward 

–  then, on DIV10, DIV16, DIV22 and DIV28, the cell culture supernatant of the neurons was collected 

to determine the level of extracellular α-synuclein and lysates of the cells were gathered for determining 

the level of intracellular α‑synuclein. The mass of α-synuclein was then determined by Western Blot, 

where the lysate and medium samples were loaded alongside 4-5 lanes of a commercial α-synuclein 

standard with a known mass. For determining the mass, the standards were used to create a calibration 

curve, which described the relationship between the intensity of the α-synuclein bands and the mass of 

α-synuclein. This curve was then used to calculate the mass of the sample bands (Figure 11).  

After determining the mass of the Western blot samples, the total mass of extracellular and intracellular 

α-synuclein in the culture or lysate was calculated. This was possible, as for loading the samples, a 

known fraction of the total lysate (e.g. 1% of the total volume) had been used. The mass of this fraction 

could thus be multiplied (e.g. multiplied 100 times for a 1% fraction) to determine the total mass of 

α‑synuclein in the whole lysate or medium (in µg).  

Beyond determining the mass of α-synuclein, the intra- and extracellular synuclein concentration of the 

samples was also determined. This was done to compare the molar concentration of α-synuclein with 

previously published data. For determining the molar concentration of the samples, a formula was used, 

where the concentration could be determined based on the calculated mass, the molar mass of 

α‑synuclein and either the volume of the culture medium or the total volume of the neurons (Figure 12). 

Notably, the volume of the culture medium was determined to be 625-720 µl depending on the timepoint. 

For determining the volume of the neurons, the total number of neurons at the various timepoints was 

experimentally determined, following which the number was multiplied with a value for individual 

neuron volume derived from previous publications, i.e. 6 pl per neuron 266-268. Doing this, the total 
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volume of the cells was calculated to be 0.5‑1.0 µl depending on the total number of neurons, which 

varied from 450 to 900 cells per mm2 depending on the timepoint and the experimental condition. 

This procedure was thus carried out to determine the amount of extracellular and intracellular 

α‑synuclein. When this was done, it was observed that the amount of intracellular α-synuclein increased 

from 7 µg (0.5 mM) at DIV10 to 10.5 µg (1.4 mM) at DIV28, plateauing at DIV22. Meanwhile, the 

amount of extracellular α-synuclein was lower than intracellular α-synuclein and increased from 0.2 µg 

(0.02 µM) at DIV10 to 3.3 µg (0.36 µM) at DIV28, with this value also plateauing at DIV22 (Figure 

21). Although the cause of the plateauing could not be determined exactly, it was explainable in light of 

previous studies, which indicated that the expression rate induced by AAV viruses could level off at 

later timepoints 283. Interestingly, the most rapid increase happened from DIV10 to DIV16, with the 

amount of extracellular α‑synuclein increasing around 8 fold (0.2 µg to 1.7 µg) (Figure 21). To explain 

this rise, it is possible that increased levels of α-synuclein were released after initiation of mature 

network bursting around DIV16, as increased neuronal activity is thought to be one of the parameters 

determining the release rate of α‑synuclein 284.  

 
 

Figure 21. An increase of extracellular α-synuclein from 0,2 µg to 3,3 µg (0,02 µM to 0,36 µM) was observed 

in cultures overexpressing α-synuclein.  

(A) Western  blot image used to determine the amount (in µg) and concentration of extracellular and intracellular 

α-synuclein from DIV10 to DIV28. α-synuclein was visualized using anti-α‑synuclein (human-specific, Syn211, 

ThermoFisher). 

(B) Quantification of α‑synuclein amount from DIV10 to DIV28. α-synuclein amount (in µg) in the lysate or 

culture medium ± standard deviation is displayed. Statistical analysis: Two-tailed t‑test with Welch's correction 

(comparison of extracellular to intracellular) or one-way ANOVA (comparison of timepoints), post-hoc statistical 

power test. **: p < 0.01, *: p < 0.05. Statistical power (comparison of extracellular to intracellular): 1 – β > 99,8% 

(DIV10), 1 – β > 97,8% (DIV16), 1 – β > 93,2% (DIV22), 1 – β > 96,6% (DIV28). Statistical power (comparison 

of extracellular synuclein amounts across timepoints): 1 – β > 88,3% (DIV10 vs DIV22), 1 – β > 96,0% (DIV10 

vs DIV28). Sample size: cell culture lysates/culture media from 4 independent cultures. 

(C) Table summarizing the observed amount and concentration of total extracellular and intracellular α-synuclein. 

 

Subsequently, an additional experiment was performed that compared the levels of α-synuclein in 

α‑synuclein overexpressing neurons with the levels of endogenous α-synuclein in control neurons. This 

was done to gather a point of comparison to other studies that had investigated the impact of increased 
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levels of α-synuclein, such as the study by McDowell et al. which had observed a disruption of rhythmic 

activity in transgenic rats that expressed 2-5 fold more α-synuclein than wild-type rats 131,133. Thus, to 

determine the fold increase of α-synuclein in α-synuclein overexpressing neurons, one population of 

neurons overexpressed α-synuclein, whereas the second population of neurons overexpressed the control 

protein γ-synuclein. After determining the amount of α-synuclein in these neurons, it was observed that 

in neurons overexpressing α-synuclein, the intracellular level of α-synuclein was 18,7 times higher than 

the endogenous level of α-synuclein and that the extracellular level was 23,7 times higher than the 

endogenous level of α-synuclein (Figure 22). This indicated that the expression level was substantially 

higher in our cultures than in the animals used by McDowell et al. 131,133. 

 
 

Figure 22. Overexpression of α-synuclein increases α-synuclein amount in the culture by 18- to 24-fold 

compared to the level of endogenous α-synuclein. 

(A) Western blot image for quantifying intracellular and extracellular α-synuclein amount in neurons 

overexpressing α-synuclein (α) or control protein γ-synuclein (Cont/ø). α-synuclein visualization was performed 

using anti-α‑synuclein (BD610787, BD Biosciences) which has the ability to bind human, mouse and rat α-

synuclein (epitope – rat α-synuclein amino acids 15 to 123). 

(B-C) Quantification of intracellular (B) and extracellular (C) α-synuclein amount. Synuclein amount as fold 

increase of endogenous α-synuclein ± standard deviation is displayed, alongside the numerical value of the fold 

increase above the error bar. Statistical analysis: Two-tailed t‑test with Welch's correction, post-hoc statistical 

power test. **: p < 0.01, statistical power of comparison: 1 – β > 100%. Sample size: cell culture lysates/media 

from 3 independent cultures. 

 

3.4. Neuronally produced extracellular α-synuclein does not cause the 

reduction of neuron network bursting  

As our cultures contained α-synuclein in the cell culture supernatant, it opened up the possibility that 

the reduction of network burst frequency was caused by extracellular α-synuclein. Indeed, previous 

studies had already shown that extracellular α-synuclein could alter the functioning of cultured neuron 

networks in a variety of ways, including by reducing the frequency of network bursts 135,136,273.  

Notably however, previous studies probed the impact of α-synuclein using aggregated recombinant 

α‑synuclein, which is a problematic sample due to two reasons. Firstly, the purity of these samples is a 

known problem, as producing the samples in bacteria leads to the presence of contaminants, including 
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lipopolysaccharide endotoxins that change the properties of α‑synuclein 285. Secondly, it is not clear 

whether artificially produced and aggregated recombinant α‑synuclein is a relevant analogue to the types 

of α-synuclein in patients, as they are produced in bacteria, aggregated artificially and sonicated before 

application on neurons 286. 

In contrast, the extracellular α-synuclein in our study avoided several of these issues. Unlike 

recombinant α-synuclein, the α‑synuclein in our cultures was free of bacterial contaminants, as it was 

produced by neurons and not bacteria. Additionally, the α‑synuclein in our cultures was a more relevant 

analogue to pathological species of α-synuclein in patients because the protein in our study was produced 

inside mammalian neurons using mammalian protein production machinery.  

Importantly, the cell culture supernatant in our cultures contained similar amounts of α-synuclein as the 

amounts that had been shown to trigger an impact on neuron networks in previous studies. More 

specifically, our cultures contained 0.33-0.36 µM extracellular α-synuclein, whereas previous studies 

had used 0,13 or 0,5 µM recombinant aggregated α-synuclein 135,136. Therefore, our study was suitable 

to verify whether extracellular α-synuclein really reduced neuron network burst frequency or not.  

In order to test this, an assay was designed where the culture medium containing the extracellular species 

was transferred from donor neurons overexpressing α-synuclein to receptor neurons, which did not 

overexpress α‑synuclein. More specifically, the first group of neurons was induced to express 

α‑synuclein from DIV4 to DIV22. At DIV22, the level of extracellular α‑synuclein was around 0,33 µM 

(3,2 µg), at which point the medium was transferred to similarly aged receptor neurons. The receptor 

neurons were imaged before, 1 day, 6 days and 9 days after medium exchange. As a control, untreated 

neurons that did not receive the α-synuclein containing medium were used. 

When these medium exchanges were conducted, no significant change of the frequency of network 

bursting was observed. This was the case 1, 6 and 9 days after the tested neurons received 0,33 µM (3,2 

µg) neuronally produced extracellular α‑synuclein (Figure 23). As mentioned - previous studies had 

indicated that a treatment with comparable concentrations (0,13–0,5 µM) of recombinant α‑synuclein 

and for a similar duration (1 or 7 days post treatment) produced a reduction in bursting frequency 135,136. 

Our results contradicted these observations. 

The results thus showed that extracellular α-synuclein could not trigger the reduction of burst frequency 

by itself, but it did not show whether the presence of extracellular α-synuclein was necessary to maintain 

an already present reduction in burst frequency. In order to answer this question, it was therefore tested 

whether the reduction of burst frequency in α-synuclein overexpressing neurons would be rescued when 

the extracellular α-synuclein present in the cell culture supernatant was removed.  
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Figure 23. Treatment of neurons using culture medium that contains 0,33 µM extracelullar α-synuclein does 

not reduce the frequency of network bursting. 

(A) Schematic summarizing the experimental concept. Extracellular α-synuclein illustrated as blue lines.  

(B) Quantification of the frequency of neuron network bursting in the presence of 0,33 µM extracellular 

α‑synuclein produced by donor neurons. The frequency of network bursts ± standard deviation is depicted. The 

timepoints are: pre-treatment (“-0”), 1, 6 and 9 days post treatment. Statistical analysis: Two-tailed t‑test with 

Welch's correction, post-hoc statistical power test. "n.s" = not significant. Sample size: 12 independent cultures. 

(C) Comparison of results in subfigure C with previously published results 135,136. 

(A-C) This figure was created in collaboration with Dr. Pretty Garg. 

 

In order to test this, α-synuclein was overexpressed in neurons from DIV4 to DIV28, at which point the 

level of extracellular α-synuclein was determined to be 0,36 µM (Figure 21). As mentioned, at this 

timepoint, neurons already exhibited a robust reduction of burst frequency (Figure 18). At DIV28, the 

medium containing 0,36 µM extracellular α-synuclein was washed off by removing the culture medium 

and replacing it with medium from control neurons that had not overexpressed α‑synuclein. To assess 

the impact on neuronal network activity, the frequency of network bursts was determined before, 1 day 

after and 3 days after medium exchange. Doing this however, the reduction of burst frequency induced 

by α‑synuclein overexpression was not rescued by washing off extracellular α-synuclein (Figure 24). 

This therefore suggested that the presence of extracellular α-synuclein was not required to maintain the 

reduction of burst frequency. 
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Figure 24. Washing off extracellular α-synuclein does not rescue the reduction of neuron network burst 

frequency by α-synuclein overexpression. 

(A) Schematic summarizing experimental concept. Extracellular α-synuclein illustrated as blue lines. 

(B) Quantification of the impact of washing off the extracellular α-synuclein on neuron network burst frequency.  

The frequency of network bursts ± standard deviation is depicted. The timepoints are: pre-treatment (-0), 1 and 3 

days post treatment. Statistical analysis: Two-tailed t‑test with Welch's correction, post-hoc statistical power test. 

"n.s" = not significant. Sample size: 12 independent cultures. 

(A-C) This figure was created in collaboration with Dr. Pretty Garg. 

 

3.5. α-synuclein overexpression reduces the number of active pre-synapses 

and axons 

The previous experiments indicated that overexpression of α-synuclein reduced the frequency of 

network bursting and that this reduction did not depend on extracellular α-synuclein. Figure 20 shows 

that the number of neurons participating in network activity was also reduced, which was taken as a 

possible indicator of diminished neuronal connectivity. Thus, reduction of connectivity by α‑synuclein 

overexpression was considered a promising topic of investigation. In line with this consideration, a 

variety of studies suggested that connectivity between cells is a key parameter impacting on rhythmic 

activity, including studies using computer modelling to describe the behavior of neuronal  

networks 16-20.   

Therefore, in the next experiment it was investigated whether α-synuclein overabundance caused lesions 

on structures important for keeping the neuronal network in a functional state of connectivity, such as 

pre-synapses and neurites. For characterizing pre-synapses, the fluorescent sensor synaptophysin-

GCaMP was used, as it allowed for unambiguous discrimination of active synapses from inactive 

synapses and debris – only active synapses take up calcium and thus have a dynamic signal (Figure 5). 

Dynamic imaging provided an advantage over the use of more static detection methods like 

immunocytochemistry, where separating debris from active synapses would be difficult. Indeed, our 

initial attempts of synaptic quantification using a synapsin stain revealed a very densely stained neurite 
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network, where reliable separation of synapses and debris was determined to be complicated 

(Supplementary Figure 1). 

 
 

Figure 25. α-synuclein overexpressing neurons have fewer active pre-synapses and a lower axon coverage.  

(A-C) Quantification of the amount of active pre-synapses (A), axons (B) and dendrites (C). The figure displays 

the amount of pre-synapses per µm2 ± standard deviation (A) or the amount of well surface covered by neurites ± 

standard deviation (B-C). Comparison between: α-synuclein (white bars) and neurons overexpressing γ‑synuclein 

(gray bars). Statistical analysis: two-tailed t‑test with Welch's correction and a post-hoc power test. ****: 0.0001, 

**: p < 0.01, *: p < 0.05. Statistical power: 1 - β > 81% (A), 1 - β > 75,9% (B), sample size of independent cultures 

at DIV28: 28 (A), 8 (B, C). At DIV15: 9 (A), 6 (B), 4 (C). 

(D) Pre-synapse detection images. Image of neurons overexpressing synaptophysin-GCaMP during resting state 

(left image) and activity (middle image). Calculated difference between left and center image, with intensity in the 

image corresponding to the degree of difference (right image). 

(E-F) Neurite coverage detection. Representative images (left panels) of either axons stained for neurofilament L 

(E) or dendrites stained for MAP2 (F) alongside an image of neurites detected using a computer analysis (right 

panels). 

 

For the characterization and quantification of neuritic structures, the axons and dendrites were analyzed 

separately by making use of immunocytochemical staining using axon and dendrite specific markers 

with neurofilament L being used as an axonal marker and MAP2 as a dendritic marker 253,269,270. To 

prove that these markers were indeed specific for axons and dendrites, a co-stain was performed, 

showing that the markers were located in distinctive structures (Figure 13). For computational analysis 

of the neurites, an ImageJ-based computer algorithm was used (Figure 14). 

After establishing the imaging methods, the next step was to determine whether α‑synuclein impacted 

on the number of active pre-synapses, axons and dendrites on DIV16 and DIV28. DIV16 was chosen 

because on this timepoint, α-synuclein did not yet impact on neuronal network activity, whereas DIV28 

was chosen because α-synuclein demonstrated a full-blown reduction in neuronal bursting. Indeed, 
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α‑synuclein overexpression caused a significant reduction in both number of active pre-synapses and 

amount of axons on DIV28 when compared to the overexpression of γ‑synuclein, whereas no reduction 

was observed on DIV15. In the case of pre-synapses at DIV28, a 28% reduction was observed, whereas 

for axons, a 15% reduction was observed. In the case of dendrites, no reduction of the number of active 

synapses or amount of axons was observed at DIV16 (Figure 25). These results thus demonstrated that 

α-synuclein overabundance resulted in a concomitant loss of axonal and pre-synaptic integrity, 

providing a reasonable explanation for the proposed loss of network connectivity. 

3.6. α-synuclein overexpression reduces the level of cytosolic cyclic AMP 

Results obtained so far demonstrated that α-synuclein overabundance significantly diminished 

structurally important network connectors, i.e. axons and especially the number of active presynapses. 

However, it was also determined that a reduction in axons and pre-synapses was unlikely to be a full 

explanation for the reduction of neuron network burst frequency by α-synuclein overexpression. This 

was based on two reasons. Firstly, reduction of axons (-15%) and pre-synapses (-28%) at DIV28 was 

smaller in effect size than the reduction in burst frequency at DIV28 (-56%) (Figure 18, Figure 25). This 

could indicate that additional factors were involved. Secondly, there was no reduction of axons and pre-

synapses observed at DIV15, despite a small significant reduction of burst frequency at this timepoint. 

As a result, the investigation was continued, with the hope of finding other neuronal physiology 

impairments induced by α‑synuclein overexpression. 

Beyond the structural integrity of axons and synapses, a variety of mechanisms are known to impact 

neuronal connectivity. Among these is synaptic potentiation, which is a phenomenon where repeated 

activity causes the strengthening of synapses 4. This in turn is regulated by several pathways, one of 

which involves the signaling molecule cyclic AMP, which was a promising target for our investigation 

due to three reasons 4,212. Firstly, it could impact neuronal connectivity not only by regulating synaptic 

potentiation but also by activating HCN channels, which are known to regulate the cellular excitability 

of neurons. Secondly, various studies had shown that in the case of synucleinopathies, the activity of the 

cAMP-producing enzyme adenylyl cyclase is altered 34-36,240,241. Thirdly, any results gathered on cAMP 

in the context of α-synuclein would be novel, as previous studies had not addressed the connection 

between α-synuclein and cAMP. 

Before this could be done however, it was necessary to show that neuron network bursting was impacted 

by the two downstream targets of cAMP, synaptic potentiation and HCN channel functioning. To 

determine this, cultures prepared using the standard experimental setup were treated on DIV28 with 

either an activator of synaptic potentiation (BDNF) or an inhibitor of HCN channels (ZD-7288). Doing 

this, it was observed that application of BDNF significantly increased neuron network burst frequency, 

whereas application of ZD-7288 significantly reduced neuron network burst frequency (Figure 26). This 

showed that neuron network bursting was indeed impacted by pathways regulated by cAMP. 
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Figure 26. HCN channels and synaptic potentiation, which are downstream targets of cAMP signaling,  

regulate neuron network bursting frequency inside cultured neurons. 

(A) Illustration of cyclic AMP metabolism. cAMP = cyclic AMP, inhibitors = red T-shaped lines, activators = blue 

arrows, ATP = adenosine triphosphate, AMP = adenosine monophosphate, HCN = hyperpolarization-activated 

cyclic nucleotide gated channels, BDNF = brain-derived neurotrophic factor, PKA = protein kinase A, LTP = long 

term potentiation, 

(B) Quantification of neuronal network burst frequency at DIV 28 before (white bar) and 30 min after (grey bar)  

application of the HCN channel inhibitor ZD-7288 (10 µM). 

(C) Quantification of neuronal network burst frequency at DIV 28 before (white bar) and 30 min after (grey bar) 

application of BDNF (2 nM). 

(B-C) Statistical analysis by two-tailed t‑test with Welch's correction and a post-hoc power test. **: p < 0.01, *: p 

< 0.05. Statistical power (1 – ß error probability) = 90.9% for (B) and 78.4 % for (C). N = 6 independent neuron 

cultures for each time point (B-C). 
 

After this, it was analyzed whether adding a compound that increases cellular cyclic AMP levels would 

change the frequency of neuron network bursting. This test was carried out using rolipram, which 

inhibits the cAMP-degrading enzyme phosphodiesterase. Indeed, when γ-synuclein overexpressing 

neurons were treated with rolipram at DIV28, the frequency of network bursting significantly increased 

(Figure 27A). In contrast, when α-synuclein overexpressing neurons were subjected to an identical 

treatment with rolipram, no increase of neuron network bursting was observed (Figure 27A).  

This result therefore indicated a possible reduction of cAMP levels induced by α-synuclein 

overexpression. However, this needed to be investigated further by determining whether α-synuclein 

overexpression changed the levels of cytosolic cAMP. For this, two sensors were used. The first sensor 

that was selected was cAMPr, which is a GFP-based sensor that directly measures cAMP (Figure 6). 

The second sensor selected was AKAR4-cAMPs, which is a FRET sensor that measures the activity of 

PKA, a type of kinase directly regulated by levels of cAMP (Figure 7). Two sensors were used so they 

could be used as an internal control for each other. 

It was observed that when using the cAMPr sensor, neurons overexpressing α-synuclein exhibited a 

statistically significant 6% reduction of cAMPr fluorescence compared to neurons overexpressing 

γ‑synuclein on DIV28 (Figure 27B). In agreement with this finding, a statistically significant 6% 

reduction of the PKA phosphorylation rate was observed on DIV28 in neurons overexpressing 

α‑synuclein compared to neurons overexpressing γ-synuclein when using the AKAR4-cAMPs sensor 

(Figure 27C). No differences were found using either sensor on DIV15. As both sensors demonstrated 

a reduction identical in effect size, these results supported the claim that α-synuclein reduced the level 
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of cAMP compared to the overexpression of γ-synuclein (Figure 27). The observed reduction in cAMP 

levels on DIV28 was thus an additional explanation for the robust reduction of neuron network burst 

frequency by α-synuclein overexpression on DIV28. 

 
 

Figure 27. α-synuclein overexpression reduces the ability of calcium bursting to be activated by molecules 

increasing the level of cAMP and reduces cytosolic levels of cAMP. 

(A) Quantification of the frequency of network bursting before (white bars) and after (gray bars) treatment with a 

cAMP level increasing molecule (1 µM rolipram) alongside α-synuclein overexpression (left panel) or  γ-synuclein 

overexpression (right panel). Network burst frequency as % of control ± standard deviation is indicated. Statistical 

analysis (used for all subfigures): two-tailed t‑test with Welch's correction and a post-hoc power test.  *: p < 0.05, 

***: p < 0.0001, ****: p < 0.0001. Statistical power: 1 – β > 54.5%. Sample size: 6 independent cultures. 

(B-C) Quantification of the levels of cAMP (B) or cAMP-regulated PKA phosphorylation (C). The level of cAMP 

as % of control ± standard deviation (B) or the level of PKA phosphorylation as % of control ± standard deviation 

is depicted (C). The sensors cAMPr (B) and AKAR4-cAMPs (C) were used. Comparison between: neurons 

overexpressing α‑synuclein (white bars) or γ‑synuclein (gray bars). Statistical power: 1 – β > 93.2% (B), 1 – β > 

100% (C). Sample size of independent cultures: 6 for DIV15, 36 for DIV28 (B), 12 for DIV15, 18 for DIV28 (C). 

 

3.7. The β-synuclein P123H mutant reduces the frequency of network bursts, 

whereas wild-type β-synuclein and the β-synuclein V70M mutant do not 

Subsequently, it was investigated whether the reduction of burst frequency was unique to α‑synuclein 

overexpression or whether it could also be triggered by the overexpression of other synuclein variants – 

variants such as wild-type β‑synuclein, the β-synuclein P123H mutant and the β‑synuclein V70M mutant 

78,83,84. For this, an identical experimental setup was used as detailed earlier for α‑synuclein, i.e. including 

co-expression of Bcl-xL in order to prevent loss of neurons from the network. It was thus observed that 

wild-type β-synuclein overexpression did not significantly reduce the frequency of network bursting 

compared to overexpression of wild-type γ-synuclein, except for a small reduction at DIV15. In contrast, 
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it was found that neurons overexpressing the β‑synuclein P123H mutant reduced the frequency of 

network bursting by 28-56% between DIV16 and DIV31 in comparison to neurons overexpressing γ-

synuclein. Finally, it was observed that the β‑synuclein V70 mutant did not significantly reduce burst 

frequency compared to neurons overexpressing γ‑synuclein (Figure 28). 

 
 

Figure 28. The P123H β-synuclein mutant reduces the frequency of network bursting at four different 

timepoints, whereas the V70M mutant and wild-type β-synuclein induce no consistent reduction of burst 

frequency. 

(A-C) Quantification of network burst frequency in wild-type β-synuclein overexpressing neurons (white bars) 

(A), P123H β-synuclein mutant overexpressing neurons (light gray bars) (B) or V70M β-synuclein mutant 

overexpressing neurons (dark gray bars) (C), with all three compared to γ‑synuclein overexpressing neurons (black 

bars). The figure indicates the average number of network bursts per minute ± standard deviation. wt = β-synuclein 

(wt), P123H = P123H β-synuclein mutant, V70M = V70M β-synuclein mutant. Statistical analysis (used for all 

subfigures): two-tailed t‑test with Welch's correction and a post-hoc power test. *: p < 0.05. ***: p < 0.001, 

****: p < 0.0001. Statistical power: 1 – β > 73.1% (DIV16) (A), 1 – β > 100% (DIV16, DIV25, DIV28, DIV32) 

(B). Sample size of independent cultures: 18 (A), 9 (B‑C). 

 

This result was contrary to expectations, as previous studies had suggested that all of the β-synuclein 

variants were neurotoxic in terms of causing neuronal cell death 78,84. To determine whether these 

mutants still caused cell death, neurons were induced to overexpress either one of the β‑synuclein 

variants or γ-synuclein from DIV2. Notably, overexpression of Bcl-xL was omitted, as it inhibits cell 

death and thus does not permit the assessment of cell survival. It was thus observed that of the three 

variants only the β-synuclein P123H mutant moderately but significantly reduced cell survival when it 

was overexpressed from DIV4 to DIV28. In contrast, the overexpression of the V70M β‑synuclein 

mutant or of wild-type β‑synuclein did not reduce cell survival (Figure 29). The overexpression of the 

P123H β‑synuclein mutant was therefore neurotoxic in terms of its impact on network bursting and cell 

survival, whereas the overexpression of the other β-synuclein variants was not. 

As the overexpression of the β-synuclein P123H mutant was neurotoxic when overexpressed without 

Bcl-xL, it was determined whether it was neurotoxic in the presence of Bcl-xL. This experiment was 

performed because if β-synuclein P123H mutant overexpression induced cell death in the presence of 

Bcl-xL, then this would be one explanation as to why overexpression of this mutant reduced the 

frequency of network bursting (which was recorded in cultures expressing Bcl-xL). However, 
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overexpression of the β-synuclein P123H mutant did not increase levels of cell death in the presence of 

Bcl-xL overexpression (Figure 30). 

 
 

Figure 29. Overexpression of the P123H β-synuclein mutant reduces the survival rate of cells at DIV28, 

whereas the overexpression of the V70M β-synuclein mutant or of wild-type β-synuclein does not. 

(A-C) Quantification of cell survival in wild-type β-synuclein overexpressing neurons (white bars) (A), P123H 

β‑synuclein mutant overexpressing neurons (light gray bars) (B) or V70M β-synuclein mutant overexpressing 

neurons (dark gray bars) (C), with all three compared to γ‑synuclein overexpressing neurons (black bars). Anti-

apoptotic factor Bcl-xL was not expressed in these cultures. The figure indicates the average percentage of 

surviving cells from DIV16 to DIV28 as % of the number of cells on DIV15. “wt” = β-synuclein (wt), P123H = 

P123H β‑synuclein mutant, V70M = V70M β-synuclein mutant. Statistical analysis (used for all subfigures): 

two‑tailed t‑test with Welch's correction and a post-hoc power test. "n.s." = not significant **: p < 0.01. Statistical 

power: 1 – β > 97.8% (B), Sample size of independent cultures: 9 (A‑C). 

 

 
 

Figure 30. Overexpression of the P123H β-synuclein mutant is not toxic to neurons when overexpressed 

alongside Bcl-xL. 

Quantification of cell survival in neurons overexpressing P123H β‑synuclein (light gray bars) compared to neurons 

overexpressing γ‑synuclein (black bars) in the presence of Bcl-xL overexpression. The figure indicates the average 

percentage of surviving cells from DIV16 to DIV28 as % of the number of cells on DIV15. P123H = β-synuclein 

P123H mutant. Statistical analysis: two‑tailed t‑test with Welch's correction and a post-hoc power test. Sample 

size of independent cultures: 9. 

 

As cell death was not present in β-synuclein P123H mutant overexpressing neurons (when also 

expressing Bcl-xL), other explanations for the frequency reduction were investigated. Specifically, it 

was investigated whether overexpressing the β-synuclein P123H mutant destroyed neurites or synapses 

or reduced cellular levels of cAMP, as was observed in α‑synuclein overexpressing neurons. To provide 

a point of comparison, the impact of wild-type β-synuclein overexpression on these parameters was 

determined as well. It was thus observed that when compared to the overexpression of γ-synuclein, the 

overexpression of the P123H β-synuclein mutant from DIV4 to DIV28 reduced the amount of axons by 

49% and the amount of dendrites by 8.3%. A non-significant reduction of pre-synapses by 18% was also 
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observed. Finally, a reduction in the level of cAMP-activated PKA phosphorylation was observed by 

5%, whereas no reduction of any kind was observed when comparing the overexpression of wild-type 

β-synuclein to the overexpression of γ‑synuclein (Figure 31). 

 

 
 

Figure 31. Overexpression of the P123H β-synuclein mutant reduces the level of cAMP-activated PKA 

phosphorylation and the amount of neurites, whereas overexpression of wild-type β-synuclein does not.  

(A-D) Quantification of the level of cAMP-regulated PKA phosphorylation (A), amount of pre-synapses (B), 

axons (C) and dendrites (D) in the presence of either wild-type β-synuclein overexpression (white bars), mutant 

P123H β-synuclein overexpression (light gray bars) or γ-synuclein overexpression (black bars). The level of PKA 

phosphorylation as % of control ± standard deviation is depicted in (A), the amount of pre-synapses per mm2 ± 

standard deviation is depicted in (B), the percentage of plate surface covered by neurites ± standard deviation is 

depicted in (C, D). cAMP = cyclic adenosine monophosphate, PKA = protein kinase A. Statistical analysis (used 

for all subfigures): two-tailed t‑test with Welch's correction and a post-hoc power test. *: p < 0.05. **: p < 0.01, 

****: p < 0.0001.  Statistical power: 1 – β > 56.4% (A), 1 – β > 100% (C), 1 – β > 91.4% (D). Sample size of 

independent cultures: 18 for the left panel and 9 for the right panel (A), 9 for the left panel and 19 for the right 

panel (B), 8 for the left panel and 10 for the right panel (C), 4 for the left panel and 11 for the right panel (D). 

 

Overall, the overexpression of the β-synuclein P123H mutant  caused lesions in several structures related 

to intercellular connectivity, as was observed in neurons overexpressing α‑synuclein. This therefore 

supported the case that a reduction in connectivity was the explanation for the reduction of burst 

frequency in neurons overexpressing the P123H β-synuclein mutant.  

3.8. Tau protein reduces the frequency of network bursts, reduces the level 

of cAMP and the amount of axons, synapses and dendrites 

Next, it was analyzed whether overexpression of the AD-associated tau protein reduced the frequency 

of network bursting, which was done to determine whether disease-related proteins outside of the 
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synuclein family could also impact network bursting in culture 5,287. Tau protein was a particularly 

interesting target as studies had shown that it could disrupt rhythmic activity in vivo, which was a similar 

observation as had been made for α-synuclein 13-15. More specifically, studies had observed that 

increased CSF levels of tau protein were correlated with disruptions of rhythmic activity in AD patients 

14,15 

For determining whether tau protein impacted the frequency of rhythmic activity, a similar experimental 

setup was used as was implemented for the synucleins. However, instead of using one control for tau 

protein overexpression, two controls were used, with comparisons carried out against γ‑synuclein and 

NLS-mCherry overexpression. It was observed that compared to overexpression of γ-synuclein, 

overexpression of tau protein significantly reduced the frequency of network bursting on DIV16 and 

from DIV22 to DIV31 (Figure 32). The smallest observed reduction was 18% at DIV16, whereas the 

largest observed reduction was 79% at DIV31. A reduction in the frequency of network bursting was 

also observed when the overexpression of tau protein was compared to the expression of the secondary 

negative control, NLS-mCherry (Supplementary Figure 2). 

 
 

Figure 32. Tau protein overexpression reduces the frequency of calcium bursting. 

Quantification of the frequency of calcium bursting in neurons overexpressing tau protein (white bars) compared 

to neurons overexpressing γ-synuclein (gray bars). The frequency of bursts per minute ± standard deviation is 

depicted. *: p < 0.05, ***:  p < 0.001, ****: p < 0.0001. Statistical analysis (used for all subfigures): two-tailed 

t‑test with Welch's correction and a post-hoc power test.  Statistical power: 1 – β > 75.5% (DIV16), 1 – β > 100% 

(DIV22, DIV25, DIV28), 1 – β > 98.8% (DIV31). Sample size: 18 independent cultures.  

 

After observing that tau protein reduced the frequency of neuron network bursting, it was further 

determined whether tau protein overexpression reduced the amount of synapses, neurites or levels of 

cAMP-activated PKA phosphorylation. This was done to provide an explanation for the reduction of 

burst frequency by tau protein overexpression.  Indeed, tau protein overexpression reduced the amount 

of pre-synapses by 53%, the amount of axons by 56%, the amount of dendrites by 19% and the level of 

cAMP-dependent PKA phosphorylation by 15% when compared to neurons overexpressing γ-synuclein. 

All of the reductions were calculated to be statistically significant (Figure 33). Importantly, similar 

reductions were observed when the comparison was carried out against NLS-mCherry (Supplementary 

Figure 3). 



78 

 

Finally, it was also determined whether tau protein overexpression decreased cell survival, which was 

done to assess whether the loss of neurites and synapses was a consequence of increased levels of cell 

death. Furthermore, the impact of tau protein on both burst frequency and on the number of connecting 

structures was the largest of all the proteins that had been tested, which suggested that it could also be 

neurotoxic in terms of causing cell death, even when Bcl-xL was overexpressed.  

 
 

Figure 33. Tau protein overexpression reduces the amount of active pre-synapses, axons and dendrites, as 

well as the level of cAMP-dependent PKA phosphorylation. 

(A-D) Quantification of the amount of pre-synapses (A), axons (B) and dendrites (C) as well as the level of cAMP-

dependent PKA phosphorylation (D),  in the presence of either tau protein overexpression (white bars) or 

γ‑synuclein overexpression (gray bars).The amount of pre-synapses per mm2 ± standard deviation is depicted in 

(A), the percentage of plate surface covered by neurites ± standard deviation is depicted in (B, C) and the level of 

PKA phosphorylation as % of control ± standard deviation is depicted in (D). *: p < 0.05 **: p < 0.01, ****: 

p < 0.0001. Statistical analysis (used for all subfigures): two-tailed t‑test with Welch's correction and a post-hoc 

power test. Statistical power: 1 – β > 52.6% for DIV16 and 1 – β > 72.9% for DIV28 (A), 1 – β > 81.7% for DIV16 

and 1 – β > 100% for DIV28 (B), 1 – β > 99.9% (C) 1 – β > 100% (D). Sample size of independent cultures: 9 

(A), 6 for DIV16 and 8 for DIV28 (B), 4 for DIV16 and 6 for DIV28 (C) and 11 for DIV16 and 16 for DIV28 (D). 

 

Indeed, it was observed that tau protein overexpression reduced cell survival by 7-13% in the presence 

of Bcl-xL overexpression (Figure 34). Notably however, the loss of axons and pre-synapses was much 

larger than the loss of cells, with over 50% of axons and synapses being lost in neurons overexpressing 

tau protein. These results thus suggested that tau protein overexpression had a cell death independent 

impact on these structures, although a small portion was also explainable as an outcome of cell death. 

Notably, the reduction in cytosolic cAMP by tau protein overexpression was also likely cell death 

independent, as this readout represented the average of all neurons and was thus independent of how 

many neurons were present in culture. Finally, the loss of dendrites in response to tau protein 

overexpression was likely induced by cell death in part but not completely, as this loss (19%) was 

slightly larger than the observed reduction in cell survival (7-13%). 

Generally, the reduction of the frequency of bursts alongside the loss of synapses and neurites in 

response to tau protein overexpression permitted two conclusions to be drawn. Firstly, overexpression 

of tau protein impacted the same mechanisms as the overexpression of α-synuclein or the overexpression 
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of the P123H β-synuclein mutant – it reduced neuronal connectivity and the level of cyclic AMP. As all 

three also reduced the frequency of network bursting, this reduction was likely caused by an impairment 

of the same mechanism in the case of all three proteins. Secondly, it was clear that synucleins were not 

the only proteins that could impact the bursting of neuron networks, as this reduction could also be 

induced by overexpression of tau protein. 

  

Figure 34. Tau protein overexpression reduces cell survival by 7-13% in the presence of Bcl-xL 

overexpression. 

Quantification of neuron survival in neurons overexpressing either tau protein (white bars) or γ-synuclein (gray 

bars) in the presence of Bcl-xL overexpression. The number of neurons surviving from DIV10 (as % of the number 

of neurons at DIV10) ± standard deviation is depicted. Statistical analysis: two-tailed t‑test with Welch's correction 

and a post-hoc test for statistical power. Statistical power: 85.2% (DIV16), 99.5% (DIV19), 99.9% (DIV22), 99.8% 

(DIV25), 99.4% (DIV28), 97.5% (DIV31). Sample size: 18 independent cultures.  
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4. Discussion 

In synucleinopathies, a direct connection is thought to exist between the disruptions observed in patients 

and α-synuclein, as evidenced by the existence of synucleinopathy cases that were caused by α‑synuclein 

duplication or triplication 65,288. Further evidence is provided by a variety of experiments in experimental 

animals that have shown that artificially inducing increased levels of α‑synuclein expression can lead to 

disruptions of nervous system functioning, such as neuronal cell death and altered brain rhythmic 

activity 133,156. 

Of these, the disruption most directly relevant to this project is the reduction of the brain’s rhythmic 

activity frequency in response to increased levels of α-synuclein 13,133. This reduction in rhythmic 

activity is a relevant property of brain functioning because of two reasons. To begin, in human patients 

this type of reduction is correlated with the emergence of dementia, such as the dementia associated 

with late-stage Parkinson's disease or dementia with Lewy bodies 3,10,11,127. Secondly, rhythmic activity 

is involved in the regulation of a large variety of brain functions. As an example of this, brain rhythms 

have been argued to contribute to various cognitive operations 1,289. 

In this project, a study on the impact of increased levels of α-synuclein on rhythmic activity was 

conducted in cultured neurons, which exhibit their own simple type of rhythmic activity, the so-called 

network bursts. A question could be posed, as to why studying rhythmic activity in this type of model 

would be relevant, when models for studying this in vivo already exist 133. The answer to this can be 

explained in two points. 

Firstly, neuronal culture allows for the easy analysis and manipulation of extracellular and intracellular 

protein species. This is important in the context of α-synuclein, as this protein is known to have 

extracellular forms, which have been suggested in literature to disrupt or otherwise alter neuron 

functioning 135,136,271,273.  

Secondly, neuronal cultures are easier to probe experimentally than animal models, allowing for easier 

use of tools such as fluorescent sensors or various types of staining. Notably, several of these methods 

can also be performed in animal models, but require the use of more complicated methods (e.g. cranial 

windows for fluorescence imaging), as well as the investment of more time, materials and financial 

resources for the purchase and maintenance of experimental animals. As such levels of investments are 

not required in cell culture, it is possible to perform several different analyses as part of the same project. 
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4.1. The overexpression of α-synuclein reduces the frequency of neuron 

network rhythmic activity in vitro. 

Importantly however, for the usability of this model to be established fully, it was necessary for us to 

determine whether α-synuclein changed the properties of rhythmic activity in vitro similarly as it did in 

vivo. Indeed, it was observed that increased levels of intracellular α-synuclein reduced the frequency of 

neuron network bursting in our neuron culture. This was somewhat similar to the results of an in vivo 

study by McDowell et al., which observed that lower frequency rhythmic activity became more 

prevalent in mice expressing increased levels of α-synuclein 133. It was furthermore similar to the study 

by Caviness et al., which observed that larger levels of phosphorylated α-synuclein were correlated with 

an increased prevalence of lower frequency rhythmic activity in patients 13. 

A basic similarity between the model and the in vivo situation thus existed, as in both cases, an increased 

level of α-synuclein induced a shift of rhythmic activity towards lower frequencies. It is important 

however to emphasize that the rhythmic activity of the brain is vastly more complicated and diverse 

than the simple rhythmic activity of neuronal culture. This is because in vivo rhythmic activity is not 

unitary, but is instead composed of a diverse array of different activities, which summate and are 

detected as a range of activities with different frequencies by qEEG. This activity furthermore has 

several different generators, including circuits in both the cortex and the thalamus 110. In contrast, the 

bursting inside neuron cultures is a unitary activity, composed of one large repeating depolarization of 

the neuron culture 86. 

Nevertheless, even with this caveat, it can be argued that enough parallels exist between the in vitro and 

in vivo activity that it is worthwhile to study rhythmic activity in the context of α-synuclein in vitro. Of 

the different parallels, two in particular are noteworthy. Firstly, both our model and the in vivo model 

observed a similar type of change in response to increased levels of α-synuclein – a shift of the rhythmic 

activity towards a lower frequency. Secondly, both model systems were composed of the same neuron 

type – cortical neurons.   

Beyond the parallels with in vivo models, studying rhythmic activity using in vitro models also provided 

unique benefits that were not shared with the in vivo models. Notably, the study of Caviness et al. 

observed that there was an in vivo correlation between increased levels of phosphorylated α-synuclein 

and a disruption in rhythmic activity. However, this study did not prove that the increased levels of 

α‑synuclein caused the disruption – only that these increased levels correlated with the disruption 13. In 

contrast, the study by McDowell et al. went further and indicated that α-synuclein overexpression in 

Thy1-α-synuclein mice could directly cause the disruption of rhythmic activity 133. However, this study 

did not investigate the mechanistic grounds for impacts on rhythmic activity, such as a potential loss in 

connectivity or a reduction in cytosolic cAMP. The unique advantage of our cell culture model was that 

these mechanisms would be comparatively easy and cost-efficient to determine in vitro, due to the 
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greater invasiveness possible in neuron culture along with the shorter time required to express 

α‑synuclein in neurons for observation of rhythmic activity disruptions 133. 

4.1.1 The observed reduction of rhythmic activity frequency by α-synuclein occurs sooner 

than similar observations in vivo 

Interestingly, the frequency reduction caused by increased levels of α-synuclein occurred sooner in our 

in vitro model than it did in the in vivo studies. Although this could be expected due to the vastly shorter 

lifespan of neuron cultures compared to living organisms, it is still interesting, as in vivo, increased 

levels of α‑synuclein led to rhythmic activity disruptions only after being overexpressed for 9 months 

or more in the case of experimental mice 133. In comparison, in vitro increased levels of α‑synuclein 

caused a relatively large reduction in as little as 3-5 weeks of overexpression (Figure 18).  

This discrepancy can be explained by the fact that α-synuclein expression was much higher in this study 

than in the in vivo studies, being around twenty times higher than levels of normal neuronal expression 

(Figure 22). In comparison, the method used to overexpress α-synuclein in experimental mice induced 

an expression increase of 1,5-5 fold (depending on brain region) over wild-type expression levels 

13,131,133. 

4.2. Extracellular α-synuclein was not involved in reducing the frequency of 

network bursting, contradicting previous results 

Notably, previous studies had observed that application of recombinant α-synuclein fibrils could disrupt 

the functioning of in vitro neuron networks 135,136,273. Most relevantly to our study, two studies had 

observed that the application of 0,13-0,50 µM recombinant fibrils reduced the frequency of network 

bursting in neuron culture. Importantly however, these studies used recombinant α-synuclein that was 

aggregated artificially and processed using sonication before use, which cast some doubt on their results 

135,136. This is because the type of α-synuclein used in their study does not naturally exist and it is thus 

questionable whether it is a relevant parallel to α-synuclein in patients.  

Notably, our study was well-positioned to verify these results using neuronally-produced α-synuclein, 

which arguably provided a closer parallel to patient α-synuclein, which is also produced and released 

by mammalian neurons. Furthermore, our cell culture supernatant contained 0,33-0,36 µM extracellular 

α-synuclein at the later timepoints (Figure 21), which was comparable to the amount used in these 

studies (0,13-0,50 µM) 135,136. Therefore, our study could be used to investigate whether neuronally-

produced extracellular α‑synuclein impaired rhythmic activity in the same way as recombinant 

α‑synuclein.  

In order to answer this question, a medium exchange was carried out where medium containing released 

synuclein from α-synuclein overexpressing neurons was applied to control neurons. Notably however, 

no reduction in the frequency of rhythmic activity was observed after this medium exchange was 
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performed (Figure 23). Other results also showed that extracellular α-synuclein did not play a role in 

regulating the frequency of neuron network bursting. For instance, when an attempt was made to wash 

off the extracellular species of α‑synuclein from the neurons using a medium exchange, the neuron 

network bursting frequency did not change (Figure 24). These observations thus suggested that in our 

model extracellular α-synuclein did not alter the network bursting of in vitro neurons.  

As mentioned, this contradiction between our results and previously published results is most likely 

explained by the different types of samples used in our study compared to those used in previous studies. 

More specifically, the samples used in our study are of a neuronal origin and undergo folding and 

production using mammalian cellular machinery. In contrast, the samples used in previous studies were 

produced recombinantly using E.coli bacteria and aggregated artificially, which could lead to an 

artificial reduction in burst frequency due to the presence of non-biological types of aggregates or 

bacterial contaminants 135,136.  

Notably, the presence of bacterial contaminants is a particularly concerning problem, as these have been 

shown to alter the properties of α-synuclein. For instance, LPS species have been shown to alter the 

aggregation kinetics and the aggregated forms of α-synuclein, as well as to change the rate of aggregated 

α-synuclein internalization 285,290. Beyond this, E.coli bacteria also produce other proteins that have been 

shown to alter the properties of α-synuclein, such as the bacterial amyloid protein curli, which has been 

shown to enhance α-synuclein aggregation 291,292. 

Our results thus suggest that extracellular α-synuclein does not disrupt rhythmic activity as has been 

described in previous studies. Nevertheless, further experiments would need to be performed to confirm 

this observation. For instance, it would be interesting to determine whether there exist possible 

differences between neuronally produced and artificially produced extracellular α-synuclein, such as on 

the level of fibril structure or size.  

Beyond this, it would also be beneficial to investigate whether neuronally produced synuclein aggregates 

exhibit other traits that have been shown to exist for recombinant synuclein aggregates. For example, it 

should be investigated whether neuronally-produced aggregates have the ability to seed intracellular 

α‑synuclein aggregation when taken up into neurons using endocytosis 273. This would be relevant, as 

this has been observed in the case of recombinant α-synuclein. Moreover, this phenomenon has 

important implications for a variety of larger theories of α-synuclein pathology, such as the theory of 

α‑synuclein spreading in a prion-like fashion, spreading misfolded synuclein forms as it is spread from 

neuron to neuron 293. 

Finally, further research on whether recombinantly produced α-synuclein contains contaminants would 

be helpful – although this has been done extensively for lipopolysaccharide endotoxins, it would also 

need to be done for other potentially relevant contaminants, such as the amyloid fibril forming bacterial 

protein curli, which – similarly to lipopolysaccharide endotoxins – has been suggested to change the 



84 

 

aggregation properties of α-synuclein 286. Notably, the studies on curli performed thus far have not 

investigated its potential role as a contaminant, but have instead analyzed its role as a component of the 

gut proteome that can alter α-synuclein functioning 291,292. 

4.3. The reduction in burst frequency was correlated with diminishments in 

structures responsible for neuronal connectivity 

In terms of investigating the reasons why α-synuclein reduces the frequency of neuron network bursting, 

a key hypothesis was that this was mediated by a reduction in connectivity. The basis for this supposition 

were a variety of studies, including studies using computer modelling, which claimed that connectivity 

is one of the key parameters for determining the behavior of rhythmic activity in neuronal  

networks 16-20,115.  

As a readout for determining the level of connectivity, the structural integrity of various structures 

responsible for neuronal connectivity was investigated – structures such as pre-synapses, axons and 

dendrites. The level of cAMP was also determined in context of this, as cAMP is a signaling molecule 

that plays a role in synaptic potentiation signaling pathways and is thus a possible molecular mediator 

of connectivity 4,212. 

Indeed, when the structural integrity of these structures was evaluated, it was determined that 

overexpression of either α-synuclein, tau protein or the P123H β-synuclein mutant caused a reduction 

in at least three of the four analyzed parameters (synapses, axons, dendrites, cAMP). In contrast, 

overexpression of wild-type β-synuclein or γ-synuclein did not change the level of any of the four 

parameters (Table 5). 

The follow-up question to this was whether the reduction in these connecting structures was what caused 

the reduction of neuron network burst frequency. If this was the case, then a reduction in both 

connectivity and neuron network burst frequency would have been expected at the same timepoint. 

Indeed, overexpression of wild-type α-synuclein, wild-type tau protein and the β-synuclein P123H 

mutant all caused a substantial reduction of neuron-connecting structures and of neuron network burst 

frequency at DIV28. In comparison, overexpression of wild-type β-synuclein induced neither a 

reduction in neuron network burst frequency nor a reduction in neuron-connecting structures at DIV28 

(Table 5). 

Thus, a correlation between the reduction of neuron-connecting structures and the reduction of burst 

frequency was clearly demonstrated. The presence of this correlation was further supported by the fact 

that the effect size of the connectivity reductions and the effect size of the burst frequency reduction was 

similar for two of the three proteins. In the case of the tau protein-overexpressing neurons, a -53% 

reduction of axons and a ‑56% reduction of pre-synapses was observed, which was be similar to the 

‑71% reduction of burst frequency. In the case of the P123H β-synuclein mutant overexpressing neurons, 

a -49% reduction of axons was observed, which was similar to the -53% burst frequency reduction.  
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Protein tested: Burst freq. Synapses Axons Dendrites cAMP/PKA 

α-synuclein  

(wild-type) 
**** (-56%) ** (-28%) * (-15%) n.s. **** (-6%) 

tau protein  

(wild-type) 
**** (-71%) * (-53%) * (-56%) ** (-21%) *** (-15%) 

β-synuclein  

(P123H mutant) 
**** (-53%) n.s. **** (-49%) ** (-8%) * (-5%) 

β-synuclein  

(wild-type) 
n.s. n.s. n.s. n.s. n.s. 

 

Table 5. Summary of observed connectivity and neuron network bursting differences on DIV28. 

Compilation of the various reductions related to either connectivity or neuron network bursting. Statistical 

significances of the observed differences are indicated. If the result is significant, the percentage  size of the 

reduction compared to γ-synuclein overexpressing neurons is also indicated. Statistical analysis (used for all 

subfigures): two-tailed t‑test with Welch's correction and a post-hoc power test. *: p < 0.05, **: p < 0.01, 

***: p < 0.001, ****: p < 0.0001. "n.s." = not significant. "Burst freq." = frequency of network bursting, 

"Synapses" = amount of functional pre-synapses per mm2, "Axons", "Dendrites" = amount of well surface covered 

by axons or dendrites. "cAMP/PKA" = level of cAMP-activated PKA phosphorylation. For more details, see 

Figures 18, 25, 27, 28, 31, 32, 33. 

 

Nevertheless some discrepancies were also evident. Notably, in the case of the α-synuclein 

overexpressing neurons, no drastic reduction of one single connectivity parameter was observed – burst 

frequency was reduced by 56% whereas the highest reduction of a connectivity-related parameter was 

the reduction in presynapses, which were reduced by 28%. This therefore suggests that although the 

reduction in burst frequency in neurons overexpressing α-synuclein can be explained by a reduction in 

connecting structures to a significant degree, it is also possible that other disruptions of neuron 

physiology could be involved, such as alterations in the rate of synaptic or neurotransmitter release. 

Furthermore, overexpression of both wild-type α‑synuclein and mutant P123H β-synuclein lead to a 

disruption of three connectivity parameters and not all four.  This is the most confusing for the P123H 

β-synuclein mutant, as a reduction was observed in the amount of axons but not in pre-synapses. This is 

odd, as pre-synapses are structurally connected to axons and thus a reduction of both would be expected. 

The confusion was strange particularly as overexpression of both wild-type α-synuclein and wild-type 

tau protein led to a reduction of both pre-synapses and axons, whereas the overexpression of wild-type 

β-synuclein led to a reduction of neither pre-synapses nor axons (Table 5). Although the cause of this 

discrepancy is unclear, one possibility is that the neurons compensated for the particular type of axonal 

lesion induced by the P123H β-synuclein mutant, for instance by activating inactive or silent synapses. 

Despite the discrepancies however, overall the results suggested that there exists a correlation between 

connectivity and burst frequency. Nevertheless, future studies should be performed that confirm the 

presence of this correlation. For instance, connectivity lesions similar to ours could be modelled in in 

silico models of network bursting in order to determine if this would induce a reduction of network 

bursting frequency comparable to the one observed in our study.  
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4.3.1 The observed reduction of axons and synapses in response to α-synuclein 

overexpression is coherent with results of previous studies 

Notably, our results on the impact of α-synuclein overexpression on neurites and synapses were coherent 

with previous studies. With regard to axons, numerous studies had observed the presence of axonal 

pathology and axonal loss in response to increased levels of α-synuclein, which was coherent with our 

observation that α-synuclein overexpressing neurons caused a 15% reduction in the amount of axons 

(Figure 25) 6,28,156,157,294. With regard to synapses, a variety of studies had observed disruptions in 

synaptic functioning and also synaptic loss, which was coherent with our observation that α-synuclein 

caused a -28% reduction of functional pre-synapses (Figure 25) 174-176,179,185-190,295,296.  

Beyond this, our results were also internally coherent, as a reduction in pre-synapses would be expected 

to occur alongside a reduction in axons, as the two are structurally linked to one another. Indeed, in our 

dataset, the overexpression of α-synuclein induced both a reduction in axons and in pre-synapses. A 

slight discrepancy however was that α-synuclein overexpression induced an apparent loss of axons 

(‑15%) that was lower in magnitude than the apparent loss of synapses (-28%) (Figure 25). This could 

be explained by the fact that the number of synapses quantified in this study was not the number of 

structural synapses but the number of functioning synapses. It is thus possible that an additional 

mechanism was responsible that involved not a structural destruction of the pre-synapse along with the 

axon but instead a more subtle functional disruption, such as a reduction of the excitability of the neuron 

attached to the pre-synapse. 

4.4. α-synuclein overexpression reduces the level of cyclic AMP, a signaling 

molecule which regulates the growth of axons and the formation of synapses 

Notably, our study is the first which has observed that increased levels of α-synuclein lead to reduced 

levels of cAMP in the cytosol. This is relevant as previous studies had only shown that cAMP 

metabolism was altered in various PD models, but had not tied it specifically to α-synuclein 34-36,240,241. 

Furthermore, our study also suggested that a reduction in cAMP levels could be one of the explanations 

behind the reduction of rhythmic activity in response to α-synuclein overexpression, suggesting a 

possible pathway through which the α-synuclein induced cAMP reduction could be pathological. 

Beyond this however, our study also suggests an interesting hypothesis, namely that α-synuclein induces 

a reduction in pre-synapses and axons by first triggering a reduction in cAMP. This is because a 

distinguishing feature of cAMP is that cAMP promotes axon growth and regeneration and is involved 

in synapse formation – it is a regulator of the two of the other connectivity factors observed in our study 

297-301. Therefore if α-synuclein reduces levels of cAMP, it is plausible that this could trigger a reduction 

in axons and presynapses (similar in type to the one observed in our study at DIV28). 

When compared against our results however, arguments both for and against this hypothesis emerge. To 

begin, α-synuclein does reduce cAMP levels alongside reducing the amount of axons and pre-synapses 



87 

 

at DIV28 in our cultures (Table 5). However, problematically, no reduction of cAMP levels was 

observed at DIV16 in our cultures – if a reduction of cAMP were to explain the reduction in axons and 

pre-synapses, then such a reduction would be expected in earlier culture (Figure 27). By contrast, if 

cAMP is first reduced in late culture, it is unclear as to how it could reduce the amount of axons and 

synapses after these structures are already fully formed. 

Our results are thus insufficient by themselves to prove that α-synuclein overexpression reduces the 

levels of axons and synapses by first reducing the levels of cAMP. Nevertheless, this remains an 

attractive possibility that could be researched further in future studies. For instance, it is possible that 

α‑synuclein overexpression could reduce cAMP levels or alter cAMP metabolism in cellular 

subcompartments in early culture.  

Two examples of such compartments that could be studied include axonal growth cones and 

presynapses. Of these, axonal growth cones are important for both axon growth and synapse formation, 

which are two of the processes that are regulated by cAMP 297-301. An impairment of cAMP metabolism 

at this compartment in early culture could thus trigger the reductions of connectivity that were observed 

in our study. Furthermore, an α-synuclein impairment of this compartment is plausible, as growth cones 

have been shown to natively contain α-synuclein 302. Meanwhile, presynapses would also be an 

interesting compartment to study as they also contain high levels of α-synuclein 166,303. Furthermore, 

these compartments are also associated with synaptic potentiation, which is another connectivity-related 

cellular process regulated by cAMP 304. 

4.5. Overexpression of the P123H β-synuclein mutant reduces the frequency 

of rhythmic activity by disrupting cellular connectivity, which is similar to 

the observed impact of α-synuclein overexpression 

Notably, α-synuclein is not the solitary member of the synuclein family that is associated with 

neuropathology, as β-synuclein has been shown to induce cell death when overexpressed in 

dopaminergic neurons and has also been shown to exhibit altered levels in various cortical areas in DLB 

patients 305-307. Beyond this, two β-synuclein variants (the P123H and V70 β-synuclein mutants) are 

associated with DLB and have been shown to be toxic in dopaminergic neurons when overexpressed 

83,84. As these β-synuclein variants had been observed to have a variety of neurotoxic impacts (e.g. in 

terms of cell death, mitochondrial disruption), our study decided to investigate whether overexpression 

of these various β-synuclein variants impaired neuronal networks in a similar manner as was observed 

for wild-type α-synuclein overexpression 84. Notably, the study of these β-synuclein variants was 

prioritized over the study of α-synuclein mutants, as the β-synuclein variants are much less broadly 

studied than α-synuclein variants, yielding the possibility of discovering novel results. 

Indeed, novel results were observed when using one of the β-synuclein variants, the P123H β-synuclein 

mutant. It was thus observed that the P123H β-synuclein mutant was the only synuclein variant aside 
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from wild-type α-synuclein to substantially reduce the frequency of network bursts when it was 

overexpressed by cultured neurons. Interestingly, our results suggested that the P123H β-synuclein 

mutant and wild-type α-synuclein shared a common pathway for disrupting the functioning of neuron 

network rhythmic activity, as reductions in connecting structures were observed both in neurons 

overexpressing the P123H β-synuclein mutant as well as wild-type α-synuclein. More specifically, a 

reduction in both axons and levels of cytosolic cyclic AMP were observed in both cases (Table 5). 

Our results thus suggest the interesting possibility that a certain degree of commonality exists between 

the impact of wild-type α-synuclein and the impact of the P123H β-synuclein mutant. Indeed, 

commonalities have been suggested before in previous articles, which have shown that the P123H 

β‑synuclein mutant’s aggregation properties under acidic (but not physiological) conditions as well as 

the conformation of its C-terminus exhibit similarities to that of α-synuclein 84,308,309. Notably however, 

the P123H β-synuclein mutant also possessed one impact that was unique from the impact of 

α‑synuclein. More specifically, overexpression of the P123H β-synuclein mutant in neurons reduced the 

amount of axons by 49%, whereas overexpression of wild-type α-synuclein reduced the amount of axons 

only by 15% (Table 5).  

In terms of prospective future studies, it would be interesting to determine if increased levels of the 

P123H β-synuclein mutant induce rhythmic activity disruptions in vivo just as they did in vitro in our 

study. Indeed, reductions in vivo would be not surprising, as increased levels of α-synuclein and tau 

protein reduced the frequency of rhythmic activity not only in our model but also in various in vivo 

studies 13-15. An investigation of the impact of the P123H β-synuclein mutant could also be relevant to 

disease, as importantly DLB, the disease associated with the P123H β-synuclein mutant, involves 

rhythmic activity disruptions in patients 3.  

4.5.1 The non-toxicity of wild-type β-synuclein and the V70M β-synuclein mutant is 

explainable in light of the culture model used in this study 

Notably, in our study increased levels of the P123H β-synuclein mutant diminished cell survival and 

also reduced the frequency of neuron network bursting (Figure 28, Figure 29). This was coherent with 

previous studies, which had similarly shown that increased levels of the β-synuclein P123H mutant 

could cause cell death and also induce additional neuronal lesions (such as mitochondrial disruptions) 

when compared against a non-synuclein control (such as the fluorescent protein EGFP) 84.  

In contrast, our results involving the other two variants are not coherent with previous studies. This is 

because our results showed that increased levels of the V70M β-synuclein mutant and wild-type 

β‑synuclein were not neurotoxic in terms of either cell death or reduction of the frequency of neuron 

network bursting (Figure 28, Figure 29). Larger-scale studies however contradict these results and 

indicate that these two variants cause a variety of neurotoxic impacts on neurons, including induction of 

cell death, disruption of mitochondrial structure and neurite loss 78,84. Furthermore, these studies 
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observed that overexpression of the V70M β-synuclein mutant was more toxic than overexpression of 

the P123H β-synuclein mutant in certain cases, such as in terms of inducing more neurite loss and a 

greater disruption of mitochondrial morphology 84. 

This discrepancy between results can be explained by two factors. To begin, dopaminergic neurons were 

used in several of the experiments that reported increased levels of toxicity in cases of V70M β-synuclein 

mutant or wild-type β-synuclein overexpression 78,84. This is important, because dopaminergic neurons 

differ greatly from cortical neurons. For instance, these cells are thought to have a greatly increased 

energy expenditure due to their sizable axonal arbor, which renders them vulnerable to cellular stressors 

310-312. As a result it is plausible they would also be more vulnerable to the impact of neurotoxic proteins, 

such as the impact of the β-synuclein variants. 

Beyond this, our experiment used a cell culture model, which had been extensively optimized to ensure 

minimal levels of neurotoxicity in terms of cell death and in terms of the disruption of neuron network 

bursting. Notably, these optimizations significantly decreased the neurotoxic impact of α-synuclein, the 

most toxic wild-type synuclein – in the presence of the optimizations α-synuclein overexpression 

induced less cell mortality and a smaller reduction on the frequency of network (Figure 15) 78. It is thus 

possible that the optimized culture conditions reduced the neurotoxicity of increased levels of wild-type 

β-synuclein and the V70 β-synuclein mutant below the detection threshold.  

4.6. Synucleinopathy-related disruptions of rhythmic activity in vivo could be 

explained by a reduction of connectivity, as was observed in this study in vitro 

Our study thus suggests that α-synuclein overexpression reduces the frequency of rhythmic activity in 

vitro by reducing connectivity (Table 5). Notably however, the purpose of our study was not to study an 

in vitro phenomenon but to use the in vitro culture as a model for in vivo rhythmic activity disruptions, 

such as those observed in synucleinopathies.  This therefore invites the question of whether a reduction 

in connectivity could explain in vivo rhythmic activity disruptions, just as it plausibly explains them in 

vitro. 

On the surface, this is possible, as both disruptions of rhythmic activity and reductions in connecting 

structures have been reported in synucleinopathy patients. With regard to rhythmic activity, disruptions 

have been observed using qEEG that take the form of a generalized slowing of cortical rhythmic activity 

– lower frequency activity becomes more prevalent in relation to higher frequency activity 3,10,313. 

Meanwhile, with regard to connecting structures, synucleinopathies are associated with the loss of 

neurites and synapses in a variety of structures, including the cerebral cortex 6,21-23,155,314,315.  

On a mechanistic level, it is also possible to see how a reduction in connectivity could lead to a disruption 

in rhythmic activity. This is because rhythmic activity in the brain is dependent on a spread of the rhythm 

from thalamocortical pacemaking regions to other structures in the cortex, which is mediated by 

connecting structures – neurites and synapses. Beyond this, generation of the rhythm requires regulation 
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and modulation from other brain regions – it is not a single group of neurons which generates a rhythm, 

but an interconnected network of neurons from different brain regions. This process is also reliant on 

functioning neuronal connections 1,110. It is therefore plausible that disruptions of connectivity could 

lead to disruptions of either rhythmic activity spread or generation.  

A relationship between connectivity and rhythmic activity is also suggested by the fact that a worsening 

of symptoms in late-stage Parkinson’s disease leads to both increased disruptions of rhythmic activity 

and increased loss of connecting structures. More specifically, in patients with Parkinson’s disease 

dementia (PD-D) and Parkinson’s disease with mild cognitive impairment (PD-MCI), the generalized 

slowing of PD-associated qEEG patterns increases in size – lower frequency waves are even more 

prevalent in PD-D and PD-MCI patients than in PD patients without cognitive symptoms 10,127. Notably, 

the transition from PD without cognitive impairment to PD-MCI and PD-D is also associated with a loss 

of connecting structures, for instance in cortical gray matter, which has been shown to atrophy in 

increasing amounts in PD-D and PD-MCI patients 21-24.  

Based on these observations, it is thus plausible that a reduction in connectivity could be explained by 

a reduction in connectivity in vivo. Nevertheless, one flaw of the existing body of data is that it consists 

of separate studies on either synuclein, connectivity or rhythmic activity, with only a few studies 

simultaneously studying two topics with the same model (e.g. rhythmic activity in patients and increased 

levels of α-synuclein were studied together by Caviness et al.) 13. 

Crucially, this highlights one of the benefits of our study – due to the simplicity of the in vitro model, it 

was possible for us to investigate the relationship between α-synuclein, connectivity and rhythmic 

activity in one study. Now that our study has established this relationship in vitro, a logical step in the 

future would be to establish it in vivo, for instance by simultaneously studying the connection between 

increased levels of α-synuclein, connectivity and rhythmic activity in α-synuclein overexpressing 

animals, such as the Thy1-α-synuclein mice used by McDowell et al. 133. 

Beyond this, a more distant goal could be to connect the disruptions in rhythmic activity observed in 

neuropathological disorders with disruptions of cognition (such as those observed in dementia). Notably, 

although this would be an extremely complicated task requiring multiple dedicated projects, the basic 

foundations for such a connection exist, as a variety of studies have claimed that rhythmic activity 

contributes to several cognitive functions 1,289. Examples of such cognitive functions include signal 

filtering, signal coordination and attention 289.  

4.7. The disruption of rhythmic activity by tau protein overexpression is 

accompanied by reductions in connectivity 

As mentioned, tau protein was included in our study to test whether a disease-associated protein that 

was not a member of the synuclein family could disrupt rhythmic activity in vitro in a way similar to 

α‑synuclein. Indeed, this was the case, as tau protein overexpression reduced the frequency of rhythmic 
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activity (Table 5). Interestingly, the rhythmic activity reduction was also associated with similar 

reductions in connecting structures, with amounts of axons and synapses being diminished (Table 5). 

The novel discovery with regard to tau protein is therefore the same as for α-synuclein – that tau protein 

overexpression reduces rhythmic activity in vitro in a process that likely involves connecting structures.  

Notably, just as in the case of α-synuclein, the connection between tau protein overexpression, 

connectivity reduction and rhythmic activity disruption could also exist in vivo. This is because in the 

case of AD patients, there exists a similar kind of basic correlation – both reductions in connecting 

structures (for instance as part of cortical atrophy) and rhythmic activity are observed in AD patients 

14,15,316-318. Furthermore, in AD patients progression of the disease was associated with both an increased 

level of rhythmic activity disruption as well as increased loss of connecting structures, which was also 

observed in the case of PD patients 10,14,15,127,319,320. 

Notably, tau protein overexpression reduced the frequency of rhythmic activity by 71%, whereas 

α‑synuclein overexpression reduced rhythmic activity only by 56%. On the surface, this suggests that 

tau protein (and therefore by extension, AD) should be associated with greater disruptions of rhythmic 

activity than α-synuclein (and by extension, PD/DLB). Importantly however, this inference does not 

match reality. This is because several studies exist which have determined the rhythmic activity of 

patients suffering from AD and patients suffering from synucleinopathy associated with cognitive 

symptoms in parallel – these studies reveal that the disruptions of rhythmic activity in AD patients were 

not more dramatic than those in synucleinopathy patients with cognitive symptoms 3,11,126.  

Regardless of this however, our study shows that in vitro, tau protein overexpression leads to a reduction 

in connecting structures, which then likely leads further to a reduction in rhythmic activity frequency. 

The achievement of our study is therefore determining a relationship between these three parameters in 

the context of the same study not just for α-synuclein but also for tau protein. In the future it would be 

beneficial, if these connections would now additionally be studied in vivo, for instance in an animal 

model study that simultaneously images connectivity and rhythmic activity patterns in the presence of 

increased levels of tau protein.  

4.7.1 The cAMP reduction in response to increased levels of tau overexpression is a novel 

observation in the context of mammalian neurons 

Notably, our observation that tau overexpression leads to a reduction in cytosolic cyclic AMP is 

relatively novel. The closest parallel to this is a study conducted in fruit flies, which indicated disruptions 

of cAMP production in response to dopamine stimulation in Drosophila ventrolateral clock neurons 321. 

Nevertheless the large evolutionary distance between Drosophila and humans renders the relevance of 

this discovery to mammalian biology questionable at face value. It is thus relevant that our study 

confirmed this phenomenon in specifically mammalian neurons. 
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Beyond this, our study also observed a reduction in pre-synapses and neurites in response to tau 

overexpression. These results however are not novel but instead replicate the results of previous studies, 

such as the observations of extensive neurite and synapse loss as part of cortical atrophy in Alzheimer’s 

disease, the disorder associated with tau protein 316-318. Beyond this, parallels also exist with studies 

conducted in cell culture – a reduction in neurites in response to increased levels of tau was also observed 

in a study conducted in hippocampal neurons by Verstraelen et al 17. Notably, Verstraelen et al. also 

observed a reduction in the frequency of rhythmic activity, although the relationship with connectivity 

was not as strongly established due to internal inconsistencies in the results – the amount of neurites was 

reduced in response to increased levels of tau protein, but not the amount of synapses 17. 
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5. Abstract 

Synucleinopathies are associated with many different types of disruptions, one of which is as a 

generalized slowing of the brain’s rhythmic activity, which co-occurs with dementia in several 

neurodegenerative disorders. Notably, this slowing has also been connected with increased levels of 

α‑synuclein in both patients as well as test animals. 

In this study, the impact of increased levels of α‑synuclein on rhythmic activity was analyzed, with the 

intention of identifying explanations for the disruptive role of α-synuclein. For this, an in vitro model 

was used to enable the use of a variety of different analytical methods for identifying possible 

mechanisms.  

Indeed, a possible explanation for the α-synuclein related rhythmic activity disruption was identified, as 

α-synuclein overexpression not only reduced rhythmic activity in vitro but also simultaneously reduced 

the amount of structures involved in neuronal connectivity, including axons and synapses. Notably, a 

novel reduction of the cytosolic levels of cAMP was also observed, with cAMP being a small molecule 

associated with a variety of signaling pathways, including those related to connectivity. 

In addition to this discovery, our study also observed that the rhythmic activity in our in vitro model was 

not altered when neurons were treated with neuronally-produced α-synuclein. This result is relevant as 

previous studies had claimed that neuronal rhythmic activity could be disrupted when treated with 

artificially aggregated recombinant α-synuclein. 

Finally, our study observed that in vitro rhythmic activity was disrupted in cases of tau protein or  P123H 

β-synuclein mutant overexpression. Interestingly, the same connectivity disruptions were observed in 

neurons overexpressing these proteins as in those overexpressing α-synuclein, potentially suggesting 

that the three proteins disrupted rhythmic activity through a common pathway involving a loss of 

connectivity. 
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7. Supplementary materials 

 

 
 

Supplementary Figure 1. Example stain using an antibody staining for synapse-specific protein synapsin1/2. 

Image of a neuronal culture immunocytochemically stained on DIV28 using anti-synapsin1/2 (blue, Synaptic 

Systems). 

 

 
 

Supplementary Figure 2. Tau protein overexpression reduces the frequency of calcium bursting compared 

to expression of negative control NLS-mCherry. 

Quantification of the frequency of calcium bursting in neurons overexpressing tau protein (white bars), which is 

compared to neurons expressing NLS-mCherry (black bars). NLS-mCherry = nuclear localization signal tagged 

mCherry. The frequency of bursts per minute ± standard deviation is depicted. *: p < 0.05, ****: p < 0.0001. 

Statistical analysis (used for all subfigures): two-tailed t‑test with Welch's correction and a post-hoc power test.  

Statistical power: 1 – β > 57.6% (DIV16), 1 – β > 100% (DIV22, DIV25, DIV28, DIV31). Sample size: 18 

independent cultures. 
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Supplementary Figure 3. Tau protein overexpression reduces the amount of active synapses, axons and 

dendrites, as well as the level of cAMP-dependent PKA phosphorylation in comparison to expression of 

NLS-mCherry. 

(A-D) Quantification of the amount of pre-synapses (A), axons (B) and dendrites (C) as well as the level of PKA 

phosphorylation (D) in the presence of either tau protein overexpression (white bars) or NLS-mCherry expression 

(gray bars).The amount of pre-synapses per mm2 ± standard deviation is depicted in (A), the percentage of plate 

surface covered by neurites ± standard deviation is depicted in (B, C) and the level of PKA phosphorylation as % 

of control ± standard deviation is depicted in (D). NLS-mCherry = nuclear localization signal tagged mCherry. 

* : p < 0.05 **: p < 0.01, ****:  p < 0.0001. Statistical analysis (used for all subfigures): two-tailed t‑test with 

Welch's correction and a post-hoc power test. Statistical power: 1 – β > 75.2% for DIV16 and 1 – β > 73.5% for 

DIV28 (A), 1 – β > 76.9% for DIV16 and 1 – β > 100% for DIV28 (B), 1 – β > 100% (C), 1 – β > 77.6% for 

DIV16 and 1 – β > 100% for DIV28 (D). Sample size of independent cultures: 9 (A), 6 for DIV16 and 8 for DIV28 

(B), 4 for DIV16 and 6 for DIV28 (C) and 11 for DIV16 and 16 for DIV28 (D). 
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8. List of abbreviations 

α waves Alpha waves 

α; α-syn α-synuclein 

AAV Adeno-associated virus 

AC Adenyl cyclases 

AD Alzheimer's disease 

ALS Amylotrophic lateral sclerosis 

AMP Adenosine monophosphate 

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

APP Amyloid precursor protein 

ATP Adenosine triphosphate 

Aβ Amyloid beta 

β waves Beta waves 

β β-synuclein 

β-syn β-synuclein 

BCA Bicinchoninic acid 

Bcl-xL B-cell lymphoma extra large 

BDNF Brain-derived neurotrophic factor 

bGH pA Bovine growth hormone polyadenylation sequence 

BOLD Blood oxygen level dependent 

BSA Bovine serum albumin 

cAMP Cyclic adenosine monophosphate 

cDNA Complementary DNA 

cENOs Cortical early network oscillations 

CFP Cyan fluorescent protein 

CM Molar concentration 

CREB cAMP response element binding protein 

CSF Cerebrospinal fluid 

Cy2 Cyanine 

Cyclic AMP Cyclic adenosine monophosphate 

δ waves Delta waves 

DARPP-32 Dopamine- and cAMP-regulated neuronal phosphoprotein 

DDA 2',3'-Dideoxyadenosine 

DIV Day in vitro 
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DLB Dementia with Lewy bodies 

DMN Default mode network 

DMSO Dimethyl sulfoxide 

dNTP Deoxynucleotide triphosphate 

DTT Dithiothreitol 

E18 Embryonic day 18 

FCS Fetal calf serum 

FFT Fast Fourier transform method 

fMRI Functional magnetic resonance imaging 

FRET Förster resonance energy transfer 

GA Glutaraldehyde 

GABA Gamma-Aminobutyric acid 

GDP Giant depolarizing potentials 

GFP Green fluorescent protein 

HCN channels Hyperpolarization-activated cyclic nucleotide gated channels 

HD Huntington’s disease 

HRP Horse radish peroxidase 

hSyn Human synapsin 

Int Intronic sequence 

ITRs Inverted terminal repeats 

LTP Long-term potentiation 

m Mass 

M Molar mass 

M13 M13 peptide sequence 

MAP kinase Mitogen-activated protein kinase 

MAP2 Microtubule-associated protein 2 

MAPT Human tau protein (microtubule-associated protein tau) gene 

MCI Mild cognitive impairment 

MPP+ 1-methyl-4-phenylpyridinium 

“n.s” Not significant 

NAC Non amyloid-component 

NFL Neurofilament L 

NFT Neurofibrillary tangles 

NLS-mCherry Nuclear localization signal tagged mCherry 

NMDA N-methyl-D-aspartate 

-OH Hydroxyl group 
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P123H P123H β-synuclein mutant 

PBS Phosphate-buffered saline 

PD Parkinson's disease 

PD-D Parkinson's disease dementia 

PDE Phosphodiesterase 

PD-MCI Parkinson's disease with mild cognitive impairment 

PFA Paraformaldehyde 

PI Protease inhibitor 

PIP2 Phospatidylinositol-4,5-biphosphate 

PKA Protein kinase A 

PKA-C Catalytic subunit of PKA 

PKA-R Regulatory subunit of PKA 

PVDF Polyvinylidene fluoride 

qEEG Quantitative encephalography 

qPCR Quantitative PCR 

REM sleep Rapid eye movement sleep 

SDS Sodium dodecyl sulphate 

SN Substantia nigra 

SNCA Human α-synuclein gene 

SNCG γ‑synuclein gene 

SV40 Simian virus 40 polyadenylation site 

Sy-GCaMP Synaptophysin-GCaMP 

τ Microtubule-associated protein tau 

tau protein Microtubule-associated protein tau 

TB Transcription blocker 

TE Tris-ethylenediaminetetraacetic acid 

θ waves Theta waves 

TrkB Tyrosine receptor kinase B 

V Volume 

V70 V70M β-synuclein mutant 

VAMP2 Vesicle-associated membrane protein 2 

WPRE Woodchuck hepatitis virus post-transcriptional regulatory element 

YFP Yellow fluorescent protein 
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