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 1.1 Neuronal networks and cognition 
According to the Oxford dictionary 1 cognition is “the mental action or process of 

acquiring knowledge and understanding through thought, experience, and the 

senses”, which is an essential function of our brain for survival. The underlying 

mechanisms of cognition have been studied for many years and a key process in 

cognition is synaptic transmission. Synapses are the defining feature of neurons, 

enabling communication between these cells and eventually within and between 

neuronal circuits or networks. The idea of synaptic transmission was first 

illustrated by Santiago Ramón y Cajal in 1894, who described that electrical 

signals are transferred from the presynaptic to postsynaptic element via 

chemical neurotransmission. He also postulated that changes in strength of 

connections between neurons could be the mechanism of memory formation 2, 

called synaptic plasticity. In 1949, this idea was further expanded by the 

hypothesis that simultaneous activation of two neurons strengthens their 

connection, while separate activation weakens their connection 3. Molecular 

understanding of synaptic plasticity was elucidated almost 25 years later by Bliss 

and Gardner-Merwin, who described long-term potentiation (LTP) and long-term 

depression (LTD) 4. In the healthy adult brain, synaptic plasticity is the proposed 

neurochemical and structural basis of learning and memory, with essential roles 

for the hippocampus and neocortex 5. 

The formation of neuronal networks involved in cognitive tasks such as learning 

and memory is driven by molecular pathways that are encoded by 

developmental programs. During embryonic and early post-natal development 

neurons start to form neurites that will develop in either axons or dendrites and 

eventually interconnect via synaptic contacts to form neuronal networks. 

Specialized presynaptic structures will form at the axonal terminals where 

neurotransmitters (NTs) will be transmitted to postsynaptic terminals on the 

dendrites of connected neurons via the synaptic cleft (Fig. 1.1). These structures 

are not rigid and continuous remodeling of pre- and postsynaptic elements is 

involved in synapse function and maturation. Presynaptic terminals include 

active zones where molecular components are present involved in synaptic 

vesicle loading, turnover, docking, fusion and endocytosis. Postsynaptic 

machinery is present on dendritic shafts and dendritic spines contain the active 

zones involved in glutamatergic signaling. These dendritic spines are known to 

change density and shape in response to synaptic transmission. The dynamic 

synaptic transmission involves many different steps that can be physiologically 

regulated or pathologically dysregulated (Fig. 1.1) 6. Presynaptic vesicles are 

loaded with NTs, followed by transport towards and fusion with the presynaptic 

membrane as a result of electrical stimulation. This process highly depends on 

vesicular transporters (for example vGLUT and vGAT), ion channels involved in 

propagation of voltage signals and subsequently proteins involved in vesicle 

fusion, like SNARE complex proteins. Voltage-gated calcium channels allow the 

entrance of calcium into the presynaptic terminal. This calcium signal triggers 
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vesicle fusion, followed by NT release into the synaptic cleft, with an associated 

loss of protons from the vesicle when the acidic vesicle lumen fuses with the 

neutral environment of the synaptic cleft. Finally, NT molecules bind to 

postsynaptic receptors in order to activate postsynaptic signaling cascades.  

 
Figure 1.1 Schematic representation of synaptic transmission. This diagram 

represents some of the key steps in synaptic transmission, for example changes in 
membrane potential induced by an action potential, influx of calcium ions into the 

presynaptic element, synaptic vesicle fusion, and subsequent release of neurotransmitters 
into the synaptic cleft, followed by the generation and propagation of the postsynaptic 

potential. Adopted from Dreosti and Lagnado 2011 6. 
 

During development neurons show sporadic electrical activity. Robust neuronal 

network activity develops over time when electrical activity synchronizes. 

Pruning of the neuronal network is necessary for fine tuning and highly depends 

on spontaneous and experience-driven electrical activity stimulating synaptic 

connectivity and maturation 7-9. These highly synchronized bursting patterns 

have been shown in different brain regions in vivo 8,10, in vitro in brain slices 11,12, 

and even in dissociated primary neuronal cultures 7,13.  Therefore, spontaneous 

activity is thought to be an intrinsic property of neurons, regulating synaptic 

transmission efficacy and cytoplasmic protein and membrane receptor trafficking 
8,9,14. This functional development of biological networks is often exemplified by 

live cell calcium imaging and clearly shows the maturation of neuronal networks 

in vitro 13. Similarly, in vitro data show that structural correlates of in vivo 

network formation can be recapitulated in cultures of dissociated rodent neurons 
13. Verstraelen and colleagues showed that neurite outgrowth and synapse 

formation occur exponentially in the first week subsequent to dissociation after 

which the network expansion slowed down. Synaptogenesis continued and 
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dendritic spines emerged, indicating further maturation of the neuronal networks. 

Obviously, these cultured neuronal networks do not resemble the complexity of 

biological neuronal networks. An in vitro network is not influenced by other 

brains regions or feedback-loops and lacks the three-dimensional structure for 

example. But aspects of neuronal network function, such as synaptic 

transmission, can be studied in these networks in vitro in a controlled manner.  

However, synaptic transmission is not straightforward and is underlain by 

complex mechanisms at molecular level. At a single neuron excitatory and 

inhibitory synaptic inputs are combined and transmitted to other neurons via 

synaptic contacts. The process of synaptic transmission itself can transform 

signals 6, for example via changes in postsynaptic receptor composition. 

Synapses are plastic, allowing these transformations to be changed on the 

shorter and longer term, and thereby adjusting input-output relationships of the 

network. These processes operate on largely differing dimensions of time, e.g. 

the basic synaptic transmission occurs in milliseconds, while processes as 

neuromodulation and neurodegeneration require minutes to days 15. To 

understand neuronal network (dys)function, different time scales have to be 

studied, but also different levels of the network in varying dimensions (e.g. 

ranging from synaptic receptors to connections within local networks or between 

brain regions) 15. Over the last decades different tools have been developed to 

study this multistep process, providing useful insights in synaptic transmission 6.  

Tools for monitoring neuronal networks 
One experimental strategy to look at neuronal networks in vitro is through 

microscopic imaging, which allows studying both synaptic morphology and 

functionality (or morphofunction).  Immunocytochemistry (ICC) can be used to 

study neurons and their connections structurally. Using antibodies, specific 

cellular structures can be identified and quantified. However, ICC often requires 

fixation of cells and therefore dynamic processes are much harder to study. This 

can be resolved by ectopic expression of fluorescently labeled markers in living 

neurons. These fluorescent proteins can be targeted to subcellular locations (for 

example the pre- or postsynaptic compartments). Although immuno-

cytochemistry with specific antibodies and the right image analysis paradigms 

can provide useful information about synapses (reviewed in ref. 16), there is no 

guarantee that connected neurons or actual synapses are being quantified. 

Several options for imaging true connections between synaptic partners have 

been developed during the last decades (reviewed by Wickersham and Feinberg 
17). An elegant example of this principle is the mGRASP technique (mammalian 

GFP (green fluorescent protein) Reconstitution Across Synaptic Partners) 18, 

which allows the localization of synapses to be studied in living cells. This 

technique is based on split-GFP, i.e. the functional complementation between 

two nonfluorescent GFP fragments. One of those GFP fragments is coupled to a 

part of the presynaptic protein neurexin, the other GFP fragment to a part of the 

postsynaptic protein neuroligin, to achieve delivery to synaptic locations. 
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Synapse formation reconstitutes GFP across the synaptic cleft, which can be 

imaged in living cells and this way the appearance of synapses can be followed 

over time (Fig. 1.2). Since it has not been proven that reconstituted GFP is 

removed with synapse removal, caution has to be taken when interpreting 

mGRASP results. 

Figure 1.2 Schematic representation of the mechanism of action of mGRASP in 

the synapse. Presynaptic expression of pre-mGRASP produces mCerulean fluorescence 

(blue) and postsynaptic expression of post-mGRASP produces dTomato fluorescence (red). 

When synaptic partners are reconstituted GFP fluorescence (green) appears. Adopted from 

Kim et al., 2012 18.  

At the level of the synapse many more processes play pivotal roles in synaptic 

transmission besides the physical formation and structural fine-tuning of 

synapses. One important player is calcium. Following depolarization of the 

presynaptic neuron different voltage-gated calcium channels open, resulting in a 

transient calcium influx leading to synaptic vesicle release 19. Using calcium 

indicators Smetters and Majewska showed that action potentials can be detected 

with calcium imaging 20. Many different indicators of intracellular Ca2+ 

concentrations have been developed and have been used to study these 

processes. Initially, chemically synthesized Ca2+ indicators were developed, but 

these indicators have limitations. First of all, although loading into cells is 

accomplished as acetoxymethyl (AM) esters (as first described by Tsien in 

198121), this does not enable targeting to specific cells. Furthermore, AM esters 

tend to leak out of cells and compartmentalize into organelles, thereby limiting 

imaging duration to several hours. The limitations of synthetic calcium dyes do 

not exist for genetically encoded calcium indicators (GECIs), for example the 

family of GCaMPs 22. These indicators were developed by a fusion of green 

fluorescent protein (GFP), calmodulin, and M13. Further development and 

optimization of these proteins was done in order to increase dynamic ranges and 

Ca2+ affinity. Examples of these optimized probes are GCaMP3 23 and GCaMP6 24. 

Advantages of these GECIs are that GECIs can be used to follow a living cell 

culture over time, without decrease of functionality. Furthermore, expression 

can be targeted to specific cells (by incorporating a cell type specific promoter) 

or even specific cellular structures (by coupling the indicator to protein 

fragments). An example of the last property of GECIs is the fusion of GCaMP3 

with PSD95 in order to target the calcium indicators to the postsynaptic 

compartment. Subcellular localization of this fusion protein is dependent on 

PSD95, which localizes to the postsynaptic density of excitatory synapses. 
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Several studies have shown that the calcium signal can give robust information 

about subtle changes in neuronal networks 13. By using an imaging based 

approach, combined with automated analysis 25 additional network features can 

provide useful insights in neuronal network function and dysfunction. 

A related pivotal event in neuronal network function is activity-dependent 

synaptic vesicle exocytosis, occurring at the presynaptic membrane. In the last 

two decades probes have been developed to study these processes as well. In 

1998 Miesenböck and colleagues described pHluorin 26 which is a GFP based pH 

sensing protein. The fusion of pHluorin with the second intravesicular loop of 

synaptophysin, a membrane protein that localizes to synaptic vesicles, was 

developed and named sypHy 27. This enabled specific probing of presynaptic 

vesicles, since the sypHy moiety faces the vesicle lumen, such that loss of 

protons with vesicle fusion can be imaged. In the acidic lumen of a synaptic 

vesicle, sypHy has very low fluorescence intensity. However, upon activity 

dependent fusion of synaptic vesicles with the synaptic plasma membrane, the 

probe faces the extracellular environment of the synaptic cleft where the neutral 

pH causes a strong increase in fluorescence intensity (Fig. 1.3). Further 

development of this indicator family created the red sypHtomato probe 28, 

enabling the combined imaging of presynaptic function (in red) with 

(postsynaptic) calcium dynamics (in green). Although presynaptic calcium influx 

is necessary for presynaptic vesicle exocytosis, these processes do not depend 

on each other in a 1:1 ratio 19. Therefore, the probe could give additional 

valuable information about synaptic transmission. By combining the red 

sypHtomato with a green calcium indicator the relationship between these two 

processes can be questioned too 28,29. 

Figure 1.3 Schematic representation of the mechanism of action of sypHtomato. 

The pHtomato is quenched in the acidic environment inside the vesicle (pH ~5.5). Upon 

action potential (AP) firing, vesicles fuse with the plasma membrane, protons are lost and 

the environmental pH of the probe increases to pH 7.4 thereby increasing its fluorescence. 

After endocytosis and re-acidification fluorescence is quenched again. Adopted from Royle 

et al., 2008 30. 
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Another widely used experimental approach to study neuronal function is 

electrophysiology. Single cells can be characterized using patch clamp 

techniques, while network function can be studied with multi-electrode arrays 

(MEAs). Both approaches share the advantage of a high temporal resolution, but 

give less spatial information, i.e. it is more difficult to identify the origin and 

location of the inputs on the cell that has been patched or the network that is 

interrogated with MEAs. The ongoing advancements in multi-electrode or micro-

electrode technology focus on increasing the spatial resolution of this technique 

facilitating the understanding of single neurons or complete networks 31. MEA 

technology can give complementary information to calcium imaging and 

morphological read-outs via immunocytochemistry. Ideally, electrophysiological 

data should be combined with calcium imaging to study the relationship between 

electrical and chemical signaling events in in vitro cultures.  

1.2 Neuronal networks in neuropathology 
Since cognitive functions of the brain badly need synaptic transmission for 

integration of signals, it is not surprising that synapses are affected in cognitive 

disorders. Cognitive decline is a hallmark of dementias, a symptom occurring in 

many neurodegenerative disorders. Alzheimer’s disease (AD) is the most 

common form of dementia in elderly. Together with other dementias AD is an 

important global public health problem with an estimated prevalence of about 30 

million and an expected increase in numbers worldwide 32. The extremely high 

costs of care but also the impact for patients and their relatives underline the 

need for (more) effective therapies. 

Cognitive disorders, including AD, schizophrenia and frontotemporal dementia 

(FTD), reflect marked disruptions in the processing of information, impaired 

neuronal connectivity and reduced cognition. Synapses play an important role in 

these disorders. For example, during AD progression normal synaptic function 

becomes impaired, synapses are eliminated and pathological proteins are 

transported through synapses (reviewed in ref. 33). In AD the strongest correlate 

with cognitive decline is synapse loss in hippocampus and cortex 34, underlining 

the importance of synaptic function and structure in the disease. Not only loss of 

synapses and spines has been shown, but changes occur in morphology as a 

compensatory mechanism, for example increased size of the remaining spines 35. 

Recently, several research groups have focused on the “synaptic hypothesis” for 

dementias including AD (e.g. reviewed in ref. 33,36,37). Many of the synaptic 

changes seem to be reversible, which is an important finding regarding drug 

development for these cognitive disorders. Synapse loss appears to be an early 

event in pathogenesis of dementias, since synaptic changes have been shown in 

patients with only mild cognitive impairment and early AD 38,39. Recent advances 

in biomarker identification in AD have made it possible to detect aspects of 

neuropathology in cognitively normal individuals, such as buildup of misfolded 

proteins, one or even two decades before onset of clinical dementia 40,41. Figure 

1.4 shows a hypothetical model representing the pathological cascade of AD with 
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the temporal pattern of biomarkers that can be used for tracking 

pathophysiological processes during this disease. These initial events are 

indicative for potential pathways to target for intervention, because they may 

underlie the start of pathology.  

Figure 1.4 Dynamics of biomarkers for AD in a pathological cascade model. This 

model shows a possible order of biomarkers occurring during the pathological cascade of 

AD. The first identified feature is Aβ amyloid, identified by CSF Aβ42 (purple) or PET 

amyloid imaging (red). Next, elevated CSF tau levels (blue) can be measured. 

Neurodegeneration is measured by FDG (fluorodeoxyglucose) PET (reflecting increased 

metabolism by inflammatory responses) and structural MRI (orange). Markers increase 

over time (presented on the horizontal axis) and converge at the top right-hand corner of 

the plot at the point of maximum abnormality. Cognitive performance is depicted as a 

zone (green filled area) since high risk and low risk cases respond differentially. High risk 

subjects show a response curve that is shifted to the left, while for subjects with a lower 

risk profile the curve is shifted to the right, illustrating that two subjects with the same 

biomarker levels can show different cognitive outcomes.  Adopted from Jack et al., 2013 41. 

1.3 Tauopathies as an example of neuronal 

network dysfunction 
As previously mentioned, Alzheimer’s disease is the most common form of 

dementia. The incidence of this and other neurodegenerative disorders is 

expected to rise dramatically since life expectancy increases, causing a serious 

economic and social burden. Although AD was described already in 1907 by Alois 

Alzheimer 42, and despite major efforts in research towards the cause of the 

disease, no disease-modifying treatment is available yet.  
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Alzheimer’s disease 
In 1907 Alois Alzheimer reported the first case of AD 42: the 51-year old Auguste 

Deter presented with progressive memory loss, cognitive decline, and adverse 

behavioral changes. Post-mortem examination of her brain showed abnormal 

histopathological hallmarks now being identified as plaques (accumulation of 

extracellular aggregates of insoluble beta-amyloid) and neurofibrillary tangles 

(NFTs, intraneuronal filaments of hyperphosphorylated tau protein), and are 

used for the definitive diagnosis of AD. Probably diagnoses are based on 

measurements of cognitive decline. The first signs of dementias are often 

attributed to normal aging and present themselves as difficulties in remembering 

recent events and information. The first stage, called Mild Cognitive Impairment 

(MCI), reflects gradual deterioration giving problems with subjective and 

objective memory, but does not convert to AD per se 43. During disease 

progression, semantic memory for learned facts and implicit memory of the body 

become affected and eventually language and other cognitive abilities. In 

advanced AD, patients need help with basic activities of daily living, including 

eating and personal hygiene, while they do not recognize their close relatives 

anymore.   

Structural changes in AD brains are characterized by “positive lesions”, being 

the accumulation of plaques, tangles, neuropil threads, dystrophic neurites and 

“negative lesions”, that is massive atrophy due to neuronal loss and 

degeneration of neurites and synapses 44. Spread of these lesions throughout 

the brain typically occurs in a characteristic pattern 45, providing useful 

information about disease progression and symptoms. The two key proteins 

involved in AD are amyloid precursor protein (APP) and microtubule binding 

protein tau, eventually resulting in abnormal aggregates of misfolded proteins in 

the disease. Therefore, AD is called a proteinopathy. Genetic defects are 

observed in only about 5% of all patients diagnosed with Alzheimer’s disease. 

These patients suffer from early onset familial AD (fAD), showing cognitive 

decline already before the age of 65. Inheritant dominant mutations in genes 

encoding either APP, presinilin 1 (PS1) or presinilin 2 (PS2) increase the level of 

amyloid peptide in the brain, thereby initiating AD pathology. However, the 

etiology of the other 95% of so-called sporadic AD (sAD) cases is complicated, 

which is due to a variety of (early-life) risk factors such as aging, gender, 

education, and genotype of apolipoprotein E (ApoE) 46.  

Since genetic mutations in the APP pathway lead to development of Alzheimer’s 

disease, the amyloid hypothesis for AD has received a lot of attention. APP is an 

integral membrane protein present in many tissues including neurons. 

Depending on the posttranslational sequential cleavage of APP by secretase 

proteins including PS1 and PS2 monomeric Aβ is produced. These enzymes 

cleave APP at different positions, creating a variety of Aβ peptides, of which 

Aβ43, Aβ42, Aβ40, Aβ38 and Aβ37 variants are detected in cell cultures and 

body fluids (Aβ numbering indicates the number of amino acids comprising the 
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peptide). These peptides form a heterogeneous mixture having different 

solubility, stability and biological and toxic properties. Aβ40 is the most common 

amyloid peptide present in the healthy and AD brain, while other peptides are 

present at lower levels. Aβ42 species are found to be significantly increased in 

cells expressing fAD mutations, but recent efforts also show quantitative 

changes in other Aβ peptide levels. Therefore, not the quantity but the balance 

between the different peptides seems to play a major role in the aggregation of 

amyloid, the formation of plaques and the pathology of AD. Neurons close to 

amyloid plaques show dystrophic neurons and synapse loss (reviewed in ref. 47).  

Historically, synaptic dysfunction in AD was attributed to amyloid pathology, 

because appearance of tau pathology was thought to occur later in disease 

progression and genetic defects in the APP pathway are responsible for fAD 

cases. Although plaques are typical hallmarks of AD, no correlation has been 

found with cognitive impairment, while tangles do correlate with cognitive 

impairment, neuronal cell death and synapse loss 48,49. The demonstration that 

tau deposits closely correlate with cognitive decline 45,50 increased the interest 

for tau as possible mediator of synaptic dysfunction. The strongest correlate with 

cognitive decline is actually synapse loss in hippocampus and cortex 34. In 

mouse models of AD, synaptic dysfunction is observed earlier than neuronal loss 

and coincides with the onset of memory deficiencies 51. These findings led to the 

hypothesis that synaptic transmission is highly affected in AD (review in ref. 
33,36). Moreover, tau pathology causes neurological problems and dementias in 

many described tauopathies without amyloid or other proteinopathies and 

colocalisation of tau and amyloid at the synapse was proposed to explain their 

functional interaction in cognitive decline in AD patients 52,53. Different animal 

models have been used to gain insight in synaptic dysfunctions caused by tau. 

For example rTg4510 mice, overexpressing human P301Ltau, showed alterations 

in synaptic function and structure 54-59. Tangle bearing neurons are reported to 

contain less synaptic proteins and receive fewer synapses 60-62. Furthermore, tau 

pathology showed to induce hyperexcitability of the glutamatergic system via 

increased presynaptic vesicle release and decreased glutamate clearance from 

the synaptic cleft by astrocytes. Both processes correlated well with memory 

performance of these mice, and occurred while tau pathology was still subtle 

without significant neuronal loss63. An increasing number of studies found that 

soluble forms of tau protein act at the synapse to cause neural network 

dysfunction rather than (insoluble) tangles (reviewed in ref. 54). Next to animal 

models, dissociated rodent primary neuronal culture models have proven to 

provide valuable information about synaptic deficiencies. Hoover and colleagues 

showed in dissociated rodent primary neuronal cultures that early tau-induced 

deficits develop within the dendritic spines, by disrupting glutamate receptor 

trafficking or synaptic anchoring, thereby impairing synaptic function. By 

creating pseudophosphorylated and phosphorylation-deficient tau protein they 

showed that tau phosphorylation plays a critical role in mediating synaptic 

deficiencies in this model 64.  The distribution of tau pathology in time and space 
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correlates well with nerve cell degeneration and clinical symptoms in AD. 

However, the exact mechanisms and cause of synaptic dysfunction in 

neurodegenerative disorders like AD is not known yet.  

Tauopathies  
Tauopathies are a group of neurodegenerative disorders characterized by the 

accumulation and aggregation of the pathological tau protein in human brains 65. 

In AD, Parkinson’s disease, FTD, Pick’s disease and progressive supranuclear 

palsy tau aggregation and formation of NFTs is a common pathological feature 66. 

These NFTs were first described by Alois Alzheimer about a century ago42, but 

not earlier than three decades ago the major component of tangles was 

identified as a hyperphosphorylated, filamentous form of the tau protein 67. AD 

and other tauopathies unequivocally demonstrated that dysfunction of tau 

protein can drive neurodegeneration. Because multiple tau mutations are 

pathogenic in FTDP-17 patients and tau polymorphisms seem to be genetic risk 

factors for progressive supranuclear palsy, tau pathology is directly linked to 

etiology of neurodegenerative diseases including AD. Due to the variety in 

disease manifestations of these tauopathies, other factors such as additional 

genetic and epigenetic factors are involved, but the common factor is tau 

pathology.  

Tau protein in physiology 
Microtubule associated protein tau (MAPT) is primarily expressed in the central 

and peripheral nervous system and can be subdivided in 4 regions: the N-

terminal projection region, a proline-rich domain, a microtubule binding domain 

and a C-terminal part 68. The MAPT gene is encoded by sixteen exons on 

chromosome 17q21 69 and alternative splicing results in six different isoforms 

with different physiological roles 68,70 (see Fig. 1.5). Inclusion or exclusion of 

exons two and three (E2 and E3) gives rise to isoforms containing 0, 1, or 2 N-

terminal inserts. Exon ten (E10) encodes one of the four microtubule-binding 

domains (MTBD) in the C-terminal half of tau. Alternative splicing of E10 results 

in tau isoforms containing either 3 (3R tau) or 4 (4R tau) MTBDs, resulting in an 

increased microtubule-binding affinity of 4R tau. The expression of MAPT 

isoforms is developmentally regulated. Fetal and early post-natal neurons only 

express the shortest MAPT isoform 0N3R, whereas in the adult human brain all 

isoforms are expressed with a 3R:4R ratio close to one 71,72. The amino-terminal 

insertions are not equally expressed in the adult brain, with respective 

percentages of about 37%, 54%, and only 9% for 0N, 1N and 2N isoforms. The 

rates of microtubule assembly are mainly influenced by the number of C-

terminal repeats, rather than by the amino-terminal insertions.   



 

12 

 

 

C
H

A
P
T
E
R
 1

 

Figure 1.5 Schematic representation of the human MAPT gene and the splice 

isoforms of tau protein. MAPT, the gene encoding human tau, consists of 16 exons and 

intermediate introns. Exons 1 (E1), E4, E5, E7, E9, E11, E12 and E13 are always 

expressed, while E2, E3, and E10 are subject to alternative splicing. E0 is part of the 

promoter, which is transcribed but not translated. E4a, E6 and E8 are transcribed only in 

peripheral tissue. The six human brain tau isoforms  contain  0, 1 or 2 near-amino-

terminal inserts (0N, 1N or 2N, respectively) and 3 or 4 carboxy-terminal repeat domains 

(3R or 4R, respectively), depending on the presence or absence of R2. Adopted from Wang 

and Mandelkow 2015 70. 

Microtubule assembly was found to be 2.5-3.0 times faster and more efficient 

for isoforms containing four repeats when compared with three-repeat 

containing isoforms 71. The function of the N-terminal inserts is less clear. 

However, the inserts are thought to influence the attachment or spacing 

between microtubules 73,74, the subcellular distribution of tau in neurons 75 and 

rate and extent of tau aggregation 76. MAPT splicing and expression are 

differentially regulated between brain regions as well. For example, general tau, 

but more specifically 3R tau levels are higher in the neocortex than in white 

matter and cerebellum. The frontal and temporal cortex are most highly affected 

by tauopathy, suggesting that regional variation in MAPT expression might 

contribute to variation in susceptibility for tau pathology 77. Since a lot of 

research on tau is done in transgenic mouse models, it is important to note that 

the adult rodent brain actually exclusively produce 4R tau 78. 

Microtubule binding protein tau is a naturally unfolded and very soluble protein, 

involved in microtubule stabilization and assembly (Fig. 1.6), and more 

specifically in regulation of microtubule dynamics allowing cytoskeleton 

reorganization 79-81, neurite outgrowth, axonal transport, and maintenance of 

cellular viability 70. Additionally, tau was found to play a role in maintenance of 

RNA and DNA integrity, regulation of neurogenesis, neuronal activity, and 

synaptic plasticity (reviewed in ref. 70). Its function is not only regulated by 

alternative splicing, but also by phosphorylation and other posttranslational 

modifications,  for example acetylation and glycosylation (reviewed in ref. 70). 

Phosphorylation is the most prominent modification, which regulates the binding 

affinity of tau to microtubules. High tau phosphorylation occurs at embryonic 

stages when neurons still are very plastic while at later stages phosphorylation 
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is reduced compared to the embryonic brain  82. Tau has many phosphorylation 

sites, and location and overall degree of phosphorylation highly determine its 

function with the interplay between kinases and phosphatases maintaining the 

balance between phosphorylation and dephosphorylation 83,84. 

Figure 1.6 Schematic representation of tau function in healthy and 

diseased neurons. a) Tau is a microtubule stabilizing protein and is particularly 

enriched in neurons. Microtubules provide a course along which cellular cargo can travel 

through the lengthy axonal projections of neurons. b) Tau function is compromised in 

tauopathies, probably resulting both from tau hyperphosphorylation and from the 

sequestration of hyperphosphorylated tau into NFTs thereby reducing the microtubule 

binding capacities of tau. The loss of functional tau leads to microtubule instability, 

reduced axonal transport, and microtubule disintegration, which could contribute to 

neuropathology. Adopted from Brunden, Trojanowski, and Lee, 2009 81. 

Tau protein in pathology 
In the healthy brain tau contains between two and three mole of phosphate per 

mole of protein, which increases threefold in AD brains 85. These abnormal 

phosphorylation levels result in loss of its physiological function by decreasing 

microtubule-binding affinity, but also initiate gain of toxicity by increasing the 

self-aggregating and misfolding potency of the protein, eventually forcing the 

formation of highly organized insoluble paired helical filaments (PHF) and NFTs 
86-88 which are the typical postmortem hallmark of tauopathies. Significant 

accumulation of NFTs coincides with oxidative stress, inflammation, synaptic and 

network dysfunction and ultimately neuronal loss, but not before stages of 

moderate to severe dementia 32. However, coincidence does not necessarily 

a 
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mean a causative relationship. Similar to other aggregating proteins such as 

amyloid beta, alpha-synuclein and prions, tau protein can form aggregates 

ranging from dimers, to bigger oligomers, and higher order multimers that 

eventually end up in insoluble fibrils (reviewed in ref. 89).  In the last decade, 

accumulating evidence has shown that tangles exert negligible neurotoxicity 

compared to soluble tau 87,90,91, either as single molecules or small oligomers. 

The exact mechanisms remain unclear and urge for more research.  

The inherited forms of FTDP-17 are caused by intronic and exonic mutations in 

the MAPT gene on chromosome 17 66,92, either changing the coding sequence of 

the gene, or the alternative splicing of MAPT. More than 30 mutations have been 

found in the MAPT gene of these patients. For example, tau proteins with a 

P301L mutation (identified in FTDP-17 families) showed a reduced affinity for 

microtubules and an increased tendency for aggregation 93. Patients with the 

clinically more aggressive P301S mutation showed aggregation of 

hyperphoshorylated tau at young age already 94. In contrast, no mutations in 

MAPT gene were found to cause or increase the risk for AD. However, 

distribution of tau pathology in time and space correlates well with nerve cell 

degeneration and clinical symptoms in AD. Therefore, interactions with other 

genes and epigenetics are thought to influence tau functionality. In AD cases, 

SNPs in the PPP3R1 gene encoding the regulatory subunit of calcineurin, a 

Ser/Thr phosphatase acting on tau, were associated with higher CSF 

concentrations of tau and phospho-tau, increased tangle pathology, and a more 

rapid disease progression 95. Kauwe and colleagues also found SNPs in the MAPT 

gene affecting disease progression 96. Altered splicing of the MAPT gene were 

found in other neurodegenerative tauopathies as well. Increased 4R/3R tau 

ratios have been described in patients with FTD, progressive supranuclear palsy, 

and Alzheimer’s disease 92,97. In the latter disorder an altered ratio can be 

caused by either an increase of 4R tau isoform production, or decreased 3R tau 

production, resulting in an approximately doubled 4R/3R ratio 98,99.  

The precise contribution of tau phosphorylation, altered 4R/3R ratios, tau 

microtubule stabilization, tau aggregation and ultimately cognitive decline is 

unknown. Many aspects of tauopathies have been unraveled already, but 

additional research is necessary in order to clarify the exact mechanisms leading 

to cognitive impairment. 

1.4 Modeling neurodegenerative diseases  
Although many years of research clarified a multitude of mechanisms underlying 

neurodegenerative disorders, no disease-modifying treatments are available for 

most diseases. Until now only symptomatic treatment alleviates the disease 

manifestation in some patients. For example, based on the cholinergic deficit 

hypothesis 100, which attributes cognitive deficits to the lack of acethylcholine, 

currently three cholinesterase inhibitors are available for the treatment of AD 

(rivastigmine, galantamine and donepezil) leading to a temporary delay of 
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cognitive decline. Additionally, memantine, an NMDA (N-methylD-aspartate) 

receptor antagonist, is available for the treatment of moderate to severe AD, 

protecting neuronal cells from glutamate-mediated excitotoxicity by blocking 

pathologic stimulation of NMDA receptors 101. However, preclinical and clinical 

research puts tremendous efforts in finding a cure for this group of disorders, 

but with high attrition rates (e.g. for AD reviewed in ref. 102) due to severe side 

effects, lack of therapeutic efficacy or effectiveness in mild but not severe 

cognitive decline. It seems to be essential to prevent or delay the onset of the 

disorders, because in progressed state at later time points some aspects are 

irreversible already because neurodegeneration involves irreversible loss of 

neurons. For example, extensive preclinical and clinical research on AD (with 

over two hundred compounds reaching phase II clinical trials since 2003) still 

did not produce novel drugs that have been approved for use in AD patients 102.  

What could be the reason for this poor outcome, while so much time and money 

is invested? The pathogenesis of neurodegenerative disorders is complex and 

fraught with open questions. The hypothesis that final pathology is rather the 

effect than the cause of neurodegenerative disorders indicates that many other 

factors might be involved in pathogenesis, including genetic factors, incidence of 

the disorder in the patient’s family, cerebrovascular disease, traumatic brain 

injury, depression, hormonal disturbance, inflammation, hyperlipidemia and 

hyperglycemia 103. Additionally, cognitive disorders often show highly 

heterogeneous symptoms and clinical etiologies with different disease 

progression and therapeutic responses as a result 104. Lack of knowledge about 

the underlying mechanisms of pathology hampers the development of effective 

treatments and highly demands for additional research. 

Animal models have proven to be a valuable tool to mimick certain aspects of 

these diseases as previously described. For example, in P301S tau transgenic 

mice (PS19), filamentous tau lesions were present at 6 months of age which 

progressively accumulated in association with neuronal loss and hippocampal 

and cortical atrophy by 9-12 months of age 105. The APP23 mouse model 

expresses human APP with the Swedish mutation, and shows clear amyloidosis 
106. However, these two models only represent parts of the AD pathology. A 

promising rodent model for AD is the triple transgenic APP/tau/PS1 mouse 

model showing amyloid plaques and neurofibrillary tangles similar to human AD 

pathology. Synaptic dysfunction was even present before plaques and tangles in 

this model 107,108. However, transgenic models never cover all aspects of human 

disease, for example because choices of transgenes have to be made. Although 

simplified aspects of human brain function can be modelled in the laboratory 

using in vitro and in vivo models, its complexity is difficult to reproduce. Many 

aspects of human neural development are similar to mechanisms unraveled in 

(mammalian) animal models, because they are evolutionary preserved. However, 

important brain regions in complex cognitive diseases, such as the cerebral 

cortex, are less developed in rodents and timing of brain development is 
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different in humans. New cell types and cortical layers have emerged when 

compared to rodents and human-specific migratory pathways have been 

identified. Clearly visible is the considerable increase of the relative size of the 

human brain and its increased gyration. This increased complexity has major 

impact on the acquisition of higher cognitive functions 109-113.  

Another example of the complexity of the human brain is its variety in 

astrocytes. The human cortex contains at least four distinct types of astrocytes 

while only two types have been found in rodents. Astrocytes play an important 

role in supportive functions of the brain, such as ion and water homeostasis, 

energy and metabolism, neurotransmitter production, removal and breakdown 

and blood-brain barrier maintenance. Through secreted factors and physical 

contact astrocytes also regulate synaptic connectivity and transmission in the 

brain 114-116. Besides their physiological functions, astrocytes play important 

roles in pathology as well 116-118. Reactive astrogliosis is associated with various 

pathological conditions, such as trauma, ischemia, and neurodegenerative 

disorders including Alzheimer’s disease. It is still unclear if reactive astrogliosis is 

beneficial or detrimental in many cases. Astrocytes are thought to form 

neuroprotective barriers to wall off misfolded and aggregating proteins such as 

beta amyloid, and reports show that reactive astrocytes can take up and 

degrade extracellular deposits of Aβ42. However, other studies indicate that 

astrocytes contribute to pathology, either via loss of function or gain of 

detrimental effects. Excitotoxic neurodegeneration can be caused by 

dysfunctional astrocytes that no longer take up glutamate out of the synaptic 

cleft, for example 63. Furthermore, exacerbations of inflammation and production 

of neurotoxic levels of reactive oxygen species by astrocytes can be detrimental. 

Differences between species might cause differences in astrocytic responses and 

thus research on neuronal network function and dysfunction. Therefore it is 

difficult to simply extrapolate from animal models to human beings 119,120. 

1.5 Human iPSC-derived neurons 
Until recently it was impossible to obtain live neurons from patients with 

neurodegenerative disorders in order to model the disease in vitro 121. However, 

in 2007 human induced pluripotent stem cells (hiPSCs) have been generated 

from somatic cells to overcome this hurdle 122. hiPSCs are pluripotent cells 

produced by reprogramming somatic cells obtained from any individual, which 

can be differentiated into cells from all three germ layers when using specific 

differentiation protocols. These hiPSCs can be differentiated into neurons, glial 

cells or any other relevant cell type through culture protocols using different 

kinds of growth factors and conditions. hiPSC-derived cells can potentially be 

used for the development of autologous cell therapies for degenerative diseases, 

but suitable applications still have to be evaluated in order to minimize risks 

associated with hiPSC-derived cell therapies, such as tumorigenesis (e.g. 

reviewed in ref. 123). Additionally, the availability of hiPSCs allows the study of 

previously inaccessible human neurons which is specifically interesting for 
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cognitive disorders. This enables the use of patient-derived cells, directly 

providing the genetic background of that person in (almost) any relevant cell 

type 124,125 (Fig. 1.7). Human iPSC-derived cells offer the only practical way to 

study the development and function of human brain cells in vitro, thereby 

circumventing developmental differences with animal models 112. Strikingly, the 

temporal appearance of cortical development in iPSCs was shown to differ 

greatly between rodents and humans, which could be reminiscent of the in vivo 

developmental differences between species 126. Therefore, hiPSCs show high 

potential to develop translational models that can complement or even replace 

animal studies, either by highlighting differences between species, or by further 

confirming results from animal studies.  

The last decade different methods have been developed and optimized to 

generate human iPSCs starting from different tissues (e.g. fibroblasts, 

keratinocytes from hair, and cord blood cells). After that reprogramming factors 

are introduced to induce and keep cells in the pluripotent state, for example 

OCT4, SOX2 and NANOG which are expressed during early embryonic 

development. Additionally, cell proliferation factors like MYC and KLF4 positively 

contributed to generation of pluripotency. The delivery methods for these factors 

are very diverse as well, ranging from integration of exogenous genetic material 

to non-integrative methods using proteins. However, all methods have their pros 

and cons, for example variation in reprogramming efficiency or left-overs from 

integrative methods (reviewed in ref. 127). Since the focus of this project was not 

on hiPSC generation, we used two completely different existing commercially 

available hiPSC lines, that is IPSC0028 (Sigma) and ChiPSC6b (Cellectis). Both 

cell lines were obtained from different tissues (epithelium and fibroblasts 

respectively), from different gender (female and male respectively), and were 

reprogrammed using different factors and different methods (retroviral vector 

containing OCT4, SOX2, KLF4 and MYC and episomal vectors encoding OCT4, 

SOX2, KLF4, LIN28, and L-MYC respectively).  

Although the establishment of hiPSC technology happened no more than one 

decade ago many differentiation protocols to produce hiPSC-derived neurons 

have been described. Ranging from dopaminergic cells 128 to forebrain 

interneurons 129 and motor neurons; all cell types available have their own 

applications in research. It is highly important to select the right differentiation 

protocol to address specific research questions, since neuronal subtypes differ 

tremendously in functionality, gene expression and morphology. For example, 

production of 4R tau in hiPSC-derived dopaminergic and mixed neuronal 

populations appears already after 4 to 10 weeks of differentiation 128,130, while it 

might take up to 365 days in cortical neurons 131.  
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Figure 1.7 The availability of hiPSCs provides the opportunity to study previously 

inaccessible human cells as a “disease in a dish”. A schematic representation of the 

iPSC technology platform shows a new approach in drug discovery (circle diagram on the 

left). Starting from patient sample for the derivation of induced pluripotent stem cells 

(iPSCs), directed differentiation of these cells into cells that have a crucial role in the 

disease generates a “disease in a dish”. A schematic diagram of iPSC production is shown 

on the right. After cell collection from a patient the cells are expanded and iPSCs are 

derived; the process is followed by a thorough characterization of the hiPSCs, and their 

expansion and storage in a biobank. Adopted from Grskovic et al., 2011 125. 

For this project, with the focus on neuronal network function in cognitive 

disorders, we have chosen for generation of hiPSC-derived cortical neurons. The 

cerebral cortex is the integrative and executive center of the human brain and 

plays an essential role in learning and memory 5. In AD patients the strongest 

correlate with cognitive decline is synapse loss in the cortex and hippocampus 34. 

In this project a specific group of neurodegenerative disorders called tauopathies 

will be discussed in more detail. In these pathologies the cortex is highly 

involved, as signified by the loss of synapses, spines, and decreased function of 

cortical projections 132. In 2012 Shi and colleagues described the directed 

differentiation of hiPSCs to cerebral cortex neurons and neural networks 133 

which was used as a starting point for the hiPSC-derived models used in this 

project. Rodent models have taught us a lot about fundamental features of 

cerebral cortex development, function and dysfunction. However, the human 

cerebral cortex is different from that of rodents in many ways 111, for example 

the increased size, complexity and nature of its developing stem cell populations 
110, and the diversity of neuronal subtypes 109. The latter two characteristics are 

of specific interest when developing a hiPSC-derived cortical model to model 

human cortical dysfunction. The cerebral cortex mainly consists of two classes of 

neurons, that is approximately 80% of excitatory glutamatergic projection 

neurons (that are generated by cortical stem and progenitor cells) and 20% of 

GABAergic interneurons that migrate during development because they are 

generated outside the cortex 134. The development of deep layer (expressing 

markers such as TBR1 and CTIP2) and upper layer (expressing markers such as 

SATB2) glutamatergic projection neurons follows a stereotypic temporal order 
135, creating highly organized (micro)circuits 136-138. The correct final neuronal 
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subtype of glutamatergic projection neurons and their characteristics are thus 

highly dependent on the differentiation via cortical stem and progenitor cells. 

The protocol described by Shi and colleagues is based on key milestones for 

cortical development recapitulating the proportions of cell populations, terminal 

neuronal differentiation, synaptogenesis and network formation 133,139. Figure 

1.8 schematically shows the temporal and spatial patterning of cortical neuron 

neurogenesis 140. 

Various examples of studies using hiPSC-derived neuronal cultures for 

investigating neurodegenerative disorders have been published already. Israel 

and colleagues used hiPSCs from both fAD and sAD patients to show that 

neuronal derivates exhibited significantly higher levels of pathological markers 

amyloid beta and phosho-tau compared to non-demented controls 121. In 

another study using fAD patient-derived hiPSCs comparable findings were 

reported, with increased amyloid beta secretion 141. In an elegant study 

comparing a patient-derived hiPSC line containing the MAPT A152T mutation and 

an isogenic hiPSC line with the corrected mutation, this mutation was found to 

increase tau fragmentation and phosphorylation leading to axonal degeneration 
142. However, none of these reports investigated neuronal network dysfunction in 

hiPSC-derived neuronal models mimicking human neurodegenerative 

pathologies. To study the complete genetic background of AD, but also other 

tauopathies, somatic cells from patients with different tauopathies could be used 

to find common mechanisms underlying different tauopathies, or the other way 

around to find phenotypes specific for a certain disorder. To initiate this line of 

research we have used examples of known MAPT mutations to set up a 

phenotypic screening method. 
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Figure 1.8 Temporal and spatial patterning of cortical neuron neurogenesis from 

pluripotent stem cells. a) Pluripotent stem cells (PSCs) differentiate towards cortical 

progenitors. Subsequent differentiation towards cortical pyramidal neurons first generates 

deep layer neurons, then upper layer neurons and eventually astrocytes. This temporal 

pattern is similar to in vivo situations, also recapitulating the difference in time-course with 

mouse tissue. b) A three-dimensional representation of the various cell types and their 

relationships as found in vivo can be recapitulated using pluripotent stem cells. This 

provides unique tools to study spatial patterning of cortical circuits. Adopted from 

Anderson and Vanderhaeghen 2014 140. 
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 1.6 Aims of the study 
Efforts in drug development and discovery contribute to the increased life-

expectancy in developed and developing countries. Fatal diseases from the past 

become manageable and people live longer. However, these accomplishments 

increase the prevalence and burden of chronic disorders, neurodegenerative and 

aging-related pathologies, thereby demanding for new drug development 

directions. Neurodegenerative disorders are a broad group of highly detrimental 

health problems, often with a complex and heterogeneous character. Although 

decades of research provided useful clues on disease etiology, symptoms and 

progression, for many of these disorders no disease-modifying treatment is 

available. Preclinical research often clearly points into certain treatment 

directions, but clinical trials are aborted or fail to reach effectiveness (e.g. ref. 
102), raising questions about the translational value of preclinical models. 

Therefore, there are ongoing attempts to bridge the gap between models used 

for drug development and human disease progression.  

The goal of this PhD project is the development of a humanized cellular model to 

study neuronal networks in vitro in order to bridge this gap. Until the recent 

discovery of human induced pluripotent stem cells live human neurons were 

hardly available for research, while with the advent of hiPSC technology an 

almost endless source of patient-derived human neurons of different kinds 

becomes available. Since the technique of using hiPSC-derived neuronal cultures 

for studying neuronal networks in vitro is quite new, optimization of 

differentiation protocols is our starting point. Until recently no robust and 

workable protocol was described that provided highly connected hiPSC-derived 

functional cortical neuronal networks in vitro. Time-consuming protocols 

recapitulating human cortical development are very valuable for research, but 

are less attractive for drug development purposes. Thorough characterization 

and validation of control cultures is needed before the model can be used for 

development of drug discovery assays. The system preferably recapitulates 

some of the morphological and functional characteristics of the in vivo situation. 

Additionally, the use of these human neuronal networks for disease-modeling 

has to be explored.   

Neurodegenerative disorders form a high social and economic burden. Therefore, 

we will specifically investigate synaptic function and dysfunction involved in 

neurodegenerative disorders. AD is the most common form of dementia and 

clearly represents tau pathology, supporting the application of the hiPSC-derived 

neuronal model on tauopathies in this project. Although no mutations in MAPT 

gene were found to cause or increase the risk for AD, amyloid-driven early-onset 

familial AD patients always show comorbid tau pathology and tau dysfunction is 

directly linked to cognitive decline in AD patients, while amyloid pathology is not. 

The final stage of tau dysfunction is the formation of neurofibrillary tangles, but 

earlier events in the disease cascade seem to cause cognitive deficits. Finally 

other tauopathies than AD, for example FTD, are cumbersome as well but do not 
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show additional amyloid pathogenesis, all pointing into the direction of tau 

protein as an important factor in cognitive decline.  

Induced pluripotent stem cells have been recently generated to bridge the gap 

between human tissue and animal models and are used here to create a human 

‘disease in a dish’ model. Optimization and validation of a robust and 

reproducible differentiation protocol towards cortical neuronal networks in vitro 

is necessary before disease-related changes can be investigated. Current 

protocols often show high variability affecting reproducibility implying that 

newly-formed neurons are still not well-characterized 124. In chapter 2 we 

aimed to adapt a previously published differentiation protocol in order to obtain 

a robust and workable model. The choice for cortical neurons was made because 

of the relevance for neurodegeneration and tauopathies: cortical regions are 

highly affected by these pathologies and are highly involved in complex cognitive 

tasks affected in patients. Thorough characterization and description of 

techniques to probe hiPSC-derived neuronal networks in a dish will provide a 

valuable base for subsequent disease modeling.    

After establishment of a workable differentiation protocol towards a functional 

neuronal network in vitro we explored the use of a human tau overexpression 

model to study tauopathy-related changes in neuronal networks in chapter 3. 

The development and spreading of tau aggregates in this overexpression model 

in primary rodent and hiPSC-derived neuronal cultures was reported already, but 

not the effect of tau pathology on synaptic transmission. The small soluble tau 

oligomers seem to be more toxic than neurofibrillary tangles; by following the 

cultures over time using functional and morphological readouts we aimed to 

examine the formation of tau oligomers and tangles and their influence on 

neuronal networks in vitro. In order to further substantiate the use of either in 

vitro approach for the study of human (cognitive) diseases the comparison of 

hiPSC-derived neuronal networks with transgenic rodent cultures has to be 

made. 

Furthermore, we investigated the use of engineered hiPSC lines to model 

tauopathies. In contrast to rodent models, it is relatively easy to induce targeted 

mutations in genes expressed by hiPSCs and their derivatives. Chapter 4 aims 

at the creation, validation and thorough functional characterization of four 

mutated hiPSC lines, containing either a MAPT splicing variant mutation or the 

combination of the first with an exonic P301S mutation. Overexpression or 

engineered hiPSC models were used rather than patient hiPSCs as a proof of 

concept to test effect windows and compare with rodent models.  

In chapter 5 we aimed to optimize more tools to study neuronal networks in 

vitro. In order to retrieve a complete view of the ongoing processes, a 

combination of imaging based approaches with electrophysiology would provide 

a complete toolbox to interrogate function as well as morphology of the 
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networks. Tools were chosen to examine different levels of spatial and temporal 

resolution in order to get a complete overview of synaptic transmission.  

In conclusion, the following aims were achieved in the presented PhD project: 

- A robust reproducible differentiation protocol from hiPSCs towards 

functional cortical networks in vitro was optimized and thoroughly 

characterized;  

- Tauopathy-related changes in synaptic transmission were studied using 

human MAPT overexpressing hiPSC-derived neuronal networks that were 

challenged with preformed tau fibrils. Several phenotypic differences in 

morphofunction (i.e. structural and functional differences) were 

identified; 

- Creation and characterization of engineered hiPSC lines gained additional 

insights in tauopathy-related processes. 
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Abstract 
Impaired neuronal network function is a hallmark of neurodevelopmental and 

neurodegenerative disorders such as autism, schizophrenia, and Alzheimer’s 

disease and is typically studied using genetically modified cellular and animal 

models. Weak predictive capacity and poor translational value of these models 

urge for better human derived in vitro models. The implementation of human 

induced pluripotent stem cells (hiPSCs) allows studying pathologies in 

differentiated disease-relevant and patient-derived neuronal cells. However, the 

differentiation process and growth conditions of hiPSC-derived neurons are non-

trivial. In order to study neuronal network formation and (mal)function in a fully 

humanized system, we have established an in vitro co-culture model of hiPSC-

derived cortical neurons and human primary astrocytes that partially 

recapitulates neuronal network synchronization and connectivity within three to 

four weeks after final plating. Live cell calcium imaging, electrophysiology and 

high content image analyses revealed an increased maturation of network 

functionality and synchronicity over time for co-cultures compared to neuronal 

monocultures. The cells produce GABAergic and glutamatergic markers and 

respond to inhibitors of both neurotransmitter pathways in a functional assay. 

The combination of this co-culture model with quantitative imaging of network 

morphofunction is amenable to high throughput screening for lead discovery and 

drug optimization for neurological diseases. 
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2.1 Introduction 

Neurons form connections driven by molecular pathways that are encoded by 

developmental programs. Refinement of this neuronal network highly depends 

on spontaneous and experience-driven electrical activity stimulating synaptic 

connectivity and maturation 1-3. As a result, spontaneous neuronal activity, most 

often exemplified by intracellular calcium bursting behavior, synchronizes during 

central nervous system development to form robust neuronal network activity 

via synaptic contacts. Highly synchronized bursting has been observed in 

different brain regions in vivo 2,4, but also in vitro in brain slices 5,6, and even in 

dissociated primary neuronal cultures 1,7.  Therefore, spontaneous activity is 

thought to be an intrinsic property of neurons, regulating synaptic transmission 

efficacy and cytoplasmic protein and membrane receptor trafficking 2,3,8.  

Various neurodevelopmental and neurodegenerative disorders are associated 

with cognitive deficits. A characteristic trait of these disorders is that the 

morphofunction (i.e. structural and functional differences) of neuronal networks 

underlying cognition becomes compromised 9 (reviewed in 10). For example, 

synaptic degeneration, network remodeling, and abnormal synchronization of 

neuronal network activity are underlying cognitive deficits in Alzheimer’s disease 
11,12. In epilepsy increasing neuronal excitability and hypersynchrony disrupt 

normal brain function 13,14, while hyposynchrony during development is 

suggested to underlie the pathology observed in schizophrenia patients 15.  

Sensitive assays have been developed for measuring morphofunctional 

connectivity of neuronal networks, including synchronized calcium bursting 

behavior in primary cultures of rodent neurons 7,16,17. Such assays have been 

exploited to assess various pharmacological and genetic interventions 18. 

Additionally electrophysiology studies in vivo as well as on acute brain slices 

have shown their importance, as they mimic aspects of particular brain areas 

and the (patho-) physiologically developed wiring of these structures. However, 

animal models often fail to mimic all features of human disease and to date 

translational value remains poor 19,20, potentially due to species-specific features 

of particularly those brain structures like the cerebral cortex that are thought to 

be essential for human-specific cognitive functions (reviewed in 21).  Therefore, 

fully human-derived models would be extremely valuable for studying disease 

mechanisms and identifying new therapeutic targets for neurodevelopmental 

and neurodegenerative diseases. The discovery of human induced pluripotent 

stem cells (hiPSCs) 22 has enabled the study of genetic diseases in a lineage-

specific context using patient-derived cells 23. Human-derived models facilitate a 

better understanding of complex genetic disorders or polygenic diseases in 

contrast to most animal models which are often artificially mimicking only some 

aspects of a certain disorder 24. They provide a valuable addition to cells derived 

from animal models, which are currently the mainstay for disease modeling and 

drug discovery. Patient-derived cells can also serve as powerful tool for 
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identification of new therapeutic targets and optimization of drug treatments in 

personalized medicine 24.  

Experimental models using hiPSC-derived neurons could be of particular 

relevance for neurodevelopmental and neurodegenerative disorders with 

complex etiologies like autism, schizophrenia, and Alzheimer’s disease 25,26, as 

the complex genetic background is difficult to mimic using mutant animal 

models. However, the currently available protocols to study robust functional 

network activity and connectivity in hiPSC-derived cortical neurons are often 

time-consuming and highly variable 20,27-30.   

Functional maturation of human neurons has been shown to be improved when 

co-cultured with rodent astrocytes 29,31,32. However, rodent astrocytes 

significantly differ from human astrocytes 33,34 and a co-culture model of human 

iPSC-derived cortical neurons with human primary astrocytes is currently not 

described to our knowledge. This co-culture model could be further exploited to 

study functional interactions between patient iPSC-derived astrocytes and 

neurons. 

In this study we describe the morphofunctional characterization of a fully human 

iPSC-derived neuron-astrocyte co-culture model. We show that optimal co-

culture conditions allow the formation of synchronized neuronal network activity, 

within a timespan of four weeks after final plating. These neurons express both 

GABAergic and glutamatergic markers and respond to inhibitors of both 

neurotransmitter pathways. Passaging and upscaling of neural precursor cells 

before final plating decreased the ability to form functional neuronal networks. 

We present a robust and convenient protocol based on 96 multi-well format to 

obtain functionally connected networks of hiPSC-derived cortical neurons 

demonstrating sustained synchronized network activity.  
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2.2 Methods and Materials  

2.2.1 Cell culture conditions 

All work with human-derived cells was done in accordance with the Belgian 

guidelines and regulations and informed consent was obtained from the subjects 

according to manufacturers. hiPSC lines ChiPSC6b_m1 (Cellectis) and iPSC0028 

(Sigma) derived from healthy individuals were cultured in Matrigel™ (BD 

Biosciences) coated 6 multiwell  (MW6) plates (Nunc) in mTeSR™1 medium 

(Stem Cell Technologies) and passaged with EDTA (Gibco) when confluent 35. 

hiPSCs were upscaled by passaging for a maximum of 6 times and 

cryopreserved until further use. Pluripotency was checked before the start of 

differentiation. 

For differentiation into neural precursor cells (NPCs) an adapted version of the 

protocol from Shi and colleagues 25 was used. Briefly, confluent hiPSCs were 

Accutase passaged and plated at 500,000 cells / cm2 on Matrigel™ coated MW6 

plates in mTeSR™1 complete medium supplemented with 10 µM ROCK inhibitor 

for 1 day (days in vitro (DIV) -2). The day after medium was changed 

completely with mTeSR™1 complete medium (DIV -1). At DIV0, neural induction 

was started by changing the medium into N2B27 (Neurobasal medium and 

DMEM:F12 Glutamax medium in a ratio 1:1, 1% B27 supplement, 1 mM 

Glutamax,  0.5x Pen/Strep, 0.5% N2 supplement,  2.5 µg/ml insulin (Sigma), 50 

µM 2-mercaptoethanol, 0.5x MEM NEAA, 500 µM sodium pyruvate (all Thermo 

Fisher Scientific, unless stated otherwise) supplemented with 10 µM SB431542 

(Sigma), and 1 µM dorsomorphin (Tocris Bioscience) for a total of 12 days. At 

DIV 12, the neuroepithelial sheet was mechanically broken into large aggregates 

and replated onto laminin (Sigma) coated MW6 plates. At DIV 13 and 15 

medium was replaced with N2B27 medium supplemented with 20 ng/ml FGF2 

(Stem Cell Technologies) for neural precursor cell (NPC) expansion. Neural 

rosettes were purified on DIV 18 using dispase (Sigma, 10 mg/ml in PBS, 1/10 

diluted in medium). Large rosette clumps were maintained for another week 

with 1 or 2 more dispase passages depending on purity of the rosettes. Around 

day 25 of neural induction, cells were passaged with accutase (Thermo Fisher 

Scientific) to dissociate cell clumps into a single-cell suspension followed by 

plating on laminin-coated MW6 plates with N2B27 medium changes every other 

day. NPCs (DIV 27-30, passage 0) were cryopreserved, further 

proliferated/passaged in N2B27 medium with 10 ng/ml FGF2, or used for final 

plating and differentiation into cortical neurons.  

Final plating was done between DIV 28 and 31 of differentiation on poly-L-

ornithine (PLO) plus laminin (10 µg/ml, both Sigma) coated multiwell plates or 

coverslips with or without primary human astrocytes (1:4 ratio astrocytes to 

NPCs). Since different batches of laminin from two suppliers (Biolamina and 
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Sigma) seemed to cause a lot of variation in the attachment and balance 

between proliferation and differentiation of cells, we only used laminin from 

Sigma (three different batches) for all experiments described in this study, 

unless stated otherwise. 

To exit the cell cycle for all neurons at the same time point, N-[N-(3,5-

Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT, 10 µM, 

Sigma) was added 3 times to the described cultures, every other day after final 

plating 36,37. After final plating cells were grown in N2B27 medium supplemented 

with 1 mM dibutyryl cAMP (Sigma) from final plating onwards and furthermore 

supplemented with 10 ng/ml brain derived neurotrophic factor (BDNF) and 10 

ng/ml glial derived neurotrophic factor (GDNF, both R&D Systems) after 

incubation with DAPT. 

Cerebral cortex fetal primary human astrocytes (ScienCell™) were cultured and 

passaged according to the manufacturer’s instructions (in human astrocyte 

medium, ScienCell™).  

2.2.2 Cell culture conditions - primary rat astrocytes 
Cerebral cortices from E18-19 Wistar rat embryos were dissected in HEPES (7 

mM, Sigma) -buffered Hanks Balanced Salt Solution (HBSS) and cells were 

dissociated enzymatically with trypsin and mechanically triturated through two 

fire-polished glass pipettes with decreasing diameter. After centrifugation the 

pellet was resuspended in Minimal Essential Medium (MEM) supplemented with 

10% heat-inactivated normal horse serum and 30 mM glucose (Merck) (MEM-

horse medium). Cells were grown in cell culture flasks in MEM-horse medium for 

12 – 14 days with medium changes every 2 - 3 days. With every medium 

change loosely attached cells were dislodged and removed. All cell culture 

supplies were purchased from Thermo Fisher Scientific, unless stated otherwise. 

2.2.3 Immunocytochemistry 

Cells were fixed for 15 minutes using 4% paraformaldehyde with 4% sucrose in 

TBS (TrisHCl pH 7.5, NaCl and MilliQ), washed and permeabilized for 15 minutes 

with Triton-X100 (0.25%) in TBS. After 30 minutes blocking with donkey serum 

in TBS-Triton (0.25%), cells were incubated overnight at 4°C with the following 

antibodies: rabbit or mouse anti-β3 tubulin, rabbit anti-PAX6 (all Covance), 

mouse anti-HuCHuD, rabbit anti-OCT4, rabbit anti-GS1 (all Thermo Fisher 

Scientific), chicken anti-MAP2 (Aves), rabbit anti-Nestin, rabbit anti-TBR1, rat 

anti-CTIP2, mouse anti-SATB2 (all Abcam), rabbit anti-vGLUT1, mouse anti-

GAD65 (both Synaptic Systems), mouse anti-S100B (BD transduction 

laboratories), mouse anti-NANOG, rabbit anti-OTX2, or mouse anti-GFAP (all 

Millipore). Subsequently, cells were washed and incubated for 1 hour at room 

temperature with Alexa secondary antibodies (Thermo Fisher Scientific). DAPI 

was used to counterstain the nuclei. Images were taken either manually with a 

Leica DMI 4000B microscope or Zeiss LSM 510 (confocal) or automated with the 
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antigen supplier clone species isotype catalog number

β3-tubulin Covance TUJ1 rabbit IgG2a MMS-435P

β3-tubulin Covance Poly18020 mouse IgG PRB-435P

CTIP2 Abcam 25B6 rat IgG2a ab18465

HuCHuD Thermo Fisher Scientific 16A11 mouse IgG2b, kappa A-21271

GAD65 Synaptic Systems 26H1 mouse IgG3 198 111

GFAP Millipore G-A-5 mouse IgG1 IF03L

GS1 Thermo Fisher Scientific 7HCLC rabbit IgG PA5-29737

MAP2 Aves chicken IgY MAP

NANOG Millipore 7F7.1 mouse IgG2a, kappa MABD24

nestin Abcam rabbit IgG ab92391

OCT4 Thermo Fisher Scientific C30A3 rabbit IgG A13998

OTX2 Millipore rabbit AB9566

PAX6 Covance Poly19013 rabbit IgG PRB-278P

S100B BD Biosciences 19/S100B mouse IgG1 612 376

SATB2 Abcam SATBA4B10 mouse IgG1 ab51502

TBR1 Abcam rabbit IgG ab31940

vGLUT1 Synaptic Systems rabbit 135 303

C7000™ High Content Imaging System (confocal, Yokogawa) or Opera Phenix™ 

High Content Screening System (confocal, Perkin Elmer). 

An overview of antibodies is given in the next table. 

 

2.2.4 RNA extraction and microarray analyses 
RNA extraction was performed using the RNeasy mini kit (Qiagen). cDNA targets 

were prepared and labelled using the IVT express kit and then hybridized on 

Affymetrix® Human Genome U219 array plate in the GeneTitan® instrument 

(Affymetrix) according to the manufacturer’s protocol. Microarray analysis was 

performed using the Bioconductor package version 2.12 (working with R version 

3.0.1) 38.  Target transcripts of probes were annotated using Entrez Gene based 

alternative cdf version 15.1.0 39, assigning probes to 18567 unique transcripts. 

RMA algorithm was used for pre-processing 40. 

2.2.5 Live cell calcium imaging 

Cells were loaded with 1 µM Fluo-4-AM (Thermo Fisher Scientific) in recording 

buffer, containing (in mM): CaCl2 1.2; KCl 2.67; NaCl 138; KH2PO4 1.47; 

Na2HPO4 8; D-glucose 5.6 (adapted from 41). Cultures were incubated at 37°C 

and 5% CO2 for 30 minutes and then imaged with an inverted confocal laser 

scanning microscope (Axiovert 100M Carl Zeiss, combined with Zeiss LSM510 

software ) using a Plan-NEOFLUAR 20x objective lens (NA 0.50), used in 

widefield imaging mode. 450 frames (61 frames per minute) were recorded per 

well, of which the first 200 frames represent baseline recordings, followed by 

200 frames after acute pharmacological stimulation. Finally, 30 µM glutamate 

(50 frames) was added to distinguish neurons from non-neuronal cells 42. Traces 

of non-neuronal cells, showing only a transient increase in fluorescent intensity 

upon glutamate addition, were discarded.  
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A custom-made MATLAB script (based on ref. 16, available via 

www.uantwerpen.be/cell-group) was used to analyze live cell calcium traces and 

derive various parameters reflecting characteristics of neuronal activity. In brief, 

regions of interest (ROIs) were drawn based on time projection images of the 

recordings. For each ROI traces of fluorescence intensity over time were created 

and used as substrate for subsequent analyses. Fluorescence traces were 

normalized to the initial fluorescence intensity (F/F0) and average calcium 

bursting frequency and amplitude were calculated for active cells. Active cells 

were defined as cells showing at least one peak (i.e. calcium burst) in the 

fluorescence signal. Fluorescence signals of individual active neurons per well 

were compared to calculate an average correlation score, indicative of 

synchronicity of calcium signals (Pearson correlation; -1 up to 1).  

To study the influence of voltage-gated sodium channels on calcium oscillations, 

100 nM tetrodotoxin (TTX) was added acutely to cultures after 200 frames. To 

study glutamatergic and GABAergic contributions to calcium signals and 

neuronal activity, a combination of 20 µM 6-Cyano-7-nitroquinoxaline-2,3-dione 

(CNQX, competitive AMPA/kainate receptor antagonist, Sigma) and 50 µM D-(-)-

2-Amino-5-phosphonopentanoic acid (D-AP5, competitive NMDA receptor 

antagonist, Abcam), or 50 µM picrotoxin (GABAA receptor inhibitor, Tocris 

Bioscience) respectively was added acutely to the cultures after 200 frames. 

Calcium analysis of these recordings was done by splitting the analysis in two 

time stretches (before and after the pharmacological intervention), after which 

calcium parameters from both stretches were compared. 

2.2.6 Electrophysiology – patch clamp 

For recording membrane and evoked potentials neurons were cultured on 

coverslips. In the set-up, coverslips were continuously perfused with 

extracellular solution containing (in mM) NaCl 125; NaHCO3 25; NaH2PO4 1.25; 

KCl 3; CaCl2 2; MgCl2 1; glucose 25; pyruvic acid 3, pH 7.2–7.4. Extracellular 

solution was maintained at a temperature of approximately 35⁰C and bubbled 

with 95% O2, 5% CO2. Glass capillaries (Harvard Apparatus) were pulled with a 

Flaming/Brown micropipette puller (Sutter Instrument) (tip resistance 3-10 MΩ) 

and filled with intracellular solution containing (in mM) potassium gluconate 135; 

NaCl 7; HEPES 10; Na2ATP 2; Na2GTP 0.3; MgCl2 2, pH 7.2 – 7.4. The voltage 

clamp technique in whole cell configuration using an EPC10 patch clamp 

amplifier (HEKA) was performed on cells with documented images. After a cell 

was successfully patched the resting membrane potential was recorded in zero 

current clamp mode before starting the experiments. To record action potentials 

(in current clamp mode), cells were injected with current to maintain the cells at 

a holding potential of -65 mV. Steps of 50 pA were applied to evoke spiking 

within a range of -200 to 400 pA. Evoked responses were recorded from 4 time 

points (week 1: 7-12 days after final plating; week 2: 13-17 days after final 

plating; week 3: 21-24 days after final plating; week 4-5: 30-36 days after final 

plating), in order to monitor the progressive maturation of the neuronal culture.  
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Analysis of these experiments was carried out manually using the Fitmaster 

software®. Frequencies of action potential firing are reported as the computed 

mean of the highest frequency observed in each neuron. Depolarizing spikes 

were considered as action potentials when they were short lasting (shorter than 

10 ms at half amplitude) and when the amplitude reached 0 mV. Frequencies of 

action potentials were calculated as the number of action potentials divided by 

the current pulse time, also when only one spike was recorded.  Rheobase was 

calculated as the mean of the minimal current injected to evoke an action 

potential. 

Recordings of spontaneous synaptic currents (sPSCs) were made at room 

temperature using the voltage clamp technique in whole cell configuration using 

an EPC10 patch clamp amplifier (HEKA).  Synaptic activity was sampled at 20 

kHz and stored on a PC and subsequently filtered at 1 kHz with a Bessel filter 

using Patchmaster software (HEKA), running on a PC. Coverslips were placed 

into petri dishes and fixed on the stage of a Patch Clamp Tower (Luigs and 

Neumann). An inverted microscope (Olympus IX-50; Luigs and Neumann) was 

used to observe the cells. Patch pipettes were pulled from borosilicate glass 

capillaries (outside diameter 1.5 mm, inside diameter 0.87 mm; Hilgenberg) 

using a horizontal Flaming/Brown micropipette puller (Sutter P-97; Science 

Products). The pipettes were filled with (in mM) NaCl 10; KCl 120; MgATP 2; 

HEPES 10; D-glucose 25; GTP 0.1; pH 7.2 with KOH. Spontaneous synaptic 

activity was recorded in cells maintained in culture for 5 weeks at a holding 

potential of -80 mV in the presence of extracellular solution containing (in mM) 

NaCl 141.5; KCl 3; CaCl2 2; HEPES 10; D-glucose 25; pH 7.4 with NaOH. 

The number of postsynaptic currents and the number and duration of quasi 

rhythmic events were analyzed using Clampfit (Molecular Devices). Cells were 

classified based on their activity pattern. Cells showing no sPSCs at all or up to 

five single sPCSs per minute were labeled with “no activity”, cells showing 5 or 

more single events or less than one burst per minute were labeled with “sparse 

activity” and cells bursting at a frequency higher than one burst per minute were 

labeled with “frequently bursting”. sPSC bursting frequency was defined as 

bursts per minute. 

2.2.7 Network morphology 

Images of neuronal networks were automatically analyzed using a custom made 

script (Neuronal Maturation, available via www.uantwerpen.be/cell-group) for 

Fiji, image processing freeware 43, which is available upon request. In brief, 

multidimensional image data sets are read and projected along the Z-axis 

according to the maximum intensity, after which objects of interest – i.e., nuclei, 

neurites and synaptic puncta – are detected and quantified.  
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Nucleus detection is performed by applying an automatic intensity threshold 44 

on DAPI stained images after background subtraction and Gaussian blurring, 

followed by a watershed-based separation of touching nuclei. To determine the 

cellular subtype, the mean intensity for each particle was measured in the TBR1, 

CTIP2, SATB2 and HuC/HuD images. For every neuronal marker an empirical 

cut-off value was determined, above which cells were considered to belong to a 

specific neuronal subtype.  

To measure neurite outgrowth (MAP2), a multi-tier approach was used, which 

was based on a dedicated in-house developed analysis for dense neuronal 

networks, named MorphoNeuroNet 45. The procedure selectively segments high 

and low-intensity features in the image and combines them into a single mask.  

Synaptic puncta (vGLUT1, GAD65) were pre-processed by means of a rolling ball 

background subtraction, Laplace filtering, automated thresholding 17,46, particle 

size filtering and counting of the puncta. Density of puncta was expressed as the 

number of positive puncta per mm² MAP2-positive surface.  

2.2.8 Statistics 

Data are shown as mean + or ± standard error of the mean (SEM). The number 

of differentiations per experiment refers to the differentiation procedure from 

hiPSCs to NPCs (either from the same hiPSC line or from a different hiPSC line), 

while the number of samples refers to the number of wells or cells differentiated 

towards neurons starting from a single batch of NPCs.   

For electrophysiology experiments the differences over time were calculated 

using one-way ANOVAs considering equal variances. For multiple comparisons 

between separate time points, Holm-Sidak's multiple comparisons tests were 

performed. 

For calcium imaging experiments overall differences between groups were 

calculated using two-way ANOVAs considering equal variances. For multiple 

comparisons, Dunnett’s t tests were performed to detect differences compared 

to control (for difference between culture conditions: control represents NPCs 

without co-culture without DAPT; for differences between human and rat 

astrocytes: control represents rat co-cultures; for difference between passage 

numbers: control represents p0 NPCs in human astrocyte co-cultures) per time 

point.  
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2.3 Results 

2.3.1 Differentiated hiPSC-derived cortical neurons 

associate in dense clusters on laminin coated surfaces 

In order to study neuronal function and connectivity in vitro, we adapted a 

previously established cortical differentiation protocol (Fig. 2.1a) 25 for 

differentiating hiPSCs into cerebral cortex neurons. Starting from commercially 

available hiPSCs (Sigma or Cellectis) (Fig. 2.1b) neural differentiation was 

induced. Neural progenitor phenotype was confirmed by PAX6, Nestin and OTX2 

staining (Fig. 2.1c) at 25 days after starting neural induction. After proliferation 

and purification, neural precursor cells (NPCs) were cryopreserved until further 

use. Final plating of NPCs in neural maintenance medium on a laminin-coated 

surface further differentiated cells into cortical neurons producing neuronal 

marker class III β-tubulin and cortical markers TBR1, CTIP2, and SATB2 (Fig. 

2.1d) at 80 days after neural induction (7 weeks after final plating). However, 

also non-differentiated progenitor cells were still present in the cultures. 

Furthermore, the cells clustered and detached easily (Fig. 2.1d), thereby 

complicating downstream analyses. 

2.3.2 Astrocyte co-cultures and Notch signaling inhibition 

increase the homogeneity of hiPSC-derived cortical 

neurons  

Different research groups have already shown that rodent astrocytes improve 

the maturation of hiPSC-derived neurons 29,31. Hence, in order to reduce cell 

clustering and detachment of hiPSC-derived cortical neuronal networks, we 

established co-cultures with primary human fetal astrocytes provided by 

ScienCell™. Previously, gene expression of these astrocytes has been analyzed 

thoroughly 47. Immunocytochemistry and microarray data (Fig. 2.2) on different 

passage numbers of these human primary astrocytes revealed that the levels of 

astrocyte markers GFAP and S100B (mRNA expression and protein production) 

decreased with increasing passage numbers. Therefore, only astrocytes 

passaged for a maximum of three times were used for co-cultures. These 

neuron/astrocyte co-cultures effectively reduced neuronal clumping and 

detachment in vitro (Fig. 2.3b). 

Since studies of stem cell derived neuronal cultures can be impeded by ongoing 

progenitor proliferation and neurogenesis creating a culture with heterogeneous 

neuronal identities, a Notch signaling inhibitor (N-[N-(3,5-Difluorophenacetyl)-L-

alanyl]-S-phenylglycine t-butyl ester, DAPT) was used to synchronize the 

cultures by stimulating differentiation and inhibiting proliferation of all NPCs at 

the same time 36,37. 
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Figure 2.1 Characterization of hiPSC (-derived) cells during different steps of the 

differentiation protocol on laminin coated surface. a) Schematic overview of the 

differentiation protocol towards hiPSC-derived cortical neuronal cultures. b) hiPSCs 

produce pluripotency markers OCT4 and NANOG before the start of differentiation. c) 

Neural precursor cells produce neural stem cell markers PAX6, nestin, and OTX2 at the 

25th day of the differentiation protocol. d) Fully differentiated neurons produce neuronal 

marker class III β-tubulin and cortical markers TBR1, CTIP2, and SATB2. However, due to 

the heterogeneous nature of the cultures, not all cells are immuno-positive for all markers 

(also undifferentiated neural precursor cells and potentially some astrocytes are present in 

the cultures). 
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Figure 2.2 Primary human astrocytes lose primary cell identity over several 

passages. a) Immunocytochemistry for astrocyte markers GFAP and S100B shows a 

decrease in protein production over increasing number of passages of primary human 

astrocytes, GLUL (GS1) levels are unaltered. Astrocyte markers are shown in orange and 

DAPI (nuclei) in blue. b) Micro-array data show a decrease in expression of GFAP and 

S100B over increasing number of passages of primary human astrocytes, GLUL (GS1) 

expression is unaltered. Each datapoint represents 1 biological replicate from the same 

plate (n = 3).  

In order to confirm preservation of cortical fate of the neuronal co-cultures, 

immunocytochemical stainings for cortical markers TBR1, CTIP2, and SATB2 

were performed (Fig. 2.3c). Three weeks after final plating the cultures contain 

– next to the added astrocytes and undifferentiated NPCs –  about 60% neurons 

(HuCHuD positive nuclei 62% ± 11%), of which 38% (± 6%) were TBR1 

positive, 41% (± 3%) CTIP2 positive, and 12% (± 4%) SATB2 positive, 

suggesting that early generated deep layer neurons were predominantly 

present. 

2.3.3 Functional maturation of hiPSC-derived neurons co-

cultured with human astrocytes  
Electrophysiological recordings were performed to test functionality and maturity 

of hiPSC-derived cortical neurons in co-cultures treated with DAPT. Whole-cell 

patch clamp recordings showed a gradual maturation of single cells within the 

network over time (Fig. 2.3d), as evident by a more negative resting membrane 

potential (p = 0.0113). In support of the progressive maturation, an increase in 
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rheobase was observed 48 (i.e. the minimal current sufficient to induce an action 

potential) at the second and third week after final plating (p = 0.0112). The 

number of neurons firing action potentials (wk1: 52%, wk2: 55%, wk3: 64%, 

wk4-5: 100% of all neurons recorded) and the respective firing frequency also 

increased over time (p = 0.0187) confirming maturation of cortical neurons 48.  
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Figure 2.3 Functional maturation of hiPSC-derived cortical neurons in a short 

time frame via co-culture with astrocytes and treatment with DAPT. a) Cortical 

neurons are differentiated from NPCs after final plating on top of an astrocyte monolayer. 

During the first week of differentiation DAPT is added. Functional and morphological assays 

are performed at 2 – 8 weeks after final plating. b) hiPSCs differentiated towards cortical 

neurons in co-culture with primary human astrocytes are stained with neuronal marker 

class III β-tubulin, astrocyte marker GFAP and nuclear marker DAPI. c) Cortical fate of 

hiPSC-derived neurons grown in human astrocyte co-cultures is confirmed by 

immunocytochemistry for cortical markers TBR1 (bottom), CTIP2 (top), and SATB2 (top) 

in combination with the nuclear marker DAPI.  d) Functional maturation of neurons 

analyzed using whole cell patch clamp. Traces of evoked potentials (protocol scheme 

included) show a clear difference between early (wk1 and wk2 respectively firing no action 

potentials or only one) and later time points (wk4-5 firing repetitive action potentials) of 

differentiation. The left graph shows a more negative resting membrane potential over 

time (One-way ANOVA, p=0.0113). The middle graph shows an increasing maximum 

action potential frequency over time (One-way ANOVA, p = 0.0187). An increased 

rheobase is observed as well two and three weeks after final plating (One-way ANOVA, p = 

0.0112). n ≥ 9 from ≥ 1 differentiation, mean + SEM, * p<0.05.  

2.3.4 Human neuron/astrocyte co-culture in combination 

with simultaneous differentiation of NPCs improves 

synchronization of calcium oscillations and network 

activity 
In addition to electrophysiological recordings on single cells we studied the 

development of neuronal connectivity on neuronal network level with live cell 

calcium imaging. Using an in-house optimized assay (Fig. 2.4a) 16, functionality 

of differentiating hiPSC-derived neuronal networks was followed over a time 

course of 2 - 5 weeks after final plating. Neural precursor cells were plated with 

or without human astrocytes in the presence or absence of DAPT (Fig. 2.4b). We 

focused on the percentage of active neurons, bursting frequency and 

synchronicity (i.e. the mean Pearson’s correlation between calcium indicator 

traces of single cells 16). All conditions were compared to the initial protocol, 

which is monoculture without DAPT (Fig. 2.4b). When neurons were co-cultured 

with primary human astrocytes in the presence of DAPT, the percentage of 

active neurons was significantly increased at all time points measured while 

bursting frequency and synchronicity were significantly higher from week 3 

onwards compared to monocultures (Fig. 2.4b). All measured parameters 

reached a plateau 4 to 5 weeks after final plating and remained high at least up 

to week 8 (Fig. 2.4c). The individual contributions of DAPT treatment and 

astrocyte co-culture were questioned further. Co-culture with astrocytes 

(without DAPT) did not improve any of the parameters, while DAPT treatment 

(without astrocytes) only increased the amount of active neurons. Therefore, the 

optimal condition is co-culturing with DAPT.  
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Figure 2.4 Optimization of conditions for synchronized neuronal calcium 

oscillations. a) Image showing automated identification of FLUO-4 loaded cells by color-

coded regions of interest (ROIs) and representative traces (each trace represents 

fluorescence of one cell) of co-cultures with DAPT two weeks after final plating (left, no 

synchronicity) and four weeks after final plating (right, highly synchronized calcium 

influxes). After 250 frames (61 frames per minute) 30 µM glutamate was added, resulting 

in a large calcium influx and used to distinguish neurons from astrocytes. b) Co-culturing 

with primary human astrocytes and treatment with DAPT significantly increases the 

percentage of active neurons (Two-way ANOVA, p < 0.0001), bursting frequency (Two-

way ANOVA, p < 0.0001) and synchronicity (Two-way ANOVA, p < 0.0001) compared to 

cultures without DAPT and astrocytes. n ≥ 4 from ≥ 2 differentiations, mean ± SEM, ** 

p<0.01,***p≤0.0001. c) Synchronized activity sustains up to 8 weeks after final plating in 

human astrocyte co-cultures with DAPT. n ≥ 5 from ≥ 2 differentiations, mean ± SEM.  

Because the use of different laminin batches seemed to cause some variation, 

we have further examined the four cell culture conditions on four different 

laminin batches (all from Sigma). As shown in Figure 2.5a live cell calcium 

imaging revealed that the co-culture with astrocytes and DAPT treatment gives 

the least variation in outcome when cultured on different laminin batches. Thus, 

this culture condition remains the best condition independent of the laminin 

a 

 

b 

c  c  
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batch. When looking at the culture morphology, we showed that cell culture 

conditions significantly influenced the number of nuclei, the neurite surface per 

field, and the neurite surface per nucleus. The most stable conditions on 

different laminin batches were achieved either when co-cultured with astrocytes 

and DAPT or in case of monocultures without DAPT, but the neurite surface per 

nucleus was highest in case of the co-cultures with DAPT treatment.     

Figure 2.5 Comparison of laminin batches to optimize cell culture conditions. a) 

Live cell calcium imaging revealed that co-culturing with human astrocytes and DAPT 

treatment gives the least variation and highest outcomes in percentage active neurons, 

bursting frequency, and correlation score when cultured on different laminin batches. b) 

Cell culture conditions significantly influenced the number of DAPI positive nuclei (Two-

way ANOVA, p < 0.0001), the neurite surface per field (Two-way ANOVA, p = 0.0030), 

and the neurite surface per nucleus (Two-way ANOVA, p < 0.0001). The most stable 

conditions on different laminin batches were achieved either when co-cultured with 

astrocytes and DAPT or in case of monocultures without DAPT, but the neurite surface per 

nucleus was highest in case of the co-cultures with DAPT treatment. 

In order to compare fully human co-cultures with mixed rodent/human co-

cultures (as previously described 29,31), we cultured our hiPSC-derived neurons 

with freshly dissected rat primary astrocytes in the presence of DAPT. Mixed 

rat/human co-cultures showed an increased percentage of active  neurons, 

bursting frequency and synchronization of neuronal calcium oscillations (Fig. 

2.6) 2 to 5 weeks after final plating compared to monocultures, which is much 

faster than in previous studies (> 2 months) 29,31. Additionally, there is a 

significantly increased percentage of active neurons, bursting frequency and 

correlation score in mixed co-cultures compared to fully human co-cultures at 

the earliest time points (wk2 and 3), while the percentage of active neurons 

decreased significantly at the latest time point measured (wk5). Nevertheless, 

with our aim to generate a fully human model, we only focus on human 

astrocytes for all further co-culture experiments.  

a 

 

b 
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2.3.5 Passaging and upscaling of NPCs before final plating 

decreases network activity 

Increasing the amount of FGF2 passages of neural precursor cells has been 

shown to increase the yield of the neural induction 49. Hence we explored the 

possibility of using higher passage numbers of NPCs by a limited amount of 

FGF2 passages (6 or 12 passages, passaging twice a week) before 

cryopreservation and final plating. Notably, live cell calcium imaging showed that 

even a limited amount of FGF2 passages (for 6 or 12 times) decreased neuronal 

network functionality (Fig. 2.7), lowering the percentage of active neurons (p < 

0.0001), bursting frequency (p < 0.0001) and synchronicity (p < 0.0001). 

Therefore, FGF2 passaging is not recommended and we did not use passaged 

NPCs for other experiments in this study. 

Figure 2.6 Primary rodent astrocytes induce synchronized neuronal calcium 

oscillations in human cortical neurons. a) hiPSCs differentiated towards cortical 

neurons in co-culture with primary rat astrocytes are stained with neuronal marker class 

III β-tubulin (TUBB3), astrocyte marker GFAP and nuclear marker DAPI. b) Co-cultures of 

hiPSC-derived cortical neurons with primary rat astrocytes (+ DAPT) have been compared 

to fully human co-cultures and monocultures. Rat co-cultures show an increased 

percentage of active neurons (Two-way ANOVA, p < 0.0001), bursting frequency (Two-

way ANOVA, p < 0.0001) and synchronization (Two-way ANOVA, p < 0.0001) of neuronal 

calcium oscillations compared to monocultures over a time course of 2 – 5 weeks. When 

comparing rat and human co-cultures, there is a significant increase in the percentage of 

active neurons (wk2), bursting frequency (wk2) and correlation score (wk2 and wk3) at 

early time points, while there is a significant decrease in the amount of active neurons at 

the latest time point measured (wk 5). The comparison between monocultures and human 

co-cultures is shown in Figure 2.4b. n ≥ 3 from ≥ 2 differentiations, mean ± SEM. * 

p<0.05, ** p<0.01, ***p≤0.0001. 
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Figure 2.7 Optimization of conditions for synchronized neuronal calcium 

oscillations. Limited FGF2 passaging significantly reduces the percentage of active 

neurons (Two-way ANOVA, p<0.0001), bursting frequency (Two-way ANOVA, p<0.0001) 

and synchronicity (Two-way ANOVA, p<0.0001). n ≥ 4 from ≥ 2 differentiations, mean ± 

SEM, * p<0.05, ***p≤0.0001. 

2.3.6 Synchronized calcium oscillations likely represent 

neuronal network activity 

In order to explore the nature of the recorded calcium oscillations, we performed 

additional experiments. First, treatment of co-cultures with tetrodotoxin, an 

inhibitor of voltage-gated sodium channels, completely blocked all calcium 

oscillations (Fig. 2.8a), suggesting that calcium oscillations are a secondary 

effect to voltage-gated sodium channel mediated action potentials. Moreover, 

this observation excludes astrocyte-induced calcium oscillations in our model 50. 

Furthermore, we measured spontaneous postsynaptic currents (sPSCs, Fig. 

2.8b) in co-cultures compared to monocultures. The spontaneous electrical 

activity represented synaptic events because the burst firing was completely 

abolished in 5 out of 7 cells by combined application of the competitive 

AMPA/kainate receptor antagonist CNQX (20 µM) and competitive NMDA 

receptor antagonist DAP5 (50 µM) in the recording buffer during 5 minutes (data 

not shown). Co-cultures displayed more bursts of postsynaptic events (86.4% of 

cells) than monocultures (7.9% of cells) 5 weeks after final plating (Fig. 2.8c). 

More specifically, monocultures were mainly inactive (47.4% of cells compared 

to only 4.5% in co-cultures) or only showed sparse activity (44.7% of cells 

compared to 9.1% in co-cultures). These patch clamp experiments confirm that 

bursts of activity increase as cultures become more mature 51. Finally, the 

frequency of sPSC bursts is similar to the frequency of calcium oscillations in 

both conditions (Fig. 2.8d), while there is a clear difference in frequency 

between the two cell culture conditions (Fig. 2.8d). These findings strongly 

suggest that synaptic network activity underlies the synchronicity of the calcium 

oscillations in the iPSC-derived neuronal co-culture network. 
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Figure 2.8 Synchronized calcium oscillations represent neuronal network activity. 

a) Representative traces of live cell calcium imaging recordings in 5 week old cortical 

neuronal co-cultures, FLUO-4 intensity is shown over time (61 frames per minute). After 

200 frames cells are exposed to tetrodotoxin (0.1 µM) followed by addition of glutamate 

(30 µM) after 200 frames, resulting in a large calcium influx. b) Representative traces of 

patch clamp recordings of sPSCs showing sparse sPSCs (upper trace), sparse bursts of 

sPSCs (middle trace) and frequent bursting (lower trace). c) Co-culture with primary 

human astrocytes + DAPT increases the percentage of cells with sPSC bursts compared to 

control (no DAPT, no astrocytes). “No activity” represents up to five single sPCSs per 

minute, “sparse activity” reflects 5 or more single events or less than one burst per minute 

and cells bursting at a frequency higher than one burst per minute are labeled with 

“frequently bursting”. Number of cells per cell culture condition n ≥ 22, from ≥ 2 

differentiations. d) Frequency of sPSC bursts per minute in co-cultures with primary 

human astrocytes + DAPT or neuron-only cultures equals the calcium oscillation frequency 

(Two-way ANOVA, p = NS for the respective cell culture conditions), while culture 

conditions induce significantly different bursting frequencies (Two-way ANOVA, p ≤ 

0.0001). sPSC frequency: number of patched cells per cell culture condition ≥ 22 , from ≥ 

2 differentiations, calcium oscillation frequency: n ≥ 6 from ≥ 2 differentiations. Mean + 

SEM, ***p≤0.0001. 
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2.3.7 GABAergic and glutamatergic contribution to network 

function in human astrocyte co-cultures 
A balanced contribution of GABAergic and glutamatergic transmission to 

neuronal activity has been shown to be crucial for proper network function. 

Presence of sufficient glutamatergic neurons seems to be critical for maturity 

and function of a network 52. However, GABAergic signaling has been shown to 

be as important for maturation and network development 53. Therefore, the 

contribution of GABAergic and glutamatergic transmission to the neuronal 

activity in our co-cultures was studied using live cell calcium imaging. GABAergic 

and glutamatergic neurotransmission was studied at 3, 5, and 7 weeks after 

final plating by inhibiting their respective contributions. Responses were 

analyzed after recording baseline activity for 200 frames (61 frames per minute) 

by acute addition of respectively GABAA receptor inhibitor picrotoxin (50 µM) 

into the recording buffer or the combination of NMDA and AMPA receptor 

blockage with CNQX (20 µM) and DAP5 (50 µM) into the recording buffer. The 

effect of glutamatergic and GABAergic inhibition was recorded for another 200 

frames.  

Glutamatergic inhibition of network activity significantly reduced the percentage 

of active neurons (p < 0.0001 for all time points) and their synchronicity (p < 

0.05 for all time points). The bursting frequency was reduced as well, although 

only at week 5 (p < 0.001) while the bursting amplitude remained unaffected on 

all time points (p = NS) (Fig. 2.9a). Representative traces are shown in Figure 

2.9b. 

On the other hand, GABAergic inhibition significantly reduced the percentage of 

active neurons (p = 0.0015), but the decrease was only significant at week 3 (p 

< 0.01). Synchronicity was unaffected (p = NS). Addition of picrotoxin also 

affected the bursting frequency (overall p = 0.0302) and the bursting amplitude 

(overall p = 0.0125) with a significant increase at week 5 (p < 0.05) (Fig. 2.9c). 

Representative traces are shown in Figure 2.9d.  

2.3.8 Human astrocyte co-cultures show presence of both 

GABAergic and glutamatergic vesicular proteins 

To verify whether the functional activity is also reflected by morphological 

correlates of connectivity we performed an automated analysis of synaptic 

marker levels in hiPSC-derived cortical neurons (Fig. 2.10a and 2.10b). Presence 

of glutamatergic and GABAergic vesicular proteins vGLUT1 and GAD65 

complemented the contribution of both neurotransmitter pathways to the 

observed neuronal network function (Fig. 2.10c). At all three time points, similar 

levels of vGLUT1 and similar levels of GAD65 per neurite surface were observed. 
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Figure 2.9 GABAergic and glutamatergic contribution to neuronal network 

function for cortical neurons in co-culture. a) Graphs showing a clear contribution of 

glutamatergic transmission to the calcium signal. Percentage of active neurons (One-way 

ANOVA, p < 0.0001), frequency (One-way ANOVA, p = 0.0002) and synchronicity (One-

way ANOVA, p = 0.0004) significantly change compared to baseline. Mean + SEM, n ≥ 3, 

from 3 differentiations. * p<0.05, ***p≤0.0001 on the different time points. b) 

Representative traces of live cell calcium imaging recordings in 5 week old cortical 

neuronal co-cultures, FLUO-4 intensity is shown over time (61 frames per minute). After 

200 frames cells are exposed to DAP5 (50 µM) and CNQX (20 µM) followed by exposure to 

glutamate (30 µM) after 200 frames, resulting in a large calcium influx.  c) Graphs 

showing the contribution of GABAergic transmission to the calcium signal. The percentage 

of active neurons (One-way ANOVA, p = 0.0015), bursting frequency (One-way ANOVA, p 

= 0.0302) and burst amplitude (One-way ANOVA, p = 0.0125) are significantly changed 

after addition of picrotoxin. Mean + SEM, n ≥ 3, from 3 differentiations. * p<0.05, ** 

p<0.01 on the different time points. d) Representative traces of calcium imaging. After 

200 frames, the cells are exposed to the GABAergic inhibitor picrotoxin (50 µM), followed 

by glutamate exposure (30 µM) after 200 frames.  



 

54 
 

 

C
H

A
P
T
E
R
 3

 

v
G

L
U

T
1
 G

A
D

6
5
 M

A
P

2
 D

A
P

I 
G

A
D

6
5

 D
A

P
I 

v
G

L
U

T
1
 D

A
P

I 
v
G

L
U

T
1
 -

 m
a
g

n
if
ic

a
ti
o
n

 

D
A

P
I 
–
 n

u
c
le

u
s
 s

e
le

c
ti
o
n

 
M

A
P

2
 -

 n
e
u
ri

te
 a

re
a

 
v
G

L
U

T
1
 -

 s
y
n

a
p
ti
c
 p

u
n
c
ta

 

a b 

c 



 
 

55 

 

 

C
H

A
P
T
E
R
 2

 

Figure 2.10 Astrocyte co-cultures are suitable for HCI and analyses. a) hiPSCs 

differentiated towards cortical neurons in co-culture with primary human astrocytes show 

presence of glutamatergic marker vGLUT1, GABAergic marker GAD65, and neuronal 

marker MAP2. b) Image analysis based on raw data files from a plate scanner. Masks (in 

yellow) are drawn per channel to identify the number of nuclei (based on DAPI staining), 

neurite area (based on MAP2 staining) and the number of puncta per marker (either based 

on vGLUT1 or GAD65). c) Quantification of glutamatergic marker vGLUT1 and GABAergic 

marker GAD65 per neurite area in human astrocyte co-cultures. Mean + SEM, n ≥ 4, from 

3 differentiations. 
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2.4 Discussion 

In the present study we report a fully human iPSC-derived cortical 

neuron/primary astrocyte co-culture system with sustained synchronized 

network activity. We found that differentiating hiPSC-derived neuronal cells in 

co-cultures progressively displayed more negative resting membrane potentials 

to a level sufficient to remove voltage-dependent inactivation of sodium 

channels and to fire repetitive action potentials. An increasing percentage of 

hiPSC-derived neurons fired action potentials over time, consistent with the 

extensive electrophysiological characterization of hiPSC-derived neurons that 

was published previously 54. Besides the more negative resting membrane 

potential, a maturation-induced increase of the sodium channel density could 

contribute to the gradual increase in action potential firing capacity of the hiPSC-

derived neurons. Moreover, simultaneously differentiated neurons in a human 

astrocyte co-culture system revealed increased activity, bursting frequency and 

calcium oscillation synchronization over time, representative of neuronal 

network activity. Human iPSC-derived neurons produced cortical markers TBR1, 

CTIP2, and SATB2, indicative of both deep and upper layer cortical neurons and 

reached a purity of about 60% of the total cell population.  

Development of the central nervous system is characterized by the occurrence 

of spontaneous synchronized neuronal activity 8. To study cortical network 

connectivity, synchrony, and function, mostly rodent brain slices and primary 

cortical neuronal cell cultures are used. For example, ex vivo population 

synchrony was found in hippocampal and cortical slices 5,6, and synchronized 

bursts were recapitulated using dissociated primary neuronal cultures in vitro 1,7. 

More recently, hiPSC-derived cortical neurons have been shown to display bursts 

of synchronized network activity as well, within a specified time span of 

differentiation 30. We were not able to reproduce these data, which might be due 

to subtle differences in the differentiation protocol, usage of different hiPSC lines, 

reprogramming methods or methods to measure spontaneous calcium activity. 

When co-culturing our hiPSC-derived neurons with primary human astrocytes in 

the presence of the Notch signaling inhibitor DAPT the most reproducible and 

sustained synchronized network activity was achieved, starting three weeks 

after final plating of neurons (DIV50) and sustainable up to 8 weeks (DIV90) 

in vitro, with neglectable variation between two different hiPSC lines, different 

experiments or different laminin batches. The support of primary human 

astrocytes, via released growth factors and physical contact 31, in combination 

with forced (DAPT) simultaneous differentiation of NPCs into neurons probably 

leads to more homogenous and mature networks in a shorter time frame. This 

way, there is no need to wait for the delayed emergence and development of 

astrocytes from NPCs, which causes slow but progressive maturation of the 

network 55. Although we did not exclude the presence of spontaneously 

produced hiPSC-derived astrocytes in these cultures as previously described by 

Shi and colleagues 25,56, the calcium imaging data showed a highly beneficial 
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effect of the added astrocytes. The direct addition of astrocytes possibly 

accelerates the stimulation of synaptic connectivity and transmission in these 

cultures 57-59. Further exploration of this hypothesis by comparison of hiPSC-

derived neuronal networks with and without added astrocytes in 

immunocytochemical or electrophysiological experiments will contribute to our 

understanding of neuronal network function and dysfunction. 

Furthermore, we were able to obtain mature networks using rodent astrocytes in 

about three weeks after final plating, which is much faster than in previously 

published work (2 months after final plating) 29,31. This difference can result 

from differences in hiPSC lines, passage numbers before final plating, neural 

differentiation protocols or methods to measure network maturation. Although 

synchronization of calcium oscillations appeared earlier in mixed co-cultures 

than in fully human co-cultures, the percentage of active neurons decreased 

over time reaching levels of monocultures at week 5. This difference might be 

due to a “species-specific ‘clock’” regulating neuronal maturation for different 

species with different kinetics 21. Rodent astrocytes potentially have faster 

kinetics than human astrocytes. In order to explore the difference between 

rodent and human astrocytes additional immunocytochemical or 

electrophysiological experiments could be done. The contribution of physical 

contact or humoral factors from both astrocyte types using conditioned medium 

might shed a light on differences between both species. However, with our aim 

to generate a fully human model, we only focused on human astrocyte co-

cultures.   

We confirm with our model that the balance between glutamatergic and 

GABAergic neurons plays an important role in the observed network activity. 

This might explain why it is challenging to obtain synchronized oscillations 32,52. 

During early cortical development, GABA is predominantly excitatory 60, followed 

by a switch to inhibitory properties during further maturation 61,62. This supports 

our observations that both glutamatergic and GABAergic inhibitors reduce the 

amount of active neurons, bursting frequency and synchronicity at three weeks 

post final plating while at later time points (5-7 weeks) only inhibition of 

excitatory glutamatergic activity seems to affect network activity, while protein 

levels do not change over time. Notably, a trend towards increased synchronicity 

is observed after addition of GABAergic inhibitor picrotoxin at later time points 

suggesting that inhibitory neurons play an important role in controlling network 

activity (reviewed in 63). As shown in primary rodent cortical neurons before, 

burst amplitude was significantly increased at later time points by picrotoxin as 

well 64. This is another important difference to the study conducted by Kirwan 

and colleagues 30, who were unable to show an effect of GABAergic inhibition on 

calcium oscillations.  

Although further optimization and upscaling is necessary the presented neuron-

astrocyte co-culture model could be used to screen for compounds that affect 
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network functionality, either acute or chronically, in the context of phenotypic 

neurotoxicity screening. Due to the high sensitivity of the calcium assay, subtle 

changes in network activity might be detected, while other readouts like neurite 

outgrowth are still unaffected 7. These combined readouts, in high-content 

format, allow for gauging neuronal networks in vitro. Furthermore, the model 

might offer a valuable tool for preclinical research and to screen for compounds 

that restore proper network functionality and reduce the progression of neuronal 

pathologies that display disturbed network activity and connectivity. For 

example, the potential mechanisms underlying the lack of neural synchronicity 

observed in schizophrenia 15 could be explored. Increased bursting frequency 

and synchronized oscillations as seen in Parkinson’s disease 65, FTD 66,67 and 

epilepsy 11,13,14 and more complex dysregulation of network function as reported 

in Alzheimer’s disease 11,68 and autism (reviewed in 10) could be studied as well.  

However, future research will have to demonstrate if a fully human co-culture 

system can be used with patient iPSC-derived astrocytes and neurons and 

whether impaired functional networks can be reversed using compounds or gene 

editing technologies. Furthermore, the interaction between human astrocytes 

and neurons could be studied by culturing diseased astrocytes with healthy 

neurons or vice versa. Finally, by adding human iPSC-derived or primary 

microglia, a triple co-culture model could eventually be a tool to study neuro-

inflammation.  

In summary, we report that simultaneously differentiated hiPSC-derived cortical 

neurons in co-culture with human primary astrocytes show increasing 

maturation of network functionality and synchronicity over time when compared 

to cultures without primary human astrocytes. Our approach is exquisitely suited 

for sensitive high-content screening approaches such as neurotoxicity screening, 

target identification and validation, disease modeling, and phenotypic drug 

screening potentially leading to safer and more efficacious medicines. 
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Abstract 
Neuronal network dysfunction is thought to be one of the underlying 

mechanisms of cognitive decline. In a specific group of neurodegenerative 

disorders, called tauopathies, this neuronal network dysfunction might be 

caused by disturbed function and expression of MAPT encoding microtubule 

binding protein tau. The physiological role of tau is microtubule stabilization 

involved in cytoskeleton reorganization, neurite outgrowth, axonal transport, 

and maintenance of cellular viability. Using primary rodent and hiPSC-derived 

cortical neuronal cultures we investigated the influence of tau aggregation on 

neuronal network morphofunction in order to develop a translational model 

suitable for screening. Robust tau aggregation was accomplished by AAV-

induced human tau overexpression carrying the pro-aggregating P301L mutation 

triggered with K18P301L fibrils. No differences in overall network functionality 

were reported in this model, but hyperactivity was found specifically in cells 

overexpressing tau. Fibril seeding caused some morphological changes indicative 

of tauopathy-like phenomena in primary cultures, but not in hiPSC-derived 

neuronal cultures. Combined with the phenotype of tau aggregation in both cell 

culture systems these models might gain useful insights in tauopathy-associated 

processes. Species-related differences between both models might be used to 

bridge the gap between animal models and clinical research. Moreover, the 

underlying mechanisms of the observed phenotypes remain to be elucidated.    
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3.1 Introduction 
In 1907, Alois Alzheimer reported the first case of Alzheimer’s disease (AD) 1, in 

which he reported histopathological hallmarks now being identified as plaques 

(accumulation of extracellular aggregates of insoluble beta-amyloid) and tangles 

(intraneuronal filaments of hyperphosphorylated tau protein). The third major 

morphological feature of AD is neuronal loss. Although plaques are typical 

hallmarks of AD, no correlation has been found with cognitive impairment, while 

tangles do correlate with cognitive impairment, neuronal and synapse loss 2,3. 

The strongest correlate with cognitive decline is actually synapse loss in 

hippocampus and cortex 4, as confirmed in mouse models of AD in which 

synaptic dysfunction is observed earlier than neuron loss and coincides with the 

onset of memory deficiencies 5. These early events are important targets for 

intervention, because they underlie the start of pathology. Recent advances in 

biomarker identification in AD enabled detection of aspects of AD pathology in 

cognitively normal individuals, one or even two decades before onset of clinical 

dementia 6. Examples of these biomarkers are increased levels of tau and 

phosphorylated tau in cerebrospinal fluid (CSF). An increasing number of studies 

found that soluble forms of both beta-amyloid and tau protein act at the synapse 

to cause neural network dysfunction rather than (insoluble) plaques and tangles 

(reviewed in ref. 7). For example, Hunsberger and colleagues found tau induced 

excitotoxicity in a p301L tau mouse model, while pathology was still subtle and 

before detectable neuronal loss 8. However, the exact mechanisms and cause of 

synaptic dysfunction in AD is not known yet. 

About a century ago, Alois Alzheimer first described neurofibrillary tangles (NFTs) 
1, but not earlier than three decades ago the major component of tangles was 

identified as a hyperphosphorylated, filamentous form of the tau protein 9. AD 

and other tauopathies (i.e. a group of neurodegenerative disorders characterized 

by the accumulation and aggregation of the pathological tau protein in human 

brains), for example frontotemporal dementia, unequivocally demonstrated that 

dysfunction of tau protein can drive neurodegeneration. In individuals with 

familial frontotemporal dementia, more than 30 mutations, for example P301L, 

have been found in the MAPT gene, encoding the tau protein 10,11. Tau is a 

microtubule binding protein, traditionally perceived as axonal protein, where it 

serves to stabilize microtubules. Upon phosphorylation, tau reduces its affinity 

for and dissociated from microtubules. However, recent studies suggest an 

important role for tau in dendrites as well, where tau targets kinases to the 

postsynaptic density (PSD)12. Tai and colleagues also observed tau in pre- and 

postsynaptic terminals of nondemented human controls as well as AD patients 13, 

strengthening the idea of postsynaptic presence of tau protein. However, the 

exact role of distinct phospho-species and isoforms in physiological and 

pathological context awaits elucidation. During the course of AD, tau becomes 

hyperphosphorylated, detaches from microtubules and accumulates in filaments 
14-16. Filamentous tau accumulates intracellularly as NFTs, one of AD’s typical 
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hallmarks. Significant accumulation of NFTs coincides with oxidative stress, 

inflammation, synaptic and network dysfunction and ultimately neuronal loss, 

but not before stages of moderate to severe dementia 17. But in the last decade, 

accumulating evidence has shown that tangles exert negligible neurotoxicity 

compared to soluble tau 18,19.  

In AD cases, SNPs in the PPP3R1 gene, encoding the regulatory subunit of 

calcineurin, were associated with higher CSF concentrations of tau and phospho-

tau, increased tangle pathology, and a more rapid disease progression 20. Kauwe 

and colleagues found SNPs in the MAPT gene, encoding tau, affecting disease 

progression as well 21. In human AD brains, accumulation of oligomeric, 

hyperphosphorylated tau has been found in synapses 22. Furthermore, Perez-

Nievas and coworkers found that total number of NFT was not associated with 

dementia, while increased levels of phosphorylated tau, specifically in the 

synaptic compartment, did 23. In another study in AD subjects, 

immunofluorescence showed tau protein, hyperphosphorylated tau and 

misfolded tau in pre- and postsynaptic terminals. However, in synapses from 

non-demented elderly tau hyperphosphorylation and some misfolding was 

shown as well, implicating that synaptic terminals are one of the first, probably 

most sensitive, subcellular compartments affected by tauopathies 13. Tau 

hyperphosphorylation and misfolding at synapses may represent early signs of 

AD pathology, mediators of synaptopathy, and substrates for tauopathy 

spreading, but the actual role of tau in these processes is not known yet.    

Different animal models have been used to gain insight in tauopathies. For 

example rTg4510 mice, overexpressing human P301L tau, showed alterations in 

synaptic function and structure 7,24-28. Tangle bearing neurons are reported to 

produce less synaptic proteins and receive fewer synapses 29-31. The importance 

of the tripartite glutamatergic synapse (consisting of a pre- and postsynaptic 

terminal and an astrocytic process) in synaptic function in AD is studied by 

Hunsberger and colleagues (for review: 32). They found that tau pathology 

induces hyperexcitability of the glutamatergic system via increased presynaptic 

vesicle release and decreased glutamate clearance from the synaptic cleft by 

astrocytes. Both processes correlated well with memory performance of these 

mice, and occurred while tau pathology was still subtle without significant 

neuronal loss 8.  

Next to in vivo experiments in animal models for tauopathies, dissociated rodent 

primary neuronal culture models have proven to provide valuable information 

about tau pathologies. Hoover and colleagues showed in dissociated rodent 

primary neuronal cultures that early tau-induced deficits develop within the 

dendritic spines, by disrupting glutamate receptor trafficking or synaptic 

anchoring, thereby impairing synaptic function. By creating pseudo-

phosphorylated and phosphorylation-deficient tau protein they showed that tau 

phosphorylation plays a critical role in mediating synaptic deficiencies in this 
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model 33. Another useful in vitro model to study tauopathies will be used in this 

chapter. In this model, dissociated primary neurons overexpressing human 

P301L mutant tau form NFTs after addition of recombinant P301L mutant tau 

fibrils 34. Initially, the intracellular conversion of highly soluble tau protein 

without a defined secondary structure into insoluble tau fibrils was studied using 

cell lines. Extracellular tau aggregates, but not monomers, showed to be taken 

up by cultured cells and induced fibrillization of intracellular full-length tau. 

These intracellular fibrils can seed fibril formation and can be transferred 

between cells 35.  Fibrils time-dependently recruit normal tau and induce neuritic 

tau pathology in post-mitotic neurons as well 34. Additionally, evidence was 

provided that tau pathology is transmitted from cell to cell in vitro 36 as well as 

in vivo 37,38. Initiation of tau spreading with fibrils and overexpression of human 

P301L mutant tau was used in order to develop controllable tau aggregation 

within the experimental time window. Overexpression causes an increase in the 

local production of tau, while non-transgenic neurons show a very diffuse 

pattern. Furthermore, developing rodent neurons mainly express MAPT with 

three C-terminal repeats which has a lower propensity to aggregate than the 

adult (and overexpressed) four-repeat tau isoform 39. Recently, tau aggregation 

was shown in a similar fashion in hiPSC-derived cortical neurons 40. We will use 

this hiPSC-derived cortical neuronal model of tau aggregation for functional 

phenotyping. 

In this chapter we tested the hypothesis that human soluble tau species induce 

synaptotoxicity and subsequent changes in structure and function of synapses 

and neuronal network in primary rodent and hiPSC-derived cortical cultures. 

Previously, these models have proven to show tau aggregation, but overall 

network characteristics were not examined yet. We found that tau 

overexpression combined with fibril seeding did not affect overall calcium 

oscillations in our primary rodent and hiPSC-derived cortical cultures, neither 

network morphology in hiPSC-derived cortical cultures. However, network 

morphology was significantly changed in primary rodent cultures. Wildtype 

human tau (WT hTau) overexpression seems to cause some toxicity, as reflected 

by a decreased neurite area and number of nuclei. Addition of K18P301L fibrils 

increased the number of nuclei, which could be indicative for astrogliosis.  
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3.2 Methods and Materials  

3.2.1 In vitro culture of hiPSC-derived cortical neurons 
hiPSC-derived cortical cultures (iPSC0028, Sigma) were prepared as described in 

Chapter 2. All functional experiments were performed on human astrocyte co-

cultures treated with DAPT, since this was the optimal condition as described in 

Chapter 2.  

3.2.2 In vitro culture of rat primary neurons 
Cultures of dissociated primary neurons were prepared according to a protocol 

adapted from Banker and Goslin 41. Briefly, hippocampi or cortices were 

dissected from wild-type E18/19 Wistar Crl:WI rats (Charles River) in HEPES 

(7mM) buffered Hanks balanced salt solution (HBSS, both Gibco), and 

dissociated enzymatically and mechanically. Cells were resuspended in minimal 

essential medium (MEM, Gibco) supplemented with 10% heat-inactivated normal 

horse serum (Innovative Research) and 30mM glucose (Merck). Cells were 

plated in poly-D-lysin-precoated microclear multiwell plates (Greiner) and kept 

in a humidified CO2 incubator (37⁰C; 5% CO2). After cell attachment, medium 

was replaced with B27 supplemented Neurobasal medium, containing L-

glutamine (2 mM) (all Gibco). Neuronal cultures develop a network featuring 

synchronized activity within about a week 42. 

3.2.3 Tau transduction 
Cultures of hiPSC-derived NPCs were transduced at 1 day before final plating 

and primary rodent neuronal cultures at 2DIV with either AAV6-syn1-TAU-WT, 

AAV6-syn1-TAU-WT-GFP, AAV6-syn1-TAU-P301L or AAV6-syn1-TAU-P301L-GFP 

constructs overexpressing human (mutant P301L) tau 40. Cells were transduced 

at MOI (multiplicity of infection) 100 (without inducing cytotoxicity (data not 

shown). cDNA for the longest isoform of human tau (WT hTau) or human mutant 

P301L tau (P301L hTau), either fused to GFP or without additional tag, were 

synthesized at GeneArt and subcloned into a pT-Rex™-DEST30 Vector (Thermo 

Fisher Scientific). TauWT and TauP301L were cloned into the adeno-associated 

viral serotype 6 (AAV6) backbone and expression is driven by the human 

synapsin-1 promoter (Genscript). Viral vectors were obtained and packing was 

performed by S. Kügler (University Medical Center Göttingen) 43.  

3.2.4 Induced tauopathy model in primary neuronal 

cultures 
In order to induce tauopathy in wild-type neuronal cultures, a combination of 

transgene expression and addition of recombinant tau fibrils was used. P301L 

mutated tau fibrils (K18P301L) were added to cultures to induce intracellular tau 

aggregation. Truncated human Tau fragments containing the four microtubule 

binding repeat domain (K18; residues Q244-E372 of the longest human Tau 

isoform) with a P301L mutation (K18P301L) were produced in Escherichia coli 
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(Tebu-bio). K18P301L fibrils were produced according to the protocol that was 

previously published by Guo and Lee 34. For in vitro fibrillization, 40 μM 

recombinant monomeric tau was incubated with 40 μM low molecular-weight 

heparin and 2 mM DTT in 100 mM sodium acetate buffer (pH 7.0) at 37°C. Tau 

was incubated for 3-10 days without agitation in order to form fibrils. Before 

they were added to neurons, fibrillization mixtures were centrifuged at 100,000 

g for 60 minutes at 4°C, and the resulting pellet was re-suspended in an equal 

volume of 100 mM sodium acetate buffer (pH 7.0). K18P301L fibrils were 

sonicated with 60 pulses of 2 seconds and added to culture medium at 7DIV (for 

primary rodent cultures) or 14DIV (for hiPSC-derived neuronal cultures) at a 

concentration of 25 nM.  

3.2.5 Calcium imaging  
To separate “diseased” neurons from “healthy” neurons in a network combined 

imaging of calcium and (aggregated) tau was used. Because the tau tracing 

techniques were visible in the 488 nm channel, another calcium dye than FLUO4 

was used. As alternative CaSiR-1 ™ (GORYO Chemical) was used, which is a 

near-infrared fluorescence synthetic calcium probe with a maximum 

fluorescence wavelength at 664 nm. Cells were loaded with 1 µM CaSir-1 ™ in 

recording buffer, using the same protocol as described in Chapter 2 for FLUO4.  

A custom-made MATLAB script (based on ref. 44, available via 

www.uantwerpen.be/cell-group) was used to analyze live cell calcium traces and 

derive various parameters reflecting characteristics of neuronal activity, as 

described in Chapter 2. However, an extra feature was added to the script in 

order to analyse two different populations. In brief, regions of interest (ROIs) 

were drawn based on time projection images of the calcium recordings. In the 

second image, showing the presence of (aggregated) tau, a threshold was set 

for detecting (aggregated) tau overexpressing cells within these ROIs. This way 

the two cell populations could be separated and all parameters were calculated 

for both populations separately (Fig. 3.1).  

3.2.6 Live cell visualization of (aggregated) tau 
Live cell visualization of tau was accomplished using GFP-fused human tau 

overexpression. This method only showed the exogenous tau, but not 

endogenous tau. On the other hand aggregated tau, either exogenous or 

endogenous, was visualized using pentameric formyl thiophene acetic acid 

(pFTAA) 45, a fluorescent pentameric oligothiophene which identifies filamentous 

tau (Fig. 3.1). 3 µM pFTAA, diluted in prewarmed recording buffer, was added to 

neurons for one hour prior to calcium dye incubation.  

3.2.7 Immunocytochemistry 
Cells were fixed for 15 minutes using 4% paraformaldehyde with 4% sucrose in 

TBS (TrisHCl pH 7.5, NaCl and MilliQ), washed, blocked with 5% donkey serum 

in TBS and incubated with mouse anti-GluA (Synaptic Systems) overnight at 4°C. 
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antigen supplier clone species isotype catalog number

GluA Synaptic Systems 248B7 mouse IgG2a 182 411

MAP2 Aves chicken IgY MAP

synaptophysin Synaptic Systems rabbit IgG ab14692

Then cells were permeabilized for 15 minutes with Triton-X100 (0.25%) in TBS. 

After 30 minutes blocking with donkey serum in TBS-Triton (0.25%), cells were 

incubated overnight at 4°C with the following antibodies: chicken anti-MAP2 

(Aves) and rabbit anti-synaptophysin (Abcam). Subsequently, cells were washed 

and incubated for 1 hour at room temperature with Alexa secondary antibodies 

(Thermo Fisher Scientific). DAPI (Sigma) was used to counterstain the nuclei. 

Images were taken automated with the Opera Phenix™ High Content Screening 

System (confocal, Perkin Elmer). 

An overview of antibodies is given in the next table. 

Fig. 3.1 Calcium analysis of tau (aggregate) positive subpopulations in primary 

neuronal cultures overexpressing P301L tau, treated with K18P301L fibrils. 

Overall network activity was analyzed based on CaSiR-1 fluorescence (left). Additionally, 

prior to live cell calcium recordings, corresponding images of GFP-fluorescent tau 

indicators (either tau-GFP or pFTAA) were captured and used as an overlay to create two 

subpopulations for live cell calcium imaging analysis:  tau (aggregate) positive and 

negative subpopulations. 

3.2.8 Network morphology 
Images of neuronal networks were automatically analyzed using a custom made 

script (available via www.uantwerpen.be/cell-group), based on templates written 

by Evotec Technologies for AcapellaTM 4.0 (PerkinElmer Inc.), implemented on 

an integrated ColumbusTM server (PerkinElmer Inc.). In brief, multidimensional 

image data sets are read and preprocessed after which objects of interest – i.e. 

nuclei, neurites and pre- and postsynaptic puncta – are detected and quantified. 
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Nucleus detection is performed by projecting DAPI stained images along the Z-

axis according to the maximum intensity, after which a median filter is applied. 

A user-defined intensity threshold is used to detect the nuclei, followed by a 

watershed-based separation of touching nuclei. To identify the neuronal nuclei, a 

user-defined area and circularity filter is applied.  

To measure neurite outgrowth a similar approach is used. The network is 

identified by applying a user-defined intensity threshold after z-projection and 

Gaussian blurring of the images. The area of the identified network is expressed 

in µm2. In addition, a skeleton of the network is generated based on the 

gradient image, after which the skeleton is pruned to remove all small fragments.   

In order to detect pre- and post-synaptic puncta the sharpest z-slice of the 

respective channel is retained and spots are enhanced by a SER (Spot-Edge-

Ridge) texture analysis implemented in Acapella. Spot maxima are identified in 

the enhanced image by applying a user-defined intensity threshold after which 

they are iteratively dilated and eroded based on the same threshold. To avoid 

detection of aspecific spots, the identified neurite network is used as a restrictive 

region after exclusion of the neuronal nuclei. Density of puncta was expressed 

as the number of puncta per µm² surface of the search region. To quantify 

colocalisation of pre- and post-synaptic spots, various object and intensity based 

colocalisation features are extracted. Additionally, the number of synapses is 

identified as the number of spots that show at least one pixel overlap between 

the two channels.  

3.2.9 Statistics 
Data are shown as mean + standard error of the mean (SEM). For hiPSC-derived 

cultures, the number of differentiations per experiment refers to the 

differentiation procedure from hiPSCs to NPCs (either from the same hiPSC line 

or from a different hiPSC line), while the number of samples refers to the 

number of wells differentiated towards neurons starting from a single batch of 

NPCs. For primary cultures, the number of differentiations per experiment refers 

to the differentiation procedure from cells collected from embryos from one 

pregnant female, while the number of samples refers to the number of wells 

from one dissection.  

For general calcium imaging and network morphology experiments overall 

differences between groups were calculated using one-way ANOVAs. For multiple 

comparisons, Holm-Sidak's multiple comparisons tests were performed to detect 

differences between groups. For separated analysis of calcium imaging in 

function of tau (aggregation), overall differences between groups were 

calculated using two-way ANOVAs considering equal variances. For multiple 

comparisons, Sidak's multiple comparisons tests were performed to detect 

differences between tau (aggregation) positive and negative cells.  
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3.3 Results 

3.3.1 Tau overexpression combined with fibril seeding 

does not affect overall calcium oscillations 
In order to analyze the influence of aggregating tau on network functionality in 

vitro, control hiPSC-derived cortical neurons and primary rat cortical neurons 

were transduced with the longest human tau isoform (2N4R) with P301L 

mutation (whether or not coupled to GFP) or human 2N4R WT tau as a control 

for tau overexpression. Tau overexpression was confirmed previously by 

Western blot and quantitative RT-PCR 40. Due to the lack of spontaneous 

aggregation transduced cultures were seeded with K18P301L fibrils, which has 

been shown to facilitate tau aggregation in P301L tau overexpressing primary 

rodent and hiPSC-derived neuronal cultures 34,40. Six conditions providing the 

right controls for overexpression and aggregation were included in this 

experiment, that is control, WT hTau overexpressing, or P301L hTau 

overexpressing cultures, either with or without addition of K18P301L fibrils. 

Calcium imaging was done on both hiPSC-derived (at five weeks after final 

plating) and primary rat (at 15 DIV) cortical cultures. No significant differences 

in overall calcium oscillations were found between hiPSC-derived cultures 

whether or not transduced with either WT tau or P301L tau, whether or not 

seeded with K18P301L fibrils (Fig. 3.2a), neither in primary rat cortical cultures 

(Fig. 3.2b).  

a 
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Figure 3.2 Tau overexpression combined with fibril seeding does not have major 

impact on calcium oscillations. a) Graphs show the effects of (mutated) tau 

overexpression and fibril seeding on calcium oscillations in hiPSC-derived cortical neurons 

(week 5). No significant differences in calcium oscillations were found between hiPSC-

derived neurons whether or not transduced with either WT tau or P301L tau, whether or 

not seeded with K18P301L fibrils. Mean + SEM, n ≥ 2, from 2 differentiations. b) Graphs 

show the effects of (mutated) tau overexpression and fibril seeding on calcium oscillations 

in primary rat cortical neurons (15DIV). No significant differences in calcium oscillations 

were found between primary rat cortical neurons whether or not transduced with either 

WT tau or P301L tau, whether or not seeded with K18P301L fibrils. Mean + SEM, n ≥ 4, 

from 2 differentiations.  

3.3.2 Tau overexpression rather than tau aggregation 

seems to influence functionality of impacted cells 
Further analyses were done to characterize neuronal functionality in this model 

of induced tau aggregation. Due to the transduction methods both primary and 

hiPSC-derived cultures contain transduced and non-transduced cells, which 

might conceal a tauopathy-induced phenotype. By the addition of an extra mask 

in the calcium analysis script, we were able to distinguish tau-overexpressing 

cells (based on their GFP signal) from non-overexpressing cells. The percentage 

of GFP-positive tau overexpressing neurons per field was calculated and shows 

no differences between WT tau or P301L tau overexpressing cultures either with 

or without fibrils (for primary rodent cultures measured at 15DIV, for hiPSC-

derived neuronal cultures at five weeks after final plating). However, primary 

rodent cultures clearly show a higher percentage of tau-overexpressing cells per 

field than hiPSC-derived neuronal cultures (Fig. 3.3a). Separate analysis of tau-

coupled-GFP-positive and -negative neurons showed the difference in calcium 

oscillations between these two cell populations per well. For hiPSC-derived 

neurons (week 5) the percentage active neurons and synchronicity were 

significantly increased in the tau-overexpressing neurons (Fig. 3.3b). In primary 

rat cortical neurons (15 DIV) the bursting frequency and synchronicity were 

significantly increased in the tau-overexpressing neurons as well (Fig. 3.3c).  

Using the same analysis script but a different labeling approach for 

discriminating two cell populations, we were able to quantify calcium oscillations 

in cell populations with and without detectable tau filaments. For this experiment 

primary neuronal cultures were incubated with pFTAA for one hour prior to 

calcium dye loading. pFTAA is a green fluorescent molecule which identifies 

filamentous tau. Separate analysis of pFTAA-positive and pFTAA-negative 

primary rat cortical neurons in P301L tau transduced cultures treated with 

K18P301L fibrils shows the difference in calcium oscillations between pFTAA-

binding and non-binding neurons within one well. No significant differences were 

found between these two cell populations showing that tau fibrils do not 

correlate with changed calcium oscillations in vitro (Fig. 3.3d).  
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3.3.3 Morphology of primary cortical cultures 

overexpressing hTau and treated with K18P301L fibrils 

was significantly altered, but not hiPSC-derived cortical 

cultures 
Network morphology was examined in the six conditions to elucidate the 

possible contributions of structural changes to network function. General 

neuronal structure was analyzed using anti-MAP2 staining, presynaptic vesicles 

were stained with anti-synaptophysin antibody and postsynaptic terminals were 

stained with anti-GluA antibody (Fig. 3.4a). The readouts were cell count, 

neurite area, and density of synapses per neurite area (co-localized staining of 

presynaptic and postsynaptic proteins were called synapses).  

a 

b 

c 
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Figure 3.3 Separate analysis of tau-transduced neurons and non-transduced 

neurons shows the influence of tau overexpression on calcium oscillations rather 

than the influence of tau aggregation. a) The percentage GFP-positive tau 

overexpressing neurons per field was calculated. For both hiPSC-derived (left) and primary 

rodent (right) neuronal cultures no significant differences were found between WT and 

P301L tau overexpression either with or without fibrils (One-way ANOVA, p = 0.4640 and 

p = 0.4583 respectively). hiPSC-derived cultures: n ≥ 2 from 2 differentiations, primary 

rodent cultures: n ≥ 2 from 1 differentiation, mean + SEM.  b) Separate analysis of tau-

coupled-GFP-positive and -negative neurons shows the difference in calcium oscillations 

between two cell populations in one well. For hiPSC-derived neurons (week 5) the 

percentage active neurons (Two-way ANOVA, p = 0.0291) and synchronicity (Two-way 

ANOVA, p = 0.0006) are significantly increased in the tau overexpressing neurons. n ≥ 2 

from 2 differentiations, mean + SEM, * p<0.05,***p≤0.0001. c) Separate analysis of tau-

coupled-GFP-positive and -negative neurons shows the difference in calcium oscillations 

between two cell populations in one well. For primary rat cortical neurons (15 DIV) the 

bursting frequency (Two-way ANOVA, p = 0.0400) and synchronicity (Two-way ANOVA, p 

= 0.0001) are significantly increased in the tau-overexpressing neurons. n ≥ 2 from 1 

differentiation, mean + SEM, * p<0.05,***p≤0.0001. d) Separate analysis of pFTAA-

positive and pFTAA-negative primary rat cortical neurons in P301L tau transduced cultures 

treated with P301LK18 fibrils shows the difference in calcium oscillations between pFTAA-

binding and non-binding neurons within one well. No significant differences were found 

between these two cell populations. n ≥ 2 from 2 differentiations, mean + SEM. 

Overexpresssion of WT hTau in primary rat cortical neurons caused a significant 

decrease in neurite surface compared to both control and P301L hTau 

overexpressing neurons (Fig. 3.4b). Furthermore, K18P301L fibrils significantly 

increased neurite surface in P301L overexpressing primary neurons. Additional 

analyses showed that neurite length was changed rather than neurite width 

(data not shown). Total number of nuclei was significantly decreased by WT 

hTau overexpression, while K18P301L fibril addition significantly increased the 

number of nuclei in all three transduction conditions (Fig. 3.4c). In primary 

cultures synapse density was neither influenced by hTau transduction, nor by 

K18P301L fibril addition (Fig. 3.4d). Similar morphological analyses were done 

on hiPSC-derived cortical cultures. No significant differences were found in cell 

count, neurite area or synapse density (Fig. 3.5). 
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Figure 3.4 Decreased neurite surface in WT hTau overexpressing primary 
neurons, but not in P301L hTau overexpressing neurons. a) CTRL, WT hTau and 

P301L hTau overexpressing primary neurons, either treated with K18P301L fibrils or not 
were stained with anti-synaptophysin, anti-GluA, anti-MAP2 and DAPI. b) Neurite surface, 

based on the MAP2 staining, was analyzed automatically. WT hTau overexpresssion in 
primary rat cortical neurons (15DIV) caused a significant decrease in neurite surface (One-

way ANOVA, p < 0.0001) compared to both control and P301L hTau overexpressing 
neurons. Fibril addition significantly increased neurite surface in P301L overexpressing 

primary neurons (One-way ANOVA, p < 0.0001). n = 12 from 1 differentiation, mean + 
SEM, ***p≤0.0001. c) Cell number, based on the DAPI staining, was analyzed 

automatically. Fibril addition significantly increased cell count in CTRL, WT hTau and P301L 

hTau overexpressing primary neurons while WT hTau overexpression decreased the 

number of cells per well (One-way ANOVA, p < 0.0001). n = 12 from 1 differentiation, 

mean + SEM, *p<0.05, **p<0.01, ***p≤0.0001. d) Synapse density was analyzed 
automatically. Synapses were defined as synaptophysin puncta overlapping with GluA 

puncta, density was calculated as number of overlapping puncta per neurite area in µm2. 
No significant differences were found between the six conditions. n = 3 from 1 

differentiation, mean + SEM. 
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Figure 3.5 Unaltered network morphology in hiPSC-derived cortical neurons after 

tau overexpression and fibril addition. a) CTRL, WT hTau and P301L hTau 

overexpressing hiPSC-derived neurons, either treated with K18P301L fibrils or not were 

stained with anti-synaptophysin, anti-GluA, anti-MAP2 and DAPI. Neurite area, based on 

the MAP2 staining, was analyzed automatically. No significant differences were found 

between the six conditions. n ≥ 1 from ≥ 2 differentiations, mean + SEM. b) Number of 

nuclei, based on the DAPI staining, was analyzed automatically. No significant differences 

were found between the six conditions. n ≥ 1 from ≥ 2 differentiations, mean + SEM. c) 

Synapse density, based on co-localisation of synaptophysin- and GluA-positive puncta, was 

analyzed automatically. No significant differences were found between the six conditions. n 

≥ 1 from ≥ 2 differentiations, mean + SEM. 
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3.4 Discussion 
In this chapter we described the functional and morphological characterization of 

neuronal networks in a tauopathy model based on AAV-induced human (mutant 

P301L) tau overexpression in primary rat neuronal cultures and hiPSC-derived 

cortical cultures. The P301L mutation ultimately leads to aggregation of tau into 

NFTs, but robust tau aggregation could be triggered with K18P301L fibrils within 

a short time frame 34. We found that human tau overexpression and K18P301L 

seeding does not have a significant influence on overall network calcium 

oscillations in both models. However, when studying transduced neurons 

separately from non-transduced neurons we found that the tau overexpressing 

neurons showed a significant increase in percentage active neurons, bursting 

frequency and/or synchronicity. When separating tau fibril containing (pFTAA-

positive) cells from pFTAA-negative cells we found no differences between these 

two populations. Additionally we showed that WT hTau overexpression, but not 

P301L hTau, decreases the neurite surface and number of nuclei in primary rat 

cortical cultures, but not in hiPSC-derived cortical cultures. Other morphological 

changes in the primary neuronal model were induced by tau fibril addition, that 

is increased number of nuclei in all three transduction conditions and increased 

neurite area in P301L hTau overexpressing neurons. However, these findings 

were not replicated in the hiPSC-derived neuronal model. 

The established functions of tau protein include the stabilization of microtubules, 

regulation of cytoskeleton organization, axonal transport. Recent studies found 

that nuclear tau seems to play a role in maintaining the integrity of DNA and 

RNA, and tau is implicated in regulation of neuronal activity, neurogenesis and 

synaptic plasticity (reviewed in ref. 46). Previous research showed that tau 

pathology can induce neuronal calcium dysregulation. Hyperexcitability of the 

glutamatergic system, even while tau pathology was still subtle and significant 

neuronal loss was not yet visible, was reported in rTg(TauP301L)4510 mice 8, 

while 3R tau transgenic mice showed statistically significant decreases in 

spontaneous activity compared to non-transgenic mice 47. Nonetheless, in our 

human tau overexpression models we found no significant differences in overall 

neuronal activity using live cell calcium imaging. We did find significant 

differences between tau overexpressing and non-overexpressing neurons, with 

an increased percentage of active neurons, bursting frequency and/or correlation 

score both in primary rodent and hiPSC-derived neuronal cultures. Various 

mechanisms might explain this hyperactivity. First of all, tau overexpressing 

neurons might react more strongly to equal inputs compared to non-

overexpressing cells, resulting in hyperactive responses. For example, in P301L 

tau transgenic mice hyperactivity was recently found to be caused by decreased 

glutamate clearance from the synaptic cleft of tau-transgenic neurons 8, which 

might explain a stronger reaction of tau overexpressing neurons. Another 

explanation could be an overall increased excitatory input in our cultures. Non-

transgenic, healthy cells might cope with this change, while transgenic neurons 
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cannot which could be reflected by increased activity. Thirdly, a difference in 

excitatory or inhibitory inputs between both cell groups might explain their 

functional disparity. A possible explanation could be an increased number of 

excitatory synapses or a decreased number of inhibitory synapses, although we 

could not detect any changes in synapse density in these cultures. Another 

mechanism could involve stronger excitatory synapses on transduced cells. Of 

course a combination of these three mechanisms might be involved. However, 

using the current readouts no decisive answer about the mechanism could be 

given. Future research using electrophysiological approaches might further 

clarify mechanisms involved in this functional difference.  

Due to the usage of induced pathology by overexpression it might be possible 

that endogenous tau is still functioning normally, especially because endogenous 

3R tau has a lower propensity to aggregate than (overexpressed) 4R tau 39. This 

could cause low levels of recruitment of endogenous tau from hiPSC-derived and 

primary cortical neurons with a subsequent lack of effect on network function. 

As an alternative, targeted mutagenesis could produce a physiologically more 

relevant model for tauopathies in hiPSC-derived cultures. However, the imaging 

data, showing a significant decrease in neuronal network surface in WT tau 

overexpressing cells, suggest that the network is definitely changing. Therefore, 

it is debatable if the live cell calcium imaging technique is sensitive enough to 

identify subtle tauopathy-related network dysfunction. Other techniques, for 

example single cell electrophysiology, might shed a light on possible changes in 

synaptic transmission.   

Additionally, the transduction efficiency in these experiments could be increased 

in order to induce an effect on total network function. Although tau-

overexpression was high enough to induce tau aggregation as previously shown 
36,40, transduction efficiencies were low, especially in the hiPSC-derived neuronal 

cultures (below 10%). Lentiviral transduction systems might be a more efficient 

transduction system in this case, as previously shown 48. On the other hand the 

presence of tau aggregation in the absence of the P301L mutation in most 

neurons might be a more realistic model of tauopathies without mutations in the 

MAPT gene. Future efforts to increase the percentage of transgenic cells in 

cultures, or even use constitutive expression of transgenes might provide new 

insights in neuronal network function in tauopathies.  

After comparing tau fibril-containing neurons with fibril-free neurons, as 

identified with pFTAA, we found no significant influence on calcium oscillations in 

tangle-bearing neurons, although these neurons were highly affected by tau 

pathology. This is consistent with previous studies in which NFT bearing neurons 

were able to functionally integrate in cortical circuits 49, and another study 

showing relatively normal electrophysiological properties in acute slice 

preparations of the human P301L tau overexpressing rTg4510 mice 28. These 

results strengthen the hypothesis that tangles are not causing significant 
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disruption of network function. However, the fact that we did not detect 

variation between pFTAA-positive and pFTAA-negative cells does not mean that 

tau aggregates did not influence the neuronal network. pFTAA detects 

filamentous tau only 45, which are a later stage of aggregation, while smaller 

soluble tau aggregates are thought to be much more toxic 18,19. Possibly soluble 

tau aggregates have exerted their effect on the cultures already, but are 

eventually deposited in less toxic NFTs. Future work is needed to elucidate how 

earlier stages of tau aggregation, such as soluble oligomeric tau aggregates, 

impact neuronal function. An additional identification method to detect tau 

aggregates in the pretangle stadium would enable following the aggregation 

process over time. FRET-based tau aggregation sensors or sensors based on the 

bimolecular fluorescence complementation (BiFC) technique (reviewed in ref. 50) 

could provide valuable information about the formation and propagation of tau 

aggregates and their influence on neuronal network function.  

Although we found no significant differences in overall network functionality in 

this tauopathy model, we found a significant impact of WT hTau overexpression 

on network structure in primary rodent cultures. As previously shown, tau-

transfected cultures showed a lower overall neurite surface. This effect might be 

due to the microtubule-stabilizing properties of tau protein. Tau overexpression 

might cause taxol-like microtubule stabilization, possibly by downregulating 

microtubule destabilizing proteins, resulting in a reduction of neurite elongation 
51. Additionally, in their study Mandelkow and colleagues suggested that tau 

overexpression accounts for inhibition of transport of organelles and vesicle, 

thereby making neurites more sensitive to stress 52, which might be an 

explanation for the reduced cell count too. Therefore, it is important to consider 

that tau overexpression can lead to dramatic reorganization of the neuronal 

cytoskeleton, rather than modeling human tau pathology. However, 

overexpression of P301L tau only did not induce an effect on neurite surface, 

which might be due to an altered binding capacity or higher tau phosphorylation 

of P301L tau. These alterations reduce its affinity for microtubules, thereby 

dissociating from microtubules. When adding tau fibrils to these cultures there 

was a significant increase of the neurite area, which might suggest dystrophic 

neurite swellings that accumulate pathological tau, as previously reported in 

mouse models for AD 53,54. However, additional image analyses revealed that 

neurite length was increased rather than neurite width, thereby excluding this 

hypothesis. The total cell number per well was influenced by tau fibrils as well. 

The increased number of nuclei might reflect neuroinflammation and astrogliosis, 

which is previously shown in tauopathy mouse models 55,56. Additional 

immunocytochemical stainings, for example using astrocytic marker GFAP and 

neuronal marker neuronal class III tubulin, could clarify if the increased number 

of cells per field is caused by an increased number of astrocytes.  

In contrast, we found no morphological changes in the hiPSC-derived neuronal 

model, although tau aggregation was clearly shown 40. A major difference with 
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the primary rodent cultures is the transduction efficiency of hiPSC-derived 

neurons, which was previously reported to be lower 48. Future morphological 

analysis of tau overexpressing neurons specifically can possibly unravel 

tauopathy-related changes as well. Another reason why tau overexpression 

caused varying effects in these two models might be the baseline levels of 3R 

and 4R tau isoforms. 4R tau isoforms are expressed in the human adult brain, 

but not yet in hiPSC-derived cortical neurons at 5 weeks after final plating 40,57, 

while rodent primary cultures at 15DIV show 3R and 4R tau in a ratio equal to 

one 58. This may lead to an extraordinary overexpression of 4R tau in primary 

rodent cultures. Since 4R tau is more prone to aggregation (and even more 

when containing different mutations) 59 and is binding more stably to 

microtubules, the imbalance between 3R and 4R tau may lead to a more 

pronounced phenotype in the rodent system. Overexpression of 4R hTau in the 

hiPSC-derived cultures led to a 4R/3R ratio slightly higher than one 40, which is 

closer to physiological ratios in the human adult brain. Therefore, this model 

might be approaching human tauopathies more than the rodent model, although 

additional efforts have to be made to clarify tauopathy-related processes in this 

model.  

To conclude, tau overexpression and fibril seeding did not cause differences in 

overall network functionality in these primary rodent and hiPSC-derived cortical 

models, using live cell calcium imaging at a fixed timepoint. Neurons specifically 

overexpressing tau did show hyperactivity in both models, but did not influence 

total networks in vitro. However, fibril seeding seemed to cause some 

tauopathy-like phenomena such as gliosis in primary rodent cultures. Further 

optimizations or adaptations of the model might increase tauopathy-related 

phenomena in these two cell culture systems. Combined with the phenotype of 

tau aggregation in both cell culture systems, these models might gain useful 

insights in tauopathy-associated processes. Moreover, the underlying 

mechanisms of the observed phenotypes remain to be elucidated.    
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Abstract 
Alzheimer’s disease and frontotemporal dementia are examples of tauopathies 

and are amongst the most common forms of dementia. This specific group of 

neurodegenerative disorders is characterized by the formation and deposition of 

abnormal tau protein in the brain. Various disease models have been used to 

study tauopathies, either in vivo or in vitro, and gained important insights about 

disease mechanisms, genetics, and possible treatments. However, translational 

value of many models remains poor as reflected by high attrition rates for 

clinical trials and the lack of disease-modifying drugs for most neuro-

degenerative disorders. In order to bridge the gap between previous findings 

and human disease a new human induced pluripotent stem cell (hiPSC)-derived 

neuronal tauopathy model is proposed here. Zinc-finger nuclease technology 

induced mutations were used to create four mutant hiPSC lines containing the 

10 + 16 MAPT splicing variant mutation only (increasing the inclusion of the 

second repeat domain (exon 10) and thus 4R tau production) or in combination 

with the pro-aggregating P301S mutation. The combination of these two 

mutations was necessary since the P301S mutation is located in exon 10 that is 

spliced out in control hiPSC-derived neuronal cultures at least until 100 DIV. 

Thorough characterization of hiPSC-derived cortical networks revealed that 

neuronal differentiation is highly affected by the splicing variant mutation 

showing characteristics of forebrain-type interneurons instead of cortical 

projection neurons. Additionally network activity was disrupted in these neuronal 

cultures. The P301S mutation further changed gene expression profiles, and 

promoted fibril seeding-induced tau aggregation in hiPSC-derived neuronal 

cultures, which is a common characteristic of tauopathies, suggesting that the 

model is a valuable approach to model human tauopathies in vitro. The 

combination of different tools to study these “neuronal networks in a dish” and 

the use of different hiPSC lines might eventually contribute to the knowledge 

about disease onset, progression and treatment options for tauopathies.  
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4.1 Introduction 
Human induced pluripotent stem cell (hiPSC)-derived cell cultures have proven 

to be a useful tool to gain insights in disease mechanisms of neurodegenerative 

disorders (e.g. 1-3, and reviewed in ref. 4). One of these models, which was 

proposed by Verheyen and colleagues, describes the overexpression of human 

tau harboring the pro-aggregating P301L mutation in hiPSC-derived neurons 

combined with seeding of preformed tau aggregates 2.  The functional 

characterization of this model has been shown in the previous chapter. However, 

the model is based on induced overexpression of 4R tau, which might hamper 

the pathophysiological development of tauopathy-like phenotypes, because tau 

overexpression might cause taxol-like microtubule stabilization and clogging of 

axons (as previously discussed in Chapter 3). Therefore, this chapter describes a 

new approach based on targeted genome engineering to study tauopathies in 

hiPSC-derived cortical cultures.  

Not only in Alzheimer’s disease, but also in other tauopathies, such as 

Parkinson’s disease, frontotemporal dementia (FTD), Pick’s disease and 

progressive supranuclear palsy, tau aggregation is a common pathological 

feature 5. Tau protein is a microtubule stabilizing protein, involved in e.g. 

cytoskeleton (re)organization and axonal transport. The adult human brain 

contains six different tau isoforms which are generated by alternative splicing of 

exons 2, 3, and 10. Proper tau splicing seems to be crucial for neuronal health. 

During development, in different brain regions, and during pathology alternative 

splicing takes place. Exons 2 and 3 encode a varying number of 29-residue 

near-amino-terminal inserts: isoforms containing 0, 1, or 2 inserts are known as 

0N, 1N and 2N, respectively. The presence of three or four carboxy-terminal 

repeat domains (3R or 4R respectively; the second repeat is encoded by exon 10 

and is not included in 3R tau) further categorizes tau isoforms 6. During 

development only the shortest tau (3R) isoform is expressed, while in adulthood 

all six isoforms are present and levels of 3R and 4R isoforms are roughly equal 7. 

The alternative splicing of exon 10 is of particular interest, because quite some 

MAPT mutations are located on this exon. These mutations either change the 

coding sequence of the gene, or the alternative splicing of MAPT. A particular 

group of FTD patients exhibit the 10+16 mutation in the stem-loop structure of 

intron 10. As a consequence these patients show a more frequent inclusion of 

exon 10 during MAPT splicing and thus an increased proportion of four-repeat 

(4R) tau isoforms 8,9. An example of a missense mutation is the P301L mutation 

(identified in FTDP-17 families) in which tau shows a reduced affinity for 

microtubules and an increased tendency for aggregation 10. Patients with the 

clinically more aggressive P301S mutation showed aggregation of 

hyperphoshorylated tau at young age already 11 (Fig. 4.1).  

However, when modeling tauopathies in vitro using hiPSC-derived neurons the 

correct splicing variants have to be expressed. Sposito and colleagues showed 

that exon 10 is (still) spliced out in 100-day old cortical neuronal cultures 
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derived from control hiPSCs, which would prohibit expression of MAPT mutations 

in this exon 12. In contrast, neurons from FTD patients with a 10 + 16 intronic 

mutation in the MAPT gene expressed both 3R and 4R tau isoforms, suggesting 

that this mutation overrides the developmental regulation of exon 10. At later 

timepoints (365 DIV) control hiPSC-derived neurons showed a switch in tau 

splicing. Although this is recapitulating physiological development it is not 

feasible for drug discovery purposes. Therefore, we have developed different 

hiPSC lines containing two of these tauopathy-related mutations. Starting from a 

parental control hiPSC line the 10 + 16 mutation was introduced to enable 

expression of mutations located in exon 10. Additionally, the P301S mutation 

was added to these cell lines, because the early-onset of tauopathy in P301S 

carriers maximizes the chance of observing a cellular phenotype. The 

comparison of CTRL hiPSC-derived cortical neurons with 10 + 16 splicing variant 

mutations enables to study the effects of alternative splicing, while the 

comparison of the latter with the hiPSC-lines with the additional P301S mutation 

enables to study the effects of the missense mutation which are detectable only 

when alternative splicing causes (adult) 4R tau production.   

In this chapter we tested the morphological and functional properties of these 

hiPSC-derived cortical neurons expressing P301S mutated tau as a model for 

tauopathies. We observed that the alternative splicing of MAPT significantly 

changed the differentiation process of these neurons, since gene expression 

profiles, proliferation markers, and cortical marker expression differed 

considerably from parental control hiPSC-derived neurons. Furthermore, live cell 

calcium imaging showed decreased network functionality of the 4R tau 

expressing neurons, while the P301S mutation did not alter the phenotype any 

further. 
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name CTRL SM (mono) SM (bi) DM (bi,mono) DM (bi,bi)

mutations - IVS10+16 
+/- 

IVS10+16 
+/+ 

IVS10+16 
+/+ 

P301S 
+/- 

IVS10+16 
+/+ 

P301S 
+/+ 

clone - 1D01-11 1F05-D12 7G4A8 7H6A1

4.2 Methods and Materials  

4.2.1 Generation of mutant hiPSC lines 
Starting from parental control (CTRL) hiPSCs (iPSC0028, Sigma) Sigma created 

customized mutant hiPSC lines using Zinc Finger Nuclease (ZFN) Technology on 

request. Targeted mutations were induced at either the 10 + 16 location (intron 

10: cytosine  uracil) and/or the P301S location (exon 10: cytosine  uracil) 

(Fig. 4.1a, b). Mono-allelic single mutant (SM(mono)), bi-allelic single mutant 

(SM(bi)), double mutant with mono-allelic P301S mutation (DM(bi, mono)), and 

double mutant with bi-allelic P301S mutation (DM(bi, bi)) hiPSC lines were 

created (Fig. 4.1c). An overview of hiPSC lines is given in the next table. 

 

4.2.2 Cell culture conditions 
hiPSC-derived cortical cultures were prepared as described in Chapter 2. All 

functional experiments were performed on human astrocyte co-cultures treated 

with DAPT, since this was the optimal condition as described in Chapter 2. 

Samples for the microarray experiment, immunocytochemistry for cortical 

markers and proliferation assay were prepared without human astrocytes and 

DAPT to specifically look at effects on hiPSC-derived neurons and avoid masking 

of effects by astrocytes. 

4.2.3 RNA extraction and microarray analyses 
RNA extraction was performed using the RNeasy96 kit (Qiagen). cDNA targets 

were prepared and labelled using the IVT PLUS kit and then hybridized on 

Affymetrix® Human Genome U219 array plate in the GeneTitan® instrument 

(Affymetrix) according to the manufacturer’s protocol. Microarray analysis was 

performed using R version 3.3.0 13.  Target transcripts of probes were annotated 

using Entrez Gene based alternative cdf version 20.0.0 14, assigning probes to 

18660 unique genes. RMA algorithm was used for pre-processing 15. KEGG 

pathway analyses were performed to detect changes in biological and signaling 

pathways 16,17. Additionally, pair-wise comparisons between either CTRL and 

SM(bi) or SM(bi) and DM(bi, bi) were performed at different time points.   

4.2.4 Immunocytochemistry 
For the proliferation assay cells were stained using the Click-iT® Plus EdU 

imaging kit (Thermo Fisher Scientific) according to the manufacturer’s guidelines. 

Afterwards cells were fixed for 15 minutes using 4% paraformaldehyde with 4% 

sucrose in TBS (TrisHCl pH 7.5, NaCl and MilliQ), washed, blocked with 5% 

donkey serum in TBS and permeabilized for 15 minutes with Triton-X100 

(0.25%) in TBS. After 30 minutes blocking with donkey serum in TBS-Triton 

(0.25%), cells were incubated overnight at 4°C with mouse anti-β3 tubulin 
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(Covance). Subsequently, cells were washed and incubated for 1 hour at room 

temperature with Alexa secondary antibody (Thermo Fisher Scientific). DAPI 

(Sigma) was used to counterstain the nuclei. Images were taken automated with 

the Opera Phenix™ High Content Screening System. 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Figure 4.1 Generation of mutant hiPSC lines by ZFN-engineering. a) Schematic 
representation of the MAPT gene, showing the locations of the point mutations used to 

create mutant hiPSC lines. Blue asterisk represents P301S point mutation; red asterisk 
represents IVS10+16 point mutation. Figure was adapted from Spillantini et al., 2013 18. b) 

Schematic representation of the mRNA sequence encoding part of exon 10 (E10, 
uppercase) and intron 10 (I10, lower case). Mutations that are located near the E10 – I10 

interface affect splicing and expression of MAPT, which encodes tau protein. Mutations that 

alter MAPT splicing are shown in red boxes. Figure was adopted from Wang and 

Mandelkow 2016 6. c) Schematic representation of four mutant hiPSC lines generated from 
a parental control (CTRL). Single mutant (SM) lines contain mono- or bi-allelic point 

mutations ((mono) or (bi)), double mutant (DM) lines contain bi-allelic IVS10+16 point 
mutations (bi) and mono- or bi-allelic P301S mutations ((mono) or (bi)). Blue bars 

represent MAPT exon 10, red bars represent MAPT intron 10, blue asterisks represent 
P301S point mutations, and red asterisks represent IVS10 + 16 point mutations. 

a 

b 
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antigen supplier clone species isotype catalog number

β3-tubulin Covance Poly18020 mouse IgG PRB-435P

CTIP2 Abcam 25B6 rat IgG2a ab18465

GluA Synaptic Systems 248B7 mouse IgG2a 182 411

MAP2 Aves chicken IgY MAP

synaptophysin Synaptic Systems rabbit IgG ab14692

TBR1 Abcam rabbit IgG ab31940

vGAT Synaptic Systems rabbit 131 003

vGLUT2 Synaptic Systems rabbit 135 403

Cortical markers (TBR1 and CTIP2) were stained according to the protocol 

described in Chapter 2. In a similar fashion glumatergic vesicle marker vGLUT2 

and GABAergic vesicle marker vGAT were stained in combination with neuronal 

specific β3 tubulin. For the morphological characterization of neuronal networks 

cells were stained according to the protocol previously described in Chapter 3.  

An overview of antibodies is given in the next table. 

 

4.2.5 K18 
Truncated human tau fragments containing the four microtubule binding repeat 

domain (K18; residues Q244-E372 of the longest human Tau isoform) with a 

P301L mutation (K18P301L) were produced as described in Chapter 3. 

K18P301L fibrils were added to the culture medium 14 days after final plating at 

a concentration of 25 nM. 

4.2.6 AlphaLISA 
Cells in 96w plate were lysed in 40 μl / well RIPA buffer (ThermoFisher Scientific) 

with protease-and phosphatase inhibitors (Roche). After 20–30 minutes of 

gentle shaking at room temperature, 5 μl of sample was mixed with 20 μl 

biotinylated and acceptor bead-conjugated antibodies in an OptiPlate-384 (all 

Perkin Elmer). After two hours of incubation at room temperature, 25 μl of 

streptavidin donor beads were added for 30 minutes at room temperature 

followed by detection with the Envision plate reader (all Perkin Elmer). Raw 

values were normalized to control (no fibril) samples per plate.  

To allow the detection of tau aggregates, the monoclonal JRF/hTAU/10 antibody 

(hTau10) was conjugated to both acceptor beads and biotin, this way developing 

the hTau10/hTau10 assay. At least a dimer or a bigger aggregate of tau proteins 

is needed in order to bind both acceptor bead-conjugated and -biotinylated 

antibodies and yield a signal upon excitation, since monomeric tau has only one 

hTAU10 epitope 2,19. Detection of tau phosphorylation was assessed using the 

phospho-tau antibody AT8 (pSer202/Thr205, Innogenetics) 20. Biotinylated AT8 

was combined with acceptor bead-conjugated hTau10 in the AT8/hTAU10 assay, 

and total tau levels were assessed in the HT7/hTau10 assay. A biotinylated HT7 

antibody (Innogenetics) was combined with acceptor bead-conjugated hTAU10 

such that different epitopes are recognized by these 2 total tau antibodies. 
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4.2.7 Live cell calcium imaging 
Live cell calcium imaging was performed using FLUO4, as previously described in 

Chapter 2. A custom-made MATLAB script (based on ref. 21, available via 

www.uantwerpen.be/cell-group) was used to analyze live cell calcium traces and 

derive various parameters reflecting characteristics of neuronal activity, as 

described in Chapter 2. 

4.2.8 Image analysis 
Images of neuronal cultures stained with DAPI and EdU were automatically 

analyzed using a custom made script (Neuronal Maturation, available via 

www.uantwerpen.be/cell-group) for Fiji, image processing freeware 22, which is 

available upon request and described in Chapter 3. In brief, nucleus detection is 

performed by applying an automatic intensity threshold 23 on DAPI stained 

images after background subtraction and Gaussian blurring, followed by a 

watershed-based separation of touching nuclei. To determine the number of 

overlapping EdU-positive nuclei, the mean intensity for each particle was 

measured in the EdU images. An empirical cut-off value was determined, above 

which cells were considered to be EdU-positive.  

Network morphology was assessed as described in Chapter 3 after 

immunocytochemical staining of fixed samples with mouse anti-GluA (Synaptic 

Systems), chicken anti-MAP2 (Aves) and rabbit anti-synaptophysin (Abcam) as 

previously described in Chapter 3.  

4.2.9 Statistics 
Data are shown as mean + or ± standard error of the mean (SEM). The number 

of differentiations per experiment refers to the differentiation procedure from 

hiPSCs to neural precursor cells (NPCs, either from the same hiPSC line or from 

a different hiPSC line), while the number of samples refers to the number of 

wells differentiated towards neurons starting from a single batch of NPCs.  

For general calcium imaging and network morphology experiments overall 

differences between groups were calculated using one-way ANOVAs. For multiple 

comparisons, Holm-Sidak's multiple comparisons tests were performed to detect 

differences between groups. For the proliferation assay (EdU) and alphaLISA 

experiments, overall differences between groups were calculated using two-way 

ANOVAs considering equal variances. For the proliferation assay Holm-Sidak's 

multiple comparisons tests were performed to detect differences between cell 

lines at the different time points. For alphaLISA experiments Sidak's multiple 

comparisons tests were performed to detect differences between cultures with 

and without added fibrils.   
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4.3 Results 

4.3.1 Differentiation towards cortical neurons is different 

from parental control 
 In order to characterize the neuronal cultures derived from the four generated 

mutant cell lines, gene expression in the mutant lines was assessed using 

microarray. Microarray data (Table 4.1) showed that the 10+16 splicing variant 

significantly decreased the levels of TBR1, upper layer cortical marker SATB2 

and glutamatergic markers vGLUT1 and vGLUT2, while vGAT was slightly 

upregulated when compared to controls. Although the differentiation protocol 

was equal for all five cell lines, immunocytochemistry confirmed that clear 

differences in the production of these markers were present. As shown in Figure 

4.2, control neurons produced both deep layer cortical markers, while both 

SM(bi) and DM(bi,bi) neurons did not show TBR1 (Fig. 4.2a). Furthermore, 

glutamatergic marker vGLUT2 was not shown in SM(bi) and DM(bi,bi) neurons 

neither (Fig. 4.2b), while GABAergic marker vGAT was (Fig. 4.2c), indicating 

clear differences in the outcome of the differentiation protocol.  

Furthermore, the 10+16 splicing variant induced a significant decrease in cell 

proliferation when compared to controls (Fig. 4.3). The total number of cells (Fig. 

4.3b) and the number of proliferating cells (Fig. 4.3c) was significantly 

decreased at 3, 5, and/or 7 weeks after final plating. Data were normalized to 

the NPC stadium to correct for the plating density. Plating density was not 

significantly different between the three cell lines. However, when comparing the 

percentage of proliferating cells between the three cell lines, there was a 

significant decrease in proliferation at three weeks after final plating only (Fig. 

4.3d), indicating that control cells are more proliferative at the beginning of the 

culture after which ratios are stabilized. The control cultures expanded more 

than the 10+16 splicing variant expressing cells, explaining the higher number 

of (proliferating) cells at later time points. 

4.3.2 Microarray data show differences between parental 

control, single mutants and double mutants in several 

pathways 
Further characterization of the hiPSC-derived NPCs and neurons was done using 

microarray analysis. Cell cultures from different time points during 

differentiation were lysed and analyzed. Table 4.1 shows the significant 

differences in gene expression induced by the bi-allelic 10+16 splicing compared 

to control in a number of specific pathways or protein groups. Several genes 

involved in neuronal differentiation and differentiation towards cortical neurons 

are down regulated in the mutants, while expression of genes involved in 

GABAergic neurotransmission and differentiation towards inhibitory neurons was 

increased. Additionally, genes in the tau and amyloid pathways are upregulated 

in the neurons carrying the 10+16 mutation. Similar data are shown in Table 4.2 
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for the significant differences between the DM(bi,bi) and SM(bi). In the P301S 

expressing neurons many differences were found in the expression of kinases 

and phosphatases. Furthermore, there was a down regulation of genes involved 

in many different pathways, including neuronal differentiation, GABAergic but 

also glutamatergic neurotransmission, and microtubule associated proteins.  
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Table 4.1 10+16 splicing variant induces significant differences in gene 

expression. Gene expression was analyzed using microarray to do a pairwise comparison 

between SM(bi) and control hiPSC-derived NPCs (right before final plating) or neuronal 

cultures (five and seven weeks after final plating). Different gene groups are categorized 

in the first column, the second column shows the gene symbols of affected genes. Per time 

point (NPC, wk5 or wk7) up- (in green) and downregulated (in red) genes are shown, 

including the fold increase or decrease and p-value of significance.  

Figure 4.2 10+16 splicing variant alters differentiation towards cortical neurons. 

a) hiPSC-derived neuronal cultures from CTRL, SM(bi) and DM(bi,bi) lines were stained for 

deep layer cortical markers TBR1 and CTIP2. Fully differentiated hiPSC-derived neurons 

from CTRL showed both cortical markers TBR1 and CTIP2, neurons from the 10+16 

splicing variant expressing cell lines (either SM(bi) or DM(bi,bi) did not produce sufficient 

TBR1. b) hiPSC-derived neuronal cultures from CTRL, SM(bi) and DM(bi,bi) lines were 

stained for vesicular glutamate transporter vGLUT2, neuronal marker class III β-tubulin, 

and DAPI. Fully differentiated hiPSC-derived CTRL neurons clearly showed vGLUT2, while 

fully neurons from the 10+16 splicing variant expressing cell lines (either SM(bi) or 

DM(bi,bi) did not. c) hiPSC-derived neuronal cultures from CTRL, SM(bi) and DM(bi,bi) 

lines were stained for vesicular GABA transporter vGAT, neuronal marker class III β-

tubulin, and DAPI. hiPSC-derived neurons from all three cell lines clearly showed vGAT. 
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Additional KEGG analyses revealed the following interesting biological and 

signaling pathways to be altered by the tau mutations in the NPC stage: axon 

guidance, Hippo signaling pathway (involved in regulation of cell proliferation 

and apoptosis), cell cycle, signaling pathways regulating pluripotency of stem 

cells, and the Wnt signaling pathway. At 5 weeks after final plating axon 

guidance and pathways involved in the GABAergic and glutamatergic synapses 

were highly affected.  

Figure 4.3 10+16 splicing variant decreases cell proliferation. a) hiPSC-derived 

neuronal cultures from CTRL, SM(bi) and DM(bi,bi) lines were stained for neuronal marker 

class III β-tubulin (in green), proliferation marker EdU (in red), and nucleus marker DAPI 

(in blue) at NPC stage (not shown) and wk3, wk5 and wk7 (not shown) after final plating. 

b) Number of cells, based on the DAPI staining, was analyzed automatically. After 

normalization to the number of cells that was plated in the NPC stage, the cells expressing 

the 10+16 mutation (SM(bi) and DM(bi,bi)) showed significantly reduced cell numbers 

after final plating when compared to CTRL (two-way ANOVA, p < 0.0001). n = 2 from 1 

differentiation, mean ± SEM, *p<0.05, **p<0.01, ***p≤0.0001. c) The number of 

proliferating cells, based on the EdU staining, was analyzed automatically. To study the 

increase of proliferating cells over time, the number of EdU-positive cells was normalized 

to the NPC stage. The number of proliferating cells was significantly decreased in the cells 

with the 10+16 mutation compared to CTRL (two-way ANOVA, p < 0.0001). n = 2 from 1 
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differentiation, mean ± SEM, *p<0.05, **p<0.01, ***p≤0.0001. d) The ratio of 

proliferating cells was calculated after normalization of the Edu count to the number of 

cells per well. A significantly lower fraction of proliferating cells was present in the cells 

with the 10+16 mutation compared to CTRL at three weeks after final plating (two-way 

ANOVA, p = 0.0138). n = 2 from 1 differentiation, mean ± SEM, **p<0.01. 

4.3.3 AlphaLISA shows tau aggregation in seeded double 

bi-allelic mutant 
Since it was unknown if the induced tau mutations made cells prone to 

aggregation, alphaLISA was used to analyze aggregated tau, total tau and 

phospho-tau levels in lysates produced from neuronal cultures (as previously 

described 2). Additionally, K18P301L fibrils were added to the cultures at two 

weeks after final plating to further facilitate tau aggregation. Ten conditions 

were compared, but only the bi-allelic double mutant showed significant tau 

aggregation, and only after K18P301L seeding (Fig. 4.4a), as shown by the 

hTau10/hTau10 assay. The HT7/hTau10 assay showed that total tau levels are 

similar for all cell lines (with or without K18P301L seeding), except that SM(bi) 

cortical neurons show slightly  lower  total  tau  levels  than the DM(bi,mono) 

(Fig. 4.4b).  Finally, phosphorylated tau levels are slightly different between 

non-seeded cortical neurons from different cell lines, with an increased level of 

phosphorylation in SM(mono) cells compared to control and SM(bi) cells and 

additionally an increased level in DM(bi,mono) cells when compared to SM(bi) 

cells. Earlier time points (three and five weeks after final plating) did not show 

any significant differences between the ten conditions on these three alphaLISA 

assays (data not shown). 

4.3.4 The 10+16 splicing variant significantly decreases 

neuronal network function in vitro 
Neuronal network functionality of the five different hiPSC-lines was assessed 

using live cell calcium imaging five weeks after final plating. There were clear 

differences between SM and CTRL neuronal cultures, since SM hiPSC-derived 

neuronal cultures show a significantly decreased percentage of active neurons, 

bursting frequency and correlation score compared to parental control cultures 

(Fig. 4.5a). In order to study the effect of the additional P301S mutation on 

neuronal network functionality, calcium oscillations in SM(bi) cultures were 

compared with both DM cell lines. The mono- or bi-allelic P301S mutation of the 

DM hiPSC-derived cortical cultures did not induce significant changes in any of 

the three readouts of the calcium assay when compared to SM(bi) neuronal 

cultures (Fig. 4.5b). 
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Table 4.2 P301S mutation induces significant differences in gene expression. 
Gene expression was analyzed using microarray to do a pairwise comparison between 

DM(bi,bi) and SM(bi) hiPSC-derived NPCs (right before final plating) or neuronal cultures 

(five and seven weeks after final plating). Different gene groups are categorized in the first 

column, the second column shows the gene symbols of affected genes. Per time point 
(NPS, wk5 or wk7) up- (in green) and downregulated (in red) genes are shown, including 

the fold increase or decrease and p-value of significance. 

Figure 4.4 AlphaLISA shows tau aggregation in seeded double bi-allelic mutant. a) 
AlphaLISA data (hTau10/hTau10 assay) show that K18P301L seeding induces a significant 

increase in tau aggregation (Oneway ANOVA, p < 0.0001, Holm-Sidak's multiple 
comparisons test p < 0.0001) in DM(bi,bi) cortical neurons 7-9 weeks after final plating, 

while there are no significant differences for all other cell lines. Mean + SEM, n ≥ 6, from 3 
differentiations.  b) AlphaLISA data (HT7/hTau10 assay) show that total tau levels are 

similar for all cell lines (with or without K18P301L seeding), except that single mutant (bi) 
cortical neurons show slightly lower total tau levels than double mutant (bi,mono) cortical 

neurons (Oneway ANOVA, p = 0.0030, Holm-Sidak's multiple comparisons test p < 0.05). 

Mean + SEM, n ≥ 6, from 3 differentiations. c) AlphaLISA data (AT8/hTau10 assay) show 
that phosphorylated tau levels show some differences between non-seeded cortical 

neurons from different cell lines (Oneway ANOVA, p < 0.0001), with an increased level in 
SM(mono) cells compared to control and SM(bi) cells (respectively Holm-Sidak's multiple 

comparisons test p < 0.05, and p ≤ 0.0001) and an increased level in DM(bi,mono) when 
compared to SM(bi) cells (Holm-Sidak's multiple comparisons test p < 0.05). Mean + SEM, 

n ≥ 6, from 3 differentiations. 

4.3.5 The 10+16 splicing variant increases synapse density 

of hiPSC-derived neurons 
Finally, to verify whether the functional activity was also reflected by 

morphological correlates of neuronal network connectivity an automated analysis 

of synaptic marker production was performed in hiPSC-derived cortical co-

cultures at five weeks after final plating. Cultures were stained with presynaptic 

marker anti-synaptophysin, post-synaptic marker anti-GluA, neurite marker 

anti-MAP2 and nuclear counterstain DAPI (Fig. 4.6a). Total cell number and 

neurite area were not affected by one or both mutations, while the bi-allelic 

10+16 splicing variant significantly increased the synapse density (Fig. 4.6b).  
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Figure 4.5 Live cell calcium imaging shows decreased functionality due to 10+16 

but not P301S mutation. a) Using live cell calcium imaging, single mutant hiPSC-derived 
neuronal cultures show a significantly decreased percentage of active neurons (one-way 

ANOVA, p < 0.0001), bursting frequency (one-way ANOVA, p = 0.0030) and correlation 
score (one-way ANOVA, p < 0.0001) compared to parental control cultures. n ≥ 3 from ≥ 

3 differentiations, mean + SEM, *p<0.05, **p<0.01,***p≤0.0001. b) The additional 
mono- or bi-allelic P301S mutation of the double mutant hiPSC-derived cortical cultures 

does not induce significant changes in the percentage active neurons, bursting frequency, 
or correlation score when compared to the bi-allelic single mutant neuronal cultures. n ≥ 3 

from ≥ 3 differentiations, mean + SEM. 
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Figure 4.6 Analysis of neuronal network morphology reveals increased synapse 

density due to the 10+16 splicing variant. a) Neuronal co-cultures (five weeks after 
final plating) derived from all five hiPSC lines were stained with anti-synaptophysin, anti-

GluA, anti-MAP2 and DAPI. b) Cell number, based on the DAPI staining, was analyzed 

automatically. Neither the 10+16 splicing variant, nor the P301S mutation induced 

changes in the total cell number.  n ≥ 1 from  ≥ 1 differentiation, mean + SEM. c) Neurite 
area, based on the MAP2 staining, was analyzed automatically. Neither the 10+16 splicing 

variant, nor the P301S mutation changed the total neurite area. n ≥ 1 from  ≥ 1 
differentiation, mean + SEM. d) Synapse density was analyzed automatically. Synapses 

were defined as synaptophysin puncta overlapping with GluA puncta, density was 
calculated as number of overlapping puncta per neurite area in µm2. The bi-allelic 10+16 

splicing variant significantly increased the synapse density (One-way ANOVA, p = 0.0242). 
n ≥ 1 from  ≥ 1 differentiation, mean + SEM, *p<0.05 
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4.4 Discussion 
Many different models have been used to study tauopathies, either in vivo or in 

vitro, and learned us a lot about potential disease mechanisms, genetics, and 

possible treatments for these neurodegenerative disorders. However, 

translational value of many models remains poor, which is reflected by the high 

attrition rate in clinical trials for neurodegenerative disorders. In order to bridge 

the gap between animal models and human disease we have developed a new 

human iPSC-derived neuronal model to study processes involved in tauopathies. 

In this model, mature 4R tau production is obtained using the zinc-finger 

technology induced 10+16 MAPT splicing variant mutation as it is found in FTD 

patients 12. This mutation, inducing alternative splicing of MAPT, includes the 

expression of exon 10 on which many exonic mutations are located. Additionally, 

hiPSC lines containing the P301S mutation (located on exon 10) were generated. 

The combination of these two mutations was necessary since the P301S 

mutation is located in exon 10 that is spliced out in CTRL hiPSC-derived neuronal 

cultures at least until 100 DIV. In this new tauopathy model, we found that 

cortical differentiation is significantly changed by the 10+16 splicing variant, 

supported by significantly altered gene expression. As a consequence, neuronal 

network function was decreased, while morphologically synapse density was 

increased. The P301S mutation further changed gene expression profiles, and 

enabled fibril seeding-induced tau aggregation in hiPSC-derived neuronal 

cultures. 

In order to express the P301S mutation the additional 10+16 splicing variant 

mutation was needed. We will first discuss the effects of this mutation, which 

was present in all four mutant hiPSC lines. As shown by immunocytochemistry 

and microarray this mutation highly affected the differentiation of hiPSCs 

towards cortical neurons. First of all, 10+16 splicing variant expressing mutant 

lines showed a less proliferative, and probably more differentiating, phenotype 

than CTRL cells without the mutation. This might be explained by the fact that 

differentiation in these cells is forced towards a more mature phenotype, that is 

4R tau production instead of gradual increase of the 4R/3R in normally 

developing neurons. CTRL cells did not express 4R tau before 365 DIV 12. This is 

comparable to physiological expression of tau isoforms, since 4R tau is not 

expressed during early development but expression increases later in life 

reaching equal levels compared to 3R tau isoforms in adulthood. Secondly, 

projection neuron markers TBR1 and SATB2 were not produced in differentiated 

mutant neurons, and some important glutamatergic genes (e.g. vGLUT1 and 

vGLUT2) were down regulated. GABAergic markers (e.g. vGAT, GAD67 and 

several GABA receptor genes) were significantly upregulated as shown by the 

microarray data, as well as some markers linked to differentiation and survival 

of interneurons in the forebrain. Recently Nicholas and colleagues described the 

functional maturation of hiPSC-derived ganglionic eminence-like progenitors and 

subsequently forebrain-type interneurons that show coinciding gene expression 
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patterns, for example high DLX and DCX and decreased PAX6 and TBR1 levels 24. 

The production of CTIP2 was previously described in GABAergic neurons derived 

from ganglionic eminence progenitors as well 25. This might suggest that the 

10+16 mutants produce a different lineage of (cortical) neurons than the CTRL 

cells. Additional immunocytochemical assays using interneuron markers 

parvalbumin, calbindin or calretinin could further substantiate the hypothesis 

that interneurons evolve from mutant hiPSC differentiation. 

Of particular interest is the involvement of the Wnt signaling pathway which was 

revealed by the KEGG analysis. The Wnt signaling (and its counterpart hedgehog) 

is highly involved in the establishment of the dorsoventral axis of the central 

nervous system 26. During neural induction of human stem cells the addition of 

hedgehog agonist purmorphamine ventralizes the differentiation and avoids 

expression of cortical stem cell markers 27. In addition Wnt signaling inhibition 

was used for directed differentiation of hiPSCs towards forebrain GABAergic 

interneurons 28 and GABAergic CTIP2 expressing neurons 25, indicating the 

relevance of these pathways in neuronal differentiation. Interestingly, the Wnt 

signaling pathway was the only gene set significantly altered between 3R and 4R 

tau expressing neuronal cells 29 and is known to be involved in Alzheimer’s 

disease (reviewed in ref. 30). A possible approach to further study the effect of 

Wnt signaling on neuronal differentiation of mutant and CTRL hiPSCs would be 

the interference during differentiation with hedgehog antagonists such as 

cyclopamine 31  or agonists such as purmorphamine.  

The altered balance between GABAergic and glutamatergic neurons might have 

major implications for neuronal network function. The shift towards a more 

GABAergic and thus inhibitory contribution to neurotransmission in 10+16 

splicing variant expressing mutants might explain the decreased network 

function that was shown with live cell calcium imaging. Changes could be related 

to downregulation of the Wnt pathway resulting in increased differentiation 

towards GABAergic neurons 28. Accumulating evidence indicates that GABAergic 

neurotransmission significantly alters during AD pathology 32. For example, 

postsynaptic GABAA receptors were differentially expressed 33,34 with a 

preservation of β subunits but a upregulation of α1 and γ subunits 20,21.  Our 

microarray data showed similar differences with no influence on β subunits, but 

significant increases in α and γ subunits in the 10+16 mutant hiPCS-derived 

neurons, suggesting that functional remodeling was ongoing.  

Finally, we analyzed the correlates of the decreased functionality in neuronal 

morphology. We found no significant differences in the cell count and neurite 

area induced by the splicing variant. This seems to be in contrast to the 

previously described decreased cell count in the proliferation assay. However, 

the morphological analysis was done on co-cultures with astrocytes since these 

were used for the functional assays as well. The addition of human astrocytes 

might have camouflaged the decreased level of neuronal proliferation. The 
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synapse density was significantly increased in the 10+16 splicing variant 

expressing neuronal cultures, although functional data might imply the opposite. 

However, the synapses are not characterized and might represent a different 

kind of synapse in the mutant cell lines. For example, inhibitory (GABAergic) 

cortical interneurons make local synapses while (glutamatergic) cortical 

pyramidal neurons project over long distances 35. Additional immunocyto-

chemical characterization or analysis of postsynaptic currents (PSCs) might 

further substantiate this increase. 

Additionally, the double mutant (DM) hiPSC lines contained the P301S mutation 

in the MAPT gene (either mono-allelic or bi-allelic) as identified in FTD patients. 

No significant differences in proliferation and cortical marker immunoreactivity 

were found in these two lines. However, microarray analysis revealed further 

changes when compared to the single mutant lines. Many changes appeared in 

the expression of genes encoding kinases and phosphatases. This is of 

importance in view of the tau protein, since many of its amino acid residues are 

potential phosphorylation sites 36. Dysregulation of kinase and phosphatase 

activity might cause tau hyperphosphorylation and as a consequence tau protein 

can become insoluble and self-aggregating. However, we did not observe any 

changes in tau phosphorylation using the AT8/hTau10 alphaLISA. Similarly, tau 

phosphorylation was found at comparable levels in FTD and control neurons in a 

previous study 12. This might be due to high baseline phosphorylation levels due 

to microtubule dynamics for example, because these neuronal cultures are still 

in a rather developmental stage.  

In order to further study the tendency of mutant lines to produce tau 

aggregation, which is the major characteristic of tauopathies, we used the 

alphaLISA assay that was previously described by Verheyen et al. 2. We found 

that induction of tau aggregation was not possible within the time span of 10 

weeks after final plating without addition of artificial fibrils. However, after 

adding K18P301L fibrils, the DM(bi,bi) neuronal cultures clearly showed a 

threefold increase in tau aggregation compared to all other conditions. Although 

it is thought that tau hyperphosphorylation precedes tau aggregation 37 no 

differences in phosphorylation levels were found in the cultures showing tau 

aggregation. However, due to the heterogeneity of phosphorylation sites in tau 

and the unknown influence of cofactors it is still a matter of debate if 

phosphorylation is a requisite for aggregation (as reviewed in ref. 6).  

While the additional P301S mutation was responsible for important tauopathy-

related phenotypes was the impact of the 10 + 16 mutation on neuronal 

differentiation compelling as well. Both mutations are interesting targets to 

study since both are linked to tauopathies. However, altered differentiation 

caused by the 10 + 16 mutation might mask some of the effects of the P301S 

mutation. Therefore, it would be interesting to use an inducible gene editing 

system for the 10 + 16 mutation for future research.  
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To conclude, we propose a new tauopathy model, based on 4R tau isoform 

expression with the P301S mutation in hiPSC-derived neuronal cultures. Several 

characteristics of this model are recapitulating human tauopathy related 

phenomena, such as tau aggregation and impaired neuronal network 

functionality. Although additional efforts have to be made to clarify the exact 

mechanisms of tauopathy, the model can add useful information to the current 

knowledge about tauopathies. In addition to the study of mutations changing the 

coding sequence of the MAPT gene this model provides a valuable approach to 

study pathological alternative splicing of MAPT in vitro. Finally, the model could 

be used as a screening model for therapeutic approaches interfering with tau 

pathology.  
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Abstract 
Neuronal network dysfunction is a hallmark of many neurodevelopmental and 

neurodegenerative disorders which are characterized by cognitive deficits, 

including autism, schizophrenia and Alzheimer’s disease. During development, 

neurons assemble into neuronal networks which become the primary mediators 

of cognition. Lacking knowledge about disease etiology and progression hampers 

the development of disease-modifying treatments and additional research 

concerning these neuronal networks and neurotransmission is necessary to 

unravel disease mechanisms. Development and maturation of neuronal networks 

can be partially recapitulated in vitro, including neurite outgrowth, formation of 

synaptic connections and development of spontaneous neuronal network activity 

and can be used as a model for neuronal network function and dysfunction. 

Thorough investigation of network pathologies requires complete dissection of 

not only network structure, but also its function. Neuronal networks can be 

studied structurally and functionally through different means allowing for 

different experimental approaches as previously discussed in the introduction. 

This technical note describes the exploration of different tools for studying 

primary rodent and hiPSC-derived cortical neuronal networks in vitro. For most 

tools described here more optimization is needed for successful implementation 

to study spontaneous network activity in hiPSC-derived cultures. However, the 

optimized approaches can be used to phenotype in vitro models and 

subsequently additional tools can be applied to confirm or scrutinize findings.   
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With the aim of studying neuronal networks in vitro, the optimization of tools to 

accomplish this is a legitimate first step. Our final goal was to study 

spontaneous network activity in hiPSC-derived cortical neurons with optical 

indicators of neural activity and structure and electrophysiology. However, most 

tool optimization was done in primary rodent neuronal cultures because 

optimization in hiPSC-derived neurons would have been very labor intensive due 

to long culture periods required to obtain functional networks. While primary 

rodent neuronal cultures show spontaneous network activity within one week, 

hiPSC-derived cortical neurons need at least 3 weeks before spontaneous 

network activity can be detected (as described in Chapter 2). Rat primary 

neuronal cultures were prepared and maintained as described in Chapter 3, 

hiPSC-derived neuronal cultures were prepared according to procedures 

described in Chapter 2, unless stated otherwise.   

5.1 Optical indicators of neural activity and structure 
Transgene expression of genetically encoded indicators of neural activity in 

primary cultures was accomplished via lentiviral or AAV- transduction. In order 

to test the optimal conditions of viral transduction of hiPSC-derived cortical 

neurons lentiviruses were generated from cDNA constructs of 

MISSION® pLKO.1-puro-CMV-TagRFP™ Positive Control Plasmid DNA and 

MISSION® pLKO.1-puro-CMV-TurboGFP™ Positive Control Plasmid DNA (Sigma). 

hiPSC-derived neurons were transduced with both viruses in order to study 

general transduction efficiency. However, due to the CMV promoter in both 

constructs many cells were transduced, not only mature neurons but also NPCs 

that were not yet differentiated and astrocytes, thereby overshadowing neurons. 

Therefore, the more specific neuronal human synapsin-1 promoter was used for 

studying neuronal function and optimizations were done for the specific 

constructs. 

cDNA constructs with a human synapsin-1 promoter have been produced for 

GCaMP3 1 (Fig. 5.1a), sypHtomato 2 (Fig. 5.2a), PSD95-GCaMP3, pre-mGRASP-

mCerulean, post-mGRASP –dTomato 3 (both Fig. 5.3a), and GCaMP6f 4. GCaMP3 

and SypHtomato constructs were obtained respectively from Prof. Loren Looger 

(Janelia Farm Research Campus, USA) and Prof. Yulong Li (School of Life 

Sciences, Beijing, China). The entire open reading frame of each chimera was 

amplified using PCR and cloned in the lentiviral transfer vector pLenti6.3/V5-

DEST™ (Thermo Fisher Scientific), whose CMV promoter was replaced by the 

human synapsin-1 promoter 5,6. For the PSD95-GCaMP3 construct two different 

forms of PSD95 were tested, that is PSD95α and PSD95β 7, thus two different 

constructs were created. Lentiviral particles were produced in HEK293T cells 

using 2nd generation packaging, and concentrated using centrifugation. Adeno-

associated virus particles for GCaMP6 were produced using the AAV-6 Helper 

Free Packaging System according to manufacturer’s guidelines (Cell Biolabs, 
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Inc.). The optimal amount of virus and day of transfection have been 

determined experimentally, since no absolute titers were determined.  

Imaging of optical indicators was done with a LSM510 Meta Zeiss confocal 

microscope with multiphoton laser. This set-up allowed multicolour imaging 

using a two-photon Mai Tai laser which allowed the excitation wavelength to be 

varied between 650 and 1100 nm and 3 separate lasers with dedicated laser 

lines: an Argon laser (458, 477, 488, 514 nm excitation) and two HeNe lasers 

(respectively 543 and 633 nm excitation). Live-cell time-lapse imaging of 

multiple individual neurons and synapses was possible since this set-up was 

equipped with a heated chamber and CO2 supply. 

5.1.1 Live cell calcium imaging 
Live cell calcium imaging was tested for different markers, that are the synthetic 

FLUO4 (green), Rhod-3, GFP certified Fluoforte (both red) and CaSiR-1 (far red), 

and genetically encoded GCaMP3 (green) and GCaMP6f (green). The use of 

those calcium indicators has been optimized in primary neuronal cultures, while 

only synthetic indicators were used successfully in hiPSC-derived neurons. 

GCaMP3 expression and functionality have been shown as well in hiPSC-derived 

neurons, but since GCaMP3 is a lot less sensitive than FLUO4 (and GCaMP6 4) it 

is not sensitive enough to pick up small changes in calcium levels in 

spontaneously firing hiPSC-derived neurons.  

Synthetic calcium indicators were loaded to the cells on the day of the assay. 

Cells were loaded with either 1 µM Fluo4-AM, 2 µM Rhod-3 AM (Thermo Fisher 

Scientific),  1 µM GFP certified Fluoforte (Enzo Life Sciences, Inc) or 1 µM CaSiR-

1 AM (Goryo Chemical) in recording buffer, containing (in mM): CaCl2 1.2; KCl 

2.67; NaCl 138; KH2PO4 1.47; Na2HPO4 8; D-glucose 5.6 (adapted from 8). 

Cultures were incubated at 37°C and 5% CO2 for 30 minutes and then imaged 

with an inverted confocal laser scanning microscope (Axiovert 100M Carl Zeiss, 

combined with Zeiss LSM510 software ) using a Plan-NEOFLUAR 20x objective 

lens (NA 0.50). 

In order to optimize the use of genetically encoded calcium indicators in hiPSC- 

derived cortical neurons GCaMP3 transduction conditions were tested in primary 

rat neuronal cultures first to avoid time-consuming hiPSC-derived cultures. 

Lentiviral particles were added to the culture medium at 2DIV at different 

volumes (100µl - 0.2µl added to 200µl culture medium on top of either 10,000 

cells of 20,000 cells per well) to determine the optimal amount of virus to be 

added. Production of fluorescent markers was visualized with a LSM510 

microscope. The optimal expression levels were obtained with 2µl virus per well, 

but a 10-fold lower volume showed sufficient fluorescence too. However, 

spontaneous calcium oscillations were visible much better with the higher 

concentration. GCaMP3 fluorescence was visible from three days after addition 

up to at least two weeks after addition (Fig. 5.1). Furthermore, an additional 
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transduction time point was tested (6DIV), but the fluorescent signal was much 

weaker and these wells showed a lot more cell death. 

a 

b 

c 

baseline 

during calcium peak 
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Figure 5.1 GCaMP3 expression in primary rodent cultures. a)  Vector NTI image of 

GCaMP3 construct. All genes are named in black text, with protein coding genes indicated 

by orange arrows and ribosomal RNA genes indicated by green arrows. GCamP3: plasmid 

# 22692 (Addgene). b) Primary cortical neurons (14DIV) showing GCaMP3 fluorescence at 

baseline levels (left) and during a calcium burst (right). c) Representative traces of live cell 

calcium imaging recordings in 14DIV old primary rodent cortical cultures, GCaMP3 

intensity is shown over time (61 frames per minute). After 250 frames cells are exposed to 

glutamate (30 µM), resulting in a large calcium influx. 

After determination of optimal conditions in primary rat neuronal cultures, 

hiPSC-derived neuronal cultures were tested. Lentiviral particles were added to 

the culture medium at 2, 3, 4, or 5 weeks after final plating because of the 

difference in length of neuronal differentiation between primary and hiPSC-

derived neurons. Different volumes (20µl - 0.2µl added to 200µl culture medium 

on top of 20,000 cells per well) were analyzed. Independent of the day of 

transduction GCaMP3 fluorescence was visible after three or more days after 

transduction without clearly affecting cell culture morphology or health. In some 

wells clear activity of neurons was shown, sometimes even with a trend towards 

synchronous activity, but imaging a complete network was almost impossible 

due to the small window. Furthermore, cells started clumping together some 

time after viral transduction. 

Since GCaMP6 has been shown to be much more sensitive than GCaMP3 4, 

GCaMP6f has been tested in hiPSC-derived neurons as well. Different viral 

vectors have been tested, but only lentivirus seemed to be effective in hiPSC-

derived neuronal cultures. Experiments with AAV6 did not show clear 

fluorescence of the marker and AAV-DS seemed to cause some toxicity. An 

additional time point of transduction was tested, that was one day before final 

plating (meaning in NPC stadium). Although clear and abundant fluorescence 

from the lentiviral GCaMP6 was visible at early time points after transduction in 

NPC stadium, and even some spontaneous activity was observed, by the time 

cultures reached more mature conditions insufficient fluorescence was visible. 

5.1.2 Imaging presynaptic vesicle release with sypHtomato  
Presynaptic vesicle release can be studied with the genetically encoded, 

synaptophysin-coupled, pH-sensitive red marker sypHtomato. In order to 

optimize the use of sypHtomato in hiPSC-derived cortical neurons, transduction 

conditions were tested in primary rat neuronal cultures again to avoid time-

consuming hiPSC-derived cultures. Lentiviral particles were added to the culture 

medium at 2, 6, or 9DIV at different volumes (20µl - 0.2µl added to 200µl 

culture medium on top of 10,000 or 20,000 cells per well). SypHtomato 

fluorescence was visualized with a LSM510 microscope. Transduction of primary 

rat neuronal cultures was most efficient when done at 2DIV. Images showed a 

clear vesicular fluorescent signal in neurites, although the most intense spots 

were found close to the nucleus (Fig. 5.2). Functionality of the pH sensing 

capacity of sypHtomato was tested by acute addition of NH4Cl to the culture 
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medium, which increased overall fluorescent intensity of the marker (Fig. 5.2b). 

However, no clear response was detected due to spontaneous activity in primary 

neurons that were actively firing (as confirmed by co-expression with GCaMP3, 

data not shown), neither after stimulation with KCl.  

 
Figure 5.2 SypHtomato expression in primary hippocampal cultures. a) Vector NTI 

image of sypHtomato construct. All genes are named in black text, with protein coding 

genes indicated by orange arrows and ribosomal RNA genes indicated by green arrows. 

pHTomato: JQ966306 (GenBank) b) Primary hippocampal neurons (14DIV) expressing 

sypHtomato. Left image shows fluorescence at baseline, right image shows increased 

fluorescence after neutralization of the culture medium with NH4Cl. High fluorescence in 

cell bodies might be due to organelles with a neutral pH, such as the endoplasmatic 

reticulum 9. 

5.1.3 Imaging postsynaptic calcium dynamics with PSD95-

GCaMP3 
By coupling GCaMP3 to the postsynaptic density protein PSD95 it is possible to 

study calcium signaling more specifically in the postsynaptic element. Therefore, 

PSD95-GCaMP3 was developed and optimized in primary cultures. Lentiviral 

particles of both PSD95α-GCaMP3 and PSD95β-GCaMP3 were added to the 

culture medium at 2 or 6DIV at different volumes (20µl - 0.2µl added to 200µl 

culture medium on top of 10,000 or 20,000 cells per well). PSD95α-GCaMP3 was 

baseline 

after  NH4Cl addition 

a b 
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clearly visible from 3 days after transduction and showed spontaneous activity 

(when transduced at 2DIV), in contrast to PSD95β-GCaMP3 which was not 

visible. PSD95α-GCaMP3 was very well visible in neurites as well, but not 

specific to synapse-like structures. However, baseline fluorescence was very low, 

making it more difficult to set the right focus when cells were inactive. As 

cultures grew older, cells transduced at 2DIV seemed to show some toxicity, in 

contrast to transduction at 5 or 6DIV.  

5.1.4 Imaging bonafide synapses with mGRASP 
The last genetically encoded indicator tested was mGRASP, which consists of two 

different constructs. That is the presynaptic mCerulean-coupled pre-mGRASP 

and the postsynaptic dTomato-coupled post-mGRASP. Upon reconstitution 

across synaptic partners a GFP signal should be visible. In order to verify the 

reconstitution of the two parts HEK cells were transduced with both pre-mGRASP 

and post-mGRASP (with CMV promoter), showing GFP fluorescence (Fig. 5.3). 

Briefly, human embryonic kidney (HEK293) cells were grown in Dulbecco’s 

modified Eagle’s medium supplemented with 10% heat-inactivated fetal bovine 

serum (FBS), 1% pyruvate (10 mM), 1% penicillin-streptomycin and L-

glutamine (20 mM) (all Gibco). Cells were maintained in a humidified CO2 

incubator (37⁰C; 5% CO2). After one day in vitro (1DIV) DNA mixture containing 

pLenti CMV pre-mGRASP plasmid and pLenti CMV post-mGRASP plasmid was 

diluted in OptiMEM (Gibco) with FuGENE 6 Transfection Reagent (Roche Applied 

Science). The mixture was incubated for 10 minutes at room temperature and 

then added to the cells. After 24 h incubation, the growth medium was removed 

and replaced with fresh medium and cultures were visualized with a LSM510 

microscope. 

To optimize the use of mGRASP in hiPSC-derived cortical neurons, transduction 

conditions were tested in primary rat neuronal cultures again to avoid time-

consuming hiPSC-derived cultures. Lentiviral particles of both pre-mGRASP and 

post-mGRASP were added to the neuronal culture medium at 2DIV at different 

volumes (100µl - 0.2µl added to 200µl culture medium on top of either 10,000 

cells of 20,000 cells per well), but no expression of pre-mGRASP was detected 

and post-mGRASP fluorescence was observed in non-healthy cells and cell debris 

only.   

5.2 Probing neural networks with electrophysiology 
Another useful tool for studying network activity in vitro (or ex vivo) is a multi-

electrode array (MEA). In this project a 60-6wellMEA chip and MW48 MEA plates 

were tested. 60-6wellMEAs (Multi Channel Systems) contain six wells with a 

surface comparable to MW96 wells. The diameter of the nine electrodes per well 

in these chips is 30 μm, the distance from centre to centre is 200 μm. Each well 

contains one additional electrode that is used as reference electrode. MEA wells 
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Figure 5.3 mGRASP reconstitution shown in HEK cells. a) Vector NTI images of both 

mGRASP constructs (top: pre-mGRASP, bottom: post-mGRASP). All genes are named in 

black text, with protein coding genes indicated by orange arrows and ribosomal RNA genes 

indicated by green arrows. Pre-mGRASP component fused with mCerulean: JN898961 

(GenBank) and post-mGRASP component fused to 2A-dTomato: JN898960 (Genbank). b) 

HEK293 cells transduced with both pre-mGRASP and post-mGRASP show reconstituted 

GFP in the same cell two days after transduction (3DIV). 

were coated with either 0.4mg/ml poly-D-lysine (PDL, Sigma, MW=30,000-

70,000) in borate buffer overnight at 37⁰C, or with 0.1% polyenimine (PEI, 

Sigma) in borate buffer for at least one hour (after which PEI solution was 

washed away and plates were air dried), followed by incubation with 10ug/ml 

laminin (Sigma) for 4 up to 24 hours. Primary cultures (75,000 – 100,000 

cells/well) were grown in the wells in a humidified incubator (37⁰C; 5% CO2). 

Recordings were made using MC_Rack software and Multi-Channel Systems 

hardware. MW48 MEA plates (Axion Biosystems) contain 48 wells with a surface 

comparable to normal MW48 plates. Each well contains sixteen electrodes. MEA 

wells were coated with 0.1% PEI (Sigma) in borate buffer for at least one hour 

after which PEI solution was washed away and plates were air dried, followed by 

incubation with 10ug/ml laminin (Sigma) for 2 hours. hiPSC-derived NPCs 

(40,000 per well) and primary human astrocytes (10,000 per well) were plated 

simultaneously in one cell suspension (comparable to cell densities used in 

MW96 plates). Recordings were made using the Maestro MEA system and AxIS 

software (Axion Biosystems). 

For primary hippocampal neurons different coatings were tested (PEI, PDL, and 

PDL + laminin) from which the combination of PDL with laminin was the most 

stable condition. However, the PEI coating was suitable too. For the 60-

6wellMEA increasing synaptic activity was measurable with increasing cell 

densities from 50,000 cells per well to 100,000 cells per well (in comparison 

neuronal networks in MW96 consist of 20,000 cells per well on an equal surface). 

However, there was quite some variation between wells cultured in the same 

way, probably because the separate 60-6wellMEA chips undergo different levels 

of mechanical stress due to movement and are more prone to medium 

evaporation due to limited possibilities to cover the wells. Therefore, MW48 MEA 

plates were tested to decrease the amount of variation. For primary neuronal 

cultures the combination of PEI coating with a cell density of 50,000 – 75,000 

cells per well (in comparison neuronal networks in MW96 consist of 40,000 cells 

per well on an equal surface) gave network bursts and some synchronized 

activity. Fine-tuning the conditions for culturing hiPSC-derived neurons in MEAs 

was more difficult, but PEI coating combined with laminin coating gave actively 

firing neurons. However, the general protocol for co-cultures had to be adapted, 

since low plating volumes impede plating procedures. To avoid desiccation of 

cells during culturing, a mixed cell suspension of astrocytes (20%) and NPCs 

(80%) was plated instead of plating a monolayer of astrocytes before NPCs were 

added (as described as optimal condition in Chapter 2). 
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5.3 Discussion 
As discussed by Rose and colleagues 10 a good genetically encoded calcium 

indicator (GECI), or in general a good genetically encoded indicator, has to meet 

several criteria. For example, the probe should be bright enough to identify cells 

that express it, even at rest and standard methods for gene transfer should be 

sufficient for obtaining satisfactory expression levels. Furthermore, probes 

should be sensitive enough to faithfully report spontaneous events due to firing 

of single action potentials and binding kinetics should be sufficiently fast to 

accurately follow neuronal dynamics. Finally, indicators should not perturb cells 

that express the probe anywise 10. 

In order to have an extensive toolbox to study various steps in the process of 

neuronal network functionality this chapter describes different tools, all with 

their own advantages and disadvantages. Live cell calcium imaging has proven 

to be a useful tool to study general network properties in vitro 11. Although 

synthetic calcium dyes such as FLUO4, Rhod3 or CaSir have shown to be 

effective in rendering network properties, the more recently developed GECIs 

are promising tools with several advantages over the synthetic dyes. Since 

GECIs can be expressed chronically, the same cultures can be revisited and 

studied over time. Furthermore, GECIs can be targeted to specific cell 

populations or even subcellular locations. This also provides the opportunity to 

combine different genetically encoded indicators in one experiment. However, no 

optimal conditions for the use of GCaMP3 in hiPSC-derived neurons were found 

in this study, because the dynamic range of the probe seemed to be too small 

for imaging spontaneous activity in these cells. As described by Chen and 

colleagues 4 GCaMP6 is much more sensitive, which seemed to be the case in 

our hiPSC-derived neurons too, but in our hands it was not possible to keep 

expression levels high until the neurons were mature enough for the functional 

tests required. The higher sensitivity of hiPSC-derived neurons for viral 

transduction might be due to the prolonged exposure and cultivation time of 

these cells. When compared with rodent neurons human neurons have more 

tedious patterns of neurite outgrowth and synaptogenesis 12-14 which might 

make them prone for external factors during prolonged periods of time. Keeping 

the iPSC-derived cells healthy during the whole procedure of transduction, 

maturation and interrogation was one of the major challenges that caused the 

lack of successful implementation of genetically encoded indicators in this part of 

the project.  

When looking to the application of calcium imaging that was used in the different 

chapters of this thesis a fair trade-off has been made between accuracy and 

throughput, and this was aligned with the labelling procedure. Although more 

cell cultures were needed, the choice to use synthetic dyes was made instead of 

optimizing the use of GECIs in hiPSC-derived neurons. Wells with neuronal 

cultures were used for single experiments with acute pharmacology combined 
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with chronic analysis of cultures. Although synthetic dyes were taken up by all 

cells in the neuronal cultures, the separation between neurons and astrocytes 

could be made based on the differential response of both cell types on a 

glutamate stimulus at the end of each recording, as previously described 15. The 

selection of neurons based on that distinction was incorporated in the analysis 

script that was used (based on 16). The last advantage of the use of synthetic 

dyes was that there was no chronic calcium buffering by GECIs during the long 

cultivation period of hiPSC-derived neurons (as discussed by Rose and 

colleagues 10).  

The next genetically encoded indicator we described in this chapter was 

sypHtomato. Expression of sypHtomato was shown in primary rodent neuronal 

cultures, and functionality of the pH-sensing capacities of the probe was shown. 

However, with the experimental options we have tried, sypHtomato seems to be 

not sensitive enough to visualize single synaptic events of spontaneous activity 

in primary rodent neuronal cultures, and to our knowledge literature only shows 

examples of use of the probe with induced responses (e.g. by electric field 

stimulation) 17-20. Since we would like to study spontaneous network activity, we 

did not use this genetically encoded indicator in hiPSC-derived neuronal cultures 

in previous chapters. 

As an alternative to the widely used immunocytochemistry for synaptic proteins, 

the mGRASP technique was tested in primary rodent neuronal cultures. Although 

several attempts have been done to express the two constructs in primary 

neuronal cultures, no successful experiment was reported here due to toxicity of 

the post-mGRASP probe and failure to express the presynaptic probe. While in 

vivo studies have proven the value of this tool 3,21,22, to our knowledge no in 

vitro mammalian studies on neuronal cultures using mGRASP have been 

described previously.  

Another valuable approach, not based on microscopic imaging, is 

electrophysiology using multi-electrode arrays. Optimization of cell culture 

conditions to avoid detachment and variability in cell functionality was the most 

challenging part for this approach. Further optimization is necessary before this 

approach can be used successfully in hiPSC-derived cortical networks.  

The combination of different tools can be used to gain insight in neuronal 

networks. For most tools described in this chapter more optimization is needed, 

before it can be successfully used in hiPSC-derived cultures. However, with the 

aim of studying spontaneous neuronal network activity in hiPSC-derived neurons 

we only used one functional and one morphological tool in this thesis, that is 

calcium imaging with FLUO4 (or other synthetic dyes) for functional examination 

of the network and immunocytochemistry for neuronal structure. Future 

interrogation of neuronal network activity could be done with other tools in order 

to confirm and scrutinize findings.  
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In 2015 there were an estimated 46.8 million people worldwide suffering from 

dementia and this number will probably almost double every 20 years. Much of 

this increase will be in developing countries in which life expectancies are 

increasing due to the tremendous progress made in medicine.  Dementia is not 

only highly impacting patients and their relatives, but also worldwide economy 

because the total estimated cost of dementia was 818 billion US dollar in 2015 

(http://www.alz.co.uk/research/statistics; accessed December 15, 2016). 

Although enormous amounts of money and time are spent in drug discovery and 

development for these devastating disorders, disease-modifying treatments are 

not yet available for many of them. Preclinical and clinical research have 

provided many different targets to tackle the diseases, but clinical trial failure 

rates remain high 1. Therefore new therapeutic but also research strategies have 

to be established.  

Dementias are characterized by cognitive decline, which is the decreased 

capability to perform complex tasks of the brain, including learning and memory. 

Since cognitive functions of the brain rely on synaptic transmission, it is not 

surprising that synapses are affected in cognitive disorders. A particular group of 

cognitive disorders is called neurodegenerative disorders because of the 

progressive decline in neuronal integrity, especially in the brain. Alzheimer’s 

disease is one of these neurodegenerative disorders and is the most common 

form of dementia 2. One of the common features of many neurodegenerative 

diseases is the progressive and region-specific accumulation of misfolded 

proteins 3. In case of a specific group of neurodegenerative disorders called 

tauopathies, such as Alzheimer’s disease or frontotemporal dementia, 

microtubule-binding protein tau aggregates and eventually forms insoluble 

intracellular deposits of tau called neurofibrillary tangles. Although the final 

manifestation of the pathology is the precipitation of insoluble NFTs preceding 

smaller aggregates of tau seem to be more toxic 4-6. While clinical research and 

research on animal models have provided a lot of information about disease 

mechanisms, no cure for the disease is available and additional research is a 

necessity.  

Although techniques such as fMRI allow non-invasive interrogation of the human 

brain and provided useful insights, these approaches are costly and time 

consuming. Furtheremore, it is not possible to easily manipulate the human 

brain in order to study disease mechanisms.  The complexity of the human brain 

and the inaccessibility of live human neurons force researchers to investigate 

physiological and pathophysiological processes of the brain by the use of models. 

Animal models have been indispensable for the current knowledge about the 

human brain, but the use of these models has several drawbacks, such as the 

lower complexity of brain structure, neuronal cells and protein and gene 

expression patterns. Especially when studying complex neurological disorders 

such as neurodegenerative disorders it is difficult to mimic the characteristics of 
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the complete human disease in animal models. The translational gap between 

these models and human disease is still too big.  

The recent development of human induced pluripotent stem cells (hiPSCs) 7 

might provide means to narrow this gap. The possibility to use patient-derived 

cells enables researchers to adopt the complete genetic background instead of 

choosing a set of transgenes in animal models. Using specific cell culture 

conditions these pluripotent cells can be differentiated towards almost all cell 

types of the body. These patient-specific cells might be amenable for cell 

therapy, but also provide tools for patient-specific drug screening in vitro. 

Culturing these cells as an in vitro system is scalable and controllable. Although 

the technical development of functional neuronal models included the (partial) 

characterization of differentiated cells, there is a remaining need to confirm 

functionality and authenticity of the newly generated neurons for many of the 

differentiation protocols. A prerequisite for functional neurons is their ability to 

generate action potentials and transmit neurotransmitter-mediated signals via 

synapses. The underlying neuronal properties permitting neurotransmission are 

developmentally regulated and changing during network formation (reviewed in 

ref. 3). Additionally, their ability to express pathophysiologically relevant 

phenotypes has to be explored further.  

To bridge the gap between models used for drug development and human 

disease progression this project aimed at developing an optimized differentiation 

protocol of hiPSCs towards functional cortical neuronal networks and 

characterize the morphofunction (i.e. structural and functional differences) of 

these neuronal networks in vitro. After establishment of functional neuronal 

networks we explored the usefulness of the hiPSC-derived model to study 

neuronal network dysfunction in view of tauopathies. We studied the influence of 

tau mutations and aggregation on neuronal network function using two different 

approaches in order to explore possibilities for modeling tauopathies using 

hiPSCs. The first one relies on tau aggregation induced by overexpression of 

mutated tau in combination with stimulation of pathology with artificial 

misfolded tau fibrils. The second model is based on targeted mutations in the 

MAPT gene encoding tau protein. The development of pathology was followed 

over time using a toolbox for neuronal function.  

6.1 Robust neuronal network function can be 

recapitulated in hiPSC-derived neuronal co-

cultures  
Development of the central nervous system is characterized by the phenomenon 

of spontaneous synchronized neuronal network activity 8. This process is 

partially recapitulated in slice preparations 9,10, primary rodent neuronal cultures 
11,12 and recently in hiPSC-derived cortical neurons 13. However, high variability 

and difficulties to reproduce these results underline the need for a more robust 
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protocol and a better characterization of these networks. Therefore we optimized 

the protocol recently published by Shi and colleagues 14, by the addition of two 

steps in the differentiation protocol. First of all, neurons were co-cultured with 

human astrocytes in order to stimulate maturation of the network, as previously 

shown for co-cultures with rodent astrocytes 15,16. Additionally we treated our 

co-cultures with Notch signaling inhibitor DAPT in order to inhibit ongoing 

progenitor proliferation and stimulate neuronal differentiation 17,18. This way we 

produced robust, reproducible, and highly synchronizing hiPSC-derived cortical 

networks in vitro, even when starting from different hiPSC sources. Therefore 

there is no need to wait for the delayed emergence and development of 

astrocytes from NPCs, which causes slow though progressive maturation of the 

network 19. Further characterization of the networks revealed passive membrane 

properties, such as the more negative resting membrane potential and 

decreasing excitability of neurons 20 during ongoing neuronal maturation, and 

the presence of spontaneous postsynaptic currents, which are strong indicators 

of neuronal maturation 3. Additionally we showed that GABAergic and 

glutamatergic neurotransmission were both contributing to network activity, 

thereby recapitulating the developmental switch from excitatory to inhibitory 

neurotransmission for the GABAergic activity and showing progressively 

increasing frequencies of activity indicative for developmental synaptogenesis 
21,22. Next to the functional characterization with electrophysiology and calcium 

imaging, immunocytochemistry confirmed the GABAergic and glutamatergic 

composition of the cultures showing both GAD65 and vGLUT1 immunoreactivity 

and showed that cortical markers TBR1, CTIP2, and SATB2, indicative of both 

deep and upper layer cortical neurons, were present. Furthermore, neurons 

were identified through microtubule-associated protein MAP2 immunoreactivity. 

Although immense progress was made in the field of hiPSC-derived models 

many challenges still have to be dealt with 3. One of these challenges in the 

scope of neuronal network function is the establishment of functional synaptic 

plasticity. To our knowledge there have been no studies reporting functional 

synaptic plasticity, which is an important process in cognition. An additional 

concern about the current status of hiPSC-derived neuronal models is the 

maturity of the final neuronal cultures. Although the neurons in our model 

express markers such as MAP2 and show electrophysiological properties of 

mature networks, several research groups showed that this does not guarantee 

the same level of maturity of neurons as present in adult human brains (e.g. 

reviewed in ref. 3). When the gene expression profile of neurons differentiated 

from human iPSCs was compared to that available through the Allen Brain Atlas, 

the expression profile was found to be most similar to human neurons around 

the age of the first trimester of pregnancy 23 as was confirmed by Mariani and 

colleagues who came to a similar conclusion 24. Additionally, the progressive 

maturation of neurons in vitro as shown in this project was similarly shown by 

Odawara and colleagues, who further continued to much longer culture periods 

with even more mature network properties 25. Since several characteristics of 
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maturing but not yet fully mature networks, such as the developmental switch 

from GABAergic neurotransmission and the continuously increasing firing 

frequency, were present in our neuronal networks, this seems to be the 

beginning of maturation rather than the final stage as in the adult brain.  

However, the use of combined readouts for characterization of the networks and 

their possible application in high-content format allow for gauging cultured 

neuronal networks at different levels. This approach seems highly suitable for 

sensitive screening applications such as neurotoxicity screening, target 

identification and validation and disease modeling. The model might offer a 

valuable tool for preclinical research and to screen for compounds that restore 

proper network functionality or reduce the progression of neuronal pathologies 

that result in disturbed network activity and connectivity, but the level of 

network maturity always has to be taken into account. Increased bursting 

frequency and synchronized oscillations as seen in Parkinson’s disease 26 and 

FTD 27,28 and more complex dysregulation of network function as reported in 

Alzheimer’s disease 29,30 can be studied. But also neurodevelopmental diseases 

such as epilepsy 29,31,32 show increased neuronal network oscillations and in 

autism 33 and schizophrenia 34 neuronal network dysfunction was reported as 

well. Examples of applications of this approach for disease modeling were 

described in Chapters 3 and 4. The model allows for acute or chronic testing of 

compounds on neuronal functionality, potentially leading to safer and more 

efficacious medicine and replacement of studies conducted on animal derived 

cultures. However, future research will have to demonstrate if impaired 

functional networks in this fully human system can be reversed using 

compounds or gene editing technologies. 

Additionally this model is an interesting approach to study the interaction 

between human astrocytes and neurons by culturing diseased astrocytes with 

healthy neurons or vice versa. Eventually even the triple combination with 

microglia might be developed to study neuroinflammatory diseases, but also 

physiological processes involved in synapse degradation, called synaptic pruning 
35-37, and microglia-related processes in neurodegenerative disorders. The role of 

microglia in neurodegenerative disorders has received more attention in the last 

decade 38, especially when microglia-related proteins, such as TREM2 or CD33 
39,40, were identified as susceptibility loci for neurodegenerative disorders. The 

possible advantages and challenges of a triple co-culture system will be 

discussed more thoroughly later. 

6.2 Induced tau aggregation does not cause 

detectable changes in overall neuronal network 

function  
After characterization of the control cultures we continued to study its possible 

application for disease modeling. Neurodegenerative disorders often display 
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cognitive decline as one of the major symptoms. Neuronal network dysfunction 

is thought to be one of the underlying mechanisms of this decline. In a specific 

group of neurodegenerative disorders, called tauopathies, this neuronal network 

dysfunction might be caused by disruptions in the function and expression of 

microtubule binding protein tau. Tau normally acts as microtubule stabilizing 

protein, allowing cytoskeleton reorganization, neurite outgrowth, axonal 

transport, and maintenance of cellular viability. However, all disorders in this 

group, for example Alzheimer’s disease, frontotemporal dementia, or 

progressive supranuclear palsy, show aggregation of tau protein, which hampers 

its physiological function.  

Therefore, we used a previously described hiPSC-derived neuronal model 

recapitulating tau aggregation 41 as a starting point to test the application of 

hiPSC-derived neuronal cultures to model neurodegenerative disorders. The 

model is based on virally induced overexpression of human tau either with or 

without the P301L MAPT mutation, because 4R tau was not detected in control 

hiPSC-derived cortical neurons within 5 weeks after final plating 41-43 and the 

lack of exon 10 (expressed in 4R tau) might hamper the aggregation of tau 

when pro-aggregating point mutations in this exon are present. However, in this 

hiPSC-derived neuronal model overexpression of tau carrying the pro-

aggregating P301L mutation on its own failed to induce spontaneous tau 

aggregation as previously shown in other hiPSC-derived tauopathy models 43-45. 

Therefore tau aggregation was triggered using preformed tau fibrils consisting of 

the tau-microtubule binding repeat (K18) with P301L mutation, which has been 

shown to facilitate tau aggregation in in vitro tauopathy models 46,47. As a 

comparison we also tested functional and morphological network changes 

caused by tau aggregation in a primary rodent neuronal model. Although tau 

was aggregating over time in both models, we could not detect changes in 

overall calcium oscillations in these cortical cultures. However, when separately 

analyzed, tau-overexpressing neurons showed an increased percentage active 

neurons, bursting frequency and/or synchronicity when compared to non-

overexpressing (hiPSC-derived or primary rodent) neurons. This might involve 

similar mechanisms as in a previously described rTg(TauP301L)4510 mice in 

which hyperexcitability of the glutamatergic system was shown 48. The fact that 

we did not detect overall changes in network function might be due to an 

insufficient transduction efficiency or the fact that endogenous tau is still 

functioning normally. Consistent with previous studies we found no significant 

influence on network function in tau fibril-containing neurons 49,50, strengthening 

the hypothesis that not neurofibrillary tangles but smaller tau aggregates cause 

synaptotoxicity 5,6.  

Structural analysis of the neuronal network in hiPSC-derived cultures did not 

show any morphological network changes either, while primary rodent neuronal 

cultures did. In the latter we showed a decreased neurite surface and number of 

nuclei in WT tau overexpressing cultures. In their study Mandelkow and 
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colleagues showed similar results, possibly caused by inhibition of transport of 

organelles and vesicles by increased microtubule binding, thereby making 

neurites more sensitive to stress 51. However, overexpression of P301L tau only 

did not induce an effect on neurite surface, which is probably due to its reduced 

affinity for microtubules, thereby dissociating from microtubules. It is important 

to consider that tau overexpression can lead to clogging of axons and dramatic 

reorganization of the neuronal cytoskeleton, rather than modeling human tau 

pathology. Finally, in primary neuronal cultures tau fibril addition increased the 

number of nuclei in all three transduction conditions, indicative of 

neuroinflammation and gliosis as previously shown in tauopathy mouse models 
52,53.  

Although overall network function was not affected during tau aggregation in our 

overexpression models, several tauopathy-related processes were recapitulated. 

In order to be a good disease model the cultures have to meet some 

requirements (as reviewed in ref. 54). First of all appropriate cell differentiation 

has to be recapitulated, in a cell type relevant for the disease. And the 

differentiation protocol has to be robust and reproducible. Since differentiation 

protocols are very time-consuming it would be useful to be able to differentiate 

in several separate steps. This first requirement has been met with the 

characterization of the cortical neuronal cultures in Chapter 2. Additionally, 

progression of disease pathogenesis has to be recapitulated. This model clearly 

showed some tau aggregation-related processes, although the underlying 

mechanisms of the observed phenotypes remain to be elucidated. Due to 

relatively long cultivation periods and subsequently high costs hiPSC-derived 

neuronal cultures might be less suitable for primary screening purposes, but the 

model can serve as a more relevant biological system to confirm hits from 

primary tau aggregation inhibition screens in cell lines. Additionally, the model 

allows identification of new targets and mechanisms involved in human tau 

aggregation 41.  

Furthermore, the slight differences between primary rodent and human iPSC-

derived cultures shed new light on the interpretation of previously reported 

findings in rodent tauopathy models. While no morphological differences on 

network level were detected in hiPSC-derived cultures, primary rodent cultures 

did. First of all, this might reflect a difference in transduction efficiency of hiPSC-

derived neurons, which has been proven to be more difficult 55. However, the 

baseline levels of 3R and 4R tau isoforms differ substantially between rodent and 

hiPSC-derived neuronal cultures. 4R tau isoforms are expressed in the human 

adult brain, but not yet in hiPSC-derived cortical neurons at 5 weeks after final 

plating 41,42, while rodent primary cultures at 15DIV show 3R and 4R tau in a 

ratio equal to one or even above 56. This may lead to an extraordinary 

overexpression of 4R tau in rodent cultures, which is the tau isoform that is 

more prone to aggregation 57. Therefore, the altered 4R/3R ratio might lead to a 

more pronounced phenotype in the rodent cultures while in hiPSC-derived 
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cultures the overexpression of 4R hTau led to a 4R/3R ratio slightly higher than 

one 41, which is closer to physiological ratios in the human adult brain.  

6.3 Development of a new hiPSC model to study 

tauopathies 
In order to develop a more physiological hiPSC-derived model for tauopathies 

another approach was used. Instead of overexpression of transgenes, which 

caused some unwanted side effects on neuronal function, this second model was 

based on a targeted point-mutation introducing the P301S mutation in MAPT. 

However, exon 10 of the MAPT gene is spliced out in CTRL hiPSC-derived 

neuronal cultures at least until 100 DIV. Therefore mature 4R tau expression 

was accomplished by the additional zinc-finger technology induced 10+16 MAPT 

splicing variant mutation that was found in FTD patients 42. This was necessary 

for the expression of the P301S mutation which is located in exon 10. However, 

it was not known if this new model recapitulates tauopathy-like mechanisms and 

thorough characterization had to be performed. 

Starting from one CTRL hiPSC line, four different mutant hiPSC lines were 

generated, expressing one (splicing variant 10+16, either mono- or bi-allelic) or 

two mutations (bi-allelic 10 + 16, either mono- or bi-allelic P301S). 

Immunocytochemistry and microarray data showed a major impact of the 

alternative MAPT splicing on neuronal differentiation. These neurons showed a 

less proliferative, probably more differentiating, phenotype than CTRL cells, 

possibly because cells are directly forced towards a more mature tau phenotype 

(4R tau expression) rather than a gradual increase in 4R/3R ratio as in normally 

developing neurons. Furthermore, mutant hiPSC-derived neurons seem to 

represent a different lineage of cortical neurons than CTRL cells, for example 

because of downregulation of projection neuron markers TBR1 and SATB2 and 

glutamatergic genes. In contrast, GABAergic markers were upregulated as well 

as some markers linked to differentiation and survival of interneurons in the 

forebrain. Additionally, high DLX and DCX and decreased PAX6 levels were 

shown. This altered gene and protein expression pattern in mutant neurons 

points into the direction of hiPSC-derived medial ganglionic eminence-like 

progenitors and subsequently forebrain-type interneurons that were previously 

described by Nicholas and colleagues 58. The decreased network activity that 

was shown with live calcium imaging might be caused by this altered balance 

between GABAergic and glutamatergic neurons in neuronal cultures expressing 

the splicing variant. Morphological correlates of functional changes were 

analyzed as well. Although functional data might imply the opposite, the 

synapse density was significantly increased by the splicing variant compared to 

controls. However, the synapses were not characterized and might reflect again 

the change in neuronal lineage induced by the more mature 4R tau. For example, 

cortical interneurons make local synapses while cortical pyramidal neurons 

project over longer distances 59.  
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Additional effects on neuronal networks induced by the P301S mutation were 

investigated using the double mutant hiPSC lines. Microarray analysis revealed 

significant alterations in the expression of genes encoding kinases and 

phosphatases, which is important since many residues of the tau protein are 

potential phosphorylation sites 60. Imbalance between kinase and phosphatase 

activity might cause tau hyperphosphorylation and as a consequence tau protein 

can become insoluble and self-aggregating. However, we did not observe 

changes in tau phosphorylation using alphaLISA, possibly because of high 

baseline phosphorylation levels due to microtubule dynamics for example, 

because these neuronal cultures are still in a rather developmental stage.  

Finally, we studied the tendency of mutant lines to produce tau aggregation, 

which is the major characteristic of tauopathies, by using the alphaLISA assay 

that was previously described by Verheyen and colleagues 41. Similar to the 

other tauopathy model that was described before, no spontaneous tau 

aggregation was shown in this model within the time span of 10 weeks after 

final plating. Therefore tau aggregation was triggered again using artificial tau 

fibrils consisting of the tau-microtubule binding repeat (K18) with P301L 

mutation. This way the double mutant cell line expressing both mutations bi-

allelically clearly showed a threefold increase in tau aggregation compared to the 

other conditions. 

Therefore, we showed that this new hiPSC-derived model recapitulated several 

tauopathy-related characteristics such as tau aggregation, an imbalance 

between GABAergic and glutamatergic neurotransmission, and impaired 

neuronal network functionality. The major changes compared to CTRL hiPSC-

derived cultures were induced by the tau splicing variant, which is of particular 

interest for pathologies showing alternative splicing due to mutations in the 

MAPT gene, such as the 10+16 splicing variant mutation found in patients with 

FTD 42,61. As a result, the 4R/3R ratio of tau is disrupted in these patients 

causing severe pathology. The alterations in neuronal differentiation induced by 

the splicing variant might be of importance for disease modeling as well, since 

both GABAergic and glutamatergic neurons are affected in tauopathies such as 

AD 62,63 and inhibitory interneurons play essential roles in network organization 

crucial for learning and memory 64,65. Other mutations in the MAPT gene have 

been shown to alter neuronal differentiation and development as well. In a 

recent study using similarly differentiated hiPSC-derived cortical neurons both 

N279K and P301L mutations in the MAPT gene induced earlier 

electrophysiological maturation and altered mitochondrial transport compared to 

control neurons 43. However, in our model tau aggregation was not 

accomplished in the mutant hiPSC lines only expressing the splicing variant. The 

additional P301S mutation (bi-allelic) was necessary to detect tau aggregation at 

later time points after triggering the cells with artificial fibrils. Gene expression 

altered by the P301S mutation probably contributed to tau aggregation, since 

dysregulation of phosphorylation-related genes was clearly visible. 
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Phosphorylation is one of the most important posttranslational modifications 

involved in tau function and dysfunction 66-68. All mutations can possibly 

contribute to disease development but additional research is necessary to clarify 

its mechanisms. 

6.4 Optimization of a toolbox to study neuronal 

networks in vitro 
In order to investigate neuronal network function and dysfunction more 

throughly, various methodologies have been developed over the years. The 

choice for a specific technique depends on several factors:  the level of 

resolution needed, either temporally or spatially; the possibility to manipulate 

experimental conditions; the amount of network perturbation allowed; the 

extent to which neuronal networks are intact; its robustness; and importantly 

the cost, time and difficulty of using the method 3,69. In order to study the 

complete phenomenon of neuronal network function in vitro a combination of 

different methods is often required. Each method can be used to answer specific 

scientific questions. In order to have an extensive complementary toolbox to 

study various steps in the process of neuronal network functionality the 

optimization of different tools, all with their own advantages and disadvantages, 

has been evaluated as described in Chapter 5. In this project we have 

specifically chosen to study spontaneous network activity only, rather than 

evoked. Due to cost, time and ongoing optimization of hiPSC-derived neuronal 

networks we initiated the optimization of tools using primary rat neuronal 

cultures.  

Calcium is an essential second messenger in mammalian neurons, highly 

involved in neuronal network function. The transient but steep rise of calcium 

concentration in the presynaptic element can cause synaptic vesicle release into 

the synaptic cleft 70 leading to chemical neurotransmission. Thus, live cell 

calcium imaging shows a fundamental step in synaptic transmission. Using 

automated analysis of calcium oscillations in a number of neurons we were able 

to study network formation and functionality 71. We optimized calcium indicators 

from two different classes: chemical indicators (FLUO4-AM, Rhod3, and CaSiR) 

and protein-based genetically encoded calcium indicators (GECIs; GCaMP3 and 

GCaMP6). FLUO4 is widely used in neuroscience (e.g. ref. 12) because they are 

relatively easy to introduce in different cellular models and provide large signal-

to-noise ratios 72, thereby fulfilling all the requirements for our experiments in 

both rodent and hiPSC-derived neurons. We only studied calcium oscillations but 

not calcium concentrations, therefore not requiring ratiometric calcium dyes 72. 

Furthermore, the approach using FLUO4 enabled the easy pharmacological 

manipulation of cultures. The more recently developed GECIs have some 

advantages when compared to chemical indicators. Their continuous expression 

enables to follow the same cultures chronically and to target their expression to 

specific cell populations or compartments. However, due to the low dynamic 
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range of GCaMP3 in hiPSC-derived neuronal cultures compared to primary 

cultures and difficulties to chronically express GCaMP6 in hiPSC-derived neurons, 

we did not use this tool in later characterizations of human neuronal networks. 

Additionally we tried to optimize sypHtomato 73 to study spontaneous 

presynaptic vesicle release in combination with calcium dynamics 74 since these 

processes do not depend on each other in a 1:1 ratio 75. This red fluorescent 

marker was clearly present in synaptic vesicles of primary rodent cultures, but 

was not sensitive enough to visualize spontaneous vesicle fusion at the 

presynaptic membrane. 

Another investigated approach to probe neuronal functionality was 

electrophysiology. The patch clamp technique 76 allows the study of single 

neurons, either single or multiple ion channels or the entire cell. A more recently 

developed tool is the use of multi-electrode arrays 77. At the multicellular level 

extracellular recordings of local field potential provide information about 

collective activity of the neuronal network for in vitro cultures or ex vivo slice 

preparations. This tool has a higher temporal resolution than the imaging based 

approaches. Therefore, MEA can give additional information to imaging based 

functional readouts.  

Relying on these functional methods alone to identify neuronal network 

dysfunction would give an incomplete answer to questions concerning cellular 

identity for example. The structural correlates of functional changes can provide 

complementary information, when analyzed with the right image analysis 

paradigms (reviewed in ref. 78). GABAergic and glutamatergic markers have 

been optimized to confirm functional findings and synaptic markers such as GluA 

and synaptophysin were used to support the characterization of neuronal 

networks in this project.  Immunocytochemistry can provide useful insights in 

network structure and synaptic connections, but might be misleading sometimes 
3. For example, postsynaptic markers have been shown without corresponding 

markers for the presynaptic element 79 and the other way around 80. The 

localization of proteins alone might thus be insufficient to confirm pathologically 

related alterations, emphasizing the necessity for a combination of different 

tools. Therefore, use of another genetically encoded indicator to visualize 

synapses, called mGRASP, was investigated. This technique, based on GFP 

reconstitution across synaptic partners, only identifies bonafide synapses 81. 

While this tool has been used in vivo 81-83, to our knowledge no in vitro 

mammalian studies on neuronal cultures using mGRASP have been described 

previously. In our hands the in vitro approach was not succesfull as we did 

neither manage to achieve appropriate expression of the two constructs in 

neurons nor reconstitution.   

In previous chapters of this project we used FLUO4 for calcium imaging, the 

patch clamp technique for studying synaptic activity and immunocytochemistry 

for structural characterization of neuronal networks. Additional approaches such 
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as microarray analysis and alphaLISA were used for further characterization of 

disease-related phenotypes in order to acquire as much information as possible 

about the models. Additional functional and morphological tests may unravel 

disease mechanisms in the future. 

 

6.5 Future perspectives 

6.5.1 Recapitulation of neurodegeneration “in a dish” 
Recapitulation of human neurodegenerative disorders using induced pluripotent 

stem cell-derived differentiation “in a dish” is still an enormous scientific 

challenge. Although research showed to be able to model neuronal circuits in 

vitro by confirmation of neuronal marker expression, recapitulation of 

electrophysiological functionality, neuronal maturation and tau developmental 

splicing, and stimulation of maturation by human astrocytes, we cannot 

conclude that these neuronal networks realistically represent neuronal 

connectivity and maturity present in the central nervous system. Since the 

technique of disease modeling using hiPSCs is not yet older than a decade it is 

not surprising that there still is the need to refine techniques to recapitulate 

(patho)physiology.  

Of course the classical drawbacks of in vitro modeling such as the lack of native 

network structure, (brain) regions, feedback loops and connections between 

them apply for this approach. Additional differences with human 

(patho)physiology always have to be taken into account when using hiPSC-

derived models such as the models described in this thesis. One of the major 

concerns of using hiPSC-derived systems for modeling neurodegenerative 

disorders is the maturity and age of the differentiated cells. Many 

neurodegenerative disorders manifest later in life and are inevitably associated 

with aging-related processes. Work by several research groups suggests that 

reprogramming somatic cells to iPS cells “resets” phenotypes associated with 

cellular aging, such as mitochondrial function and telomere length 84-86. 

Additionally, differentiated neurons showing several properties of mature 

networks were shown to still represent gene expression profiles similar to 

human gestational age of eight to ten weeks 23,24. Although transplantation 

studies of human NPCs into rodent brains have shown that human neural cells 

mature of a human, rather than rodent, timeline 87, simply allowing 

differentiating cells to age in vitro is very impractical and expensive. Therefore, 

several groups have explored options to accelerate hiPSC aging, for example by 

using hiPSCs expressing progerin which triggers fast aging in Hutchinson-Gilford 

Progeria syndrome (HGPS) 88,89, or hiPSCs from patients with Werner syndrome, 

an accelerated aging syndrome 90. Although these approaches seem to provide 

useful tools to induce aging phenotypes, additional understanding of underlying 

mechanisms in these and neurodegenerative disorders is required. Therefore, it 
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remains challenging to researchers to provide neuronal models mature enough 

to be representative of adult neurons, but being abundant enough and practical 

to use for screening assays. 

Another important aspect of in vitro disease modeling is the extent of 

simplification of cellular models. While pure neuronal cultures can form synapses 

and display connectivity, they might not reach the maturity of neurons in 

heterogeneous cultures containing co-cultured astrocytes for example 15,16. 

These co-cultured astrocytes have proven to provide support to CTRL hiPSC-

derived neurons, both via released growth factors and physical contact 31. 

However, in differentiating hiPSC-derived neuronal cultures astrocytes will 

appear spontaneously about a hundred days after NPC plating in differentiation 

media 14,91, but faster differentiation with higher purity of astrocytes has been 

described as well 19,92. Additionally, microglia have shown to be important for 

normal neuronal network development, since these cells are highly involved in 

synaptic pruning and clearance of apoptotic cells for example 35,37. Recently, 

efficient derivation of microglia-like cells from hiPSCs has been reported as well 
93, although it is unknown if these microglia represent with the same 

characteristics as microglia in vivo. The addition of astrocytes and microglia to 

hiPSC-derived neuronal cultures might not only contribute to neuronal network 

development, but might be relevant for disease modeling as well. Although it is 

not yet known if their role is causative or just represents a secondary effect and 

if their role is pro-inflammatory or neuroprotective, astrocytes and microglia are 

proposed to have important impact on disease progression in neurodegenerative 

disorders 48,94-96. For example, in tauopathy-related mouse models synapse loss 

and microglia activitation were reported as early markers of disease progression 
53,97,98. Assays on hiPSC-derived tauopathy models in this project were 

performed in the human astrocyte co-culture system that was optimized in 

Chapter 2. Astrocytes are known to be involved in the homeostasis of neuronal 

tissue. In case of tau aggregation, astrocytes could be involved in degradation of 

misfolded proteins, thereby preventing tauopathy-induced morphological or 

functional network alterations in our cultures. Interestingly, other research 

groups found detrimental neuro-inflammatory effects of astrocytes in 

neurodegenerative disorders. In our model, the co-cultures with human 

astrocytes would then mean an exaggeration of tau-induced pathology, while we 

did not observe explicit morphological or functional phenotypes due to tau 

aggregation. However, Notch signaling is essential for the proper formation of 

astrocytes and Notch-signalling inhibitor DAPT (used for proper neuronal 

network development, Chapter 2) has been shown to decrease astrocyte 

proliferation and production of pro-inflammatory factor IL-1B in response to 

stress 99. Therefore, DAPT might hamper the physiological astrocyte proliferation 

and astrocyte-induced inflammation induced by pathology, thereby masking 

detrimental effects that are present in vivo. The future comparison of hiPSC-

derived neuronal cultures with and without astrocytes, and even with and 

without diseased astrocytes, might unravel their involvement in neuronal 
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network morphofunction in tauopathies. The increased awareness of the role of 

inflammation in neurodegenerative disorders and the recent development of 

hiPSC-derived astrocytes and microglia promote and also demand the 

development of a triple co-culture system. This again initiates the debate about 

complexity of cellular models versus the simplification of systems to be 

amenable for applications such as drug screening. However, it will definitely be 

very informative to fully characterize heterogeneous hiPSC-derived models in 

order to understand human physiology and pathology.  

An even more complex, but probably still more relevant, model system of 

human CNS is a three-dimensional cell culture system. Although the analysis of 

pure cell populations can give valuable information on characteristics of that 

specific cell type, it is often the interaction between different cell types that is 

important for modeling complete systems such as a neuronal network. The 

additional dimension compared to monolayer cultures provides a way for cells to 

compartmentalize in order to function properly. For example, astrocytes look 

and behave differently in the brain than in a monlayer culture 100,101. Another 

concern which is specifically relevant in case of proteinopathies like tauopathies 

is that phenotypes of aberrant extracellular protein aggregation are lost in two-

dimensional cultures because of the lack of compartmentalization and lack of 

interstitial fluid, thereby also losing local presence of metabolites 94. Therefore, 

recent studies focused on the development of three-dimensional culture systems, 

for example using Matrigel of hydrogel as scaffolds for hiPSC-derived cells 102,103. 

These 3D cultures were used to model Alzheimer’s disease-like phenomena, 

such as extracellular amyloid plaques 104,105 and cytoskeletal abnormalities 106. 

Unfortunaltely we were not able to further explore the use of triple or 3D culture 

systems in this project, since this was out of the scope of the project.  

A last concern about the translation from hiPSC-derived models to human 

disease is the choice for the genetic background of hiPSC lines. In this project 

we have chosen to use the combination of CTRL hiPSCs with induced mutations, 

either via overexpression or via targeted mutations, as a first step in the 

development and validation of hiPSC-derived models. In order to get a more 

realistic representation of human disease, the use of a broad range of patient-

derived hiPSC lines should be investigated, with a subsequent broad range in 

outcomes. However, the phenotypes displayed by cells bearing physiological 

mutations, such as in patient-derived hiPSC lines, may often be less robust than 

those obtained via the experimental overexpression of mutant proteins 94. For 

example, Mertens and colleagues compared the effect of compound treatment 

on neuronal cells from familial AD (fAD) patients to either non-neuronal cell lines 

overexpressing fAD APP, or human control embryonic stem cell derived neural 

cells overexpressing mutant APP. They found that concentrations of the 

compounds that were effective in the non-neuronal cell lines were modestly 

effective in the APP-overexpressing human cells, but not in the cells derived 

from fAD patients 107. Therefore, the use of isogenic lines with corrected disease 
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alleles (Fig. 6.1d) may allow detection of even modest phenotypes induced by 

that specific mutation 94 and is therefore a suitable approach to avoid variation 

in outcomes induced by other factors.  

6.5.2 hiPSC-derived models can be used to bridge the gap 

with animal models 
Statistics have clearly shown the high demand for new approaches to better 

translate observations from rodent models into clinical studies. While animal 

models have provided useful insights in human disease mechanisms and have 

served as screening tool for drug development, differences between rodent and 

human brains are inevitably clear. Starting from the observation that cognitive 

functions are less complex in animals than in humans, we cannot expect the 

same level of complexity in the brains of humans and animals. The human 

cerebral cortex has an increased size and shows a greater diversity in cellular 

subtypes and greater complexity in its organization compared to animal brains 
108-113. Specifically relevant when modeling tauopathies is the differential 

expression of tau isoforms in adult brains from rodents compared to humans. 

While human brains express all six isoforms of tau, adult mouse brains almost 

exclusively express the three isoforms of 4R tau 114,115. Thus hiPSC-derived 

neurons, which clearly recapitulate developmental tau splicing 42 and various 

aspects of cortical development 14,87,91 more closely resemble human brain 

complexity and development and might bridge the gap between animal models 

and clinical outcomes, especially when studying cognition-related phenomena. 

The clear differences between both model systems might explain the 

discrepancies between rodent primary and hiPSC-derived neuronal cultures we 

found in Chapters 3 and 5. Additionally, the development of mature neurons in 

vitro from rodent tissue is much faster than differentiation from hiPSCs. 

Therefore, rodent primary cultures might be more suitable for initial compound 

screens. However, the “species-specific clock” probably causing this difference in 

the timeline of neuronal maturation for different species 116 is another important 

factor that bridges the gap between the model and human disease. In addition 

hiPSCs provide one of the few possibilities to study human neuronal 

development in vitro. 

Next to the human background of hiPSC-derived models other factors promote 

the use of these models for studying neurodegenerative disorders. With the 

development of new gene editing approaches hiPSCs in pluripotent state are 

easier to manipulate than animal models in which mutant strains have to be 

generated by labor-intensive breeding programs. Furthermore, starting from a 

single hiPSC line different cell types can be easily generated, providing the 

possibility to study the interaction between healthy and diseased cells without 

adverse graft-versus-host reactions. Although differentiation protocols are more 

time-consuming than for primary rodent cultures, the infinite proliferation 

capacity of hiPSCs requires less work to obtain the material to begin with.  
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Because of the availability of hiPSCs and its relevance for studying neuronal 

networks in vitro it might be possible to replace part of the experiments 

currently performed on rodent primary cultures by hiPSC-derived cultures in 

order to reduce the use of laboratory animals. Additionally, hiPSC-derived 

models can be used to confirm findings previously reported in animal models, or 

the other way around hiPSCs can underscore differences between animal models 

and human (patho)physiology in order to reduce the gap with clinical research.  

6.5.3 hiPSC-derived neuronal models can serve as a base 

for development of screening assays 
Although the hiPSC-derived models described in the previous chapters are not a 

perfect representation of human (patho)physiology, these models can possibly 

serve as a base for development of screening assays that can be used to 

investigate pathology and to find new therapeutic targets to treat these 

pathologies (Fig. 6.1) 117.  

The development of a robust reproducible differentiation protocol is a crucial 

starting point. As shown in Chapter 2 two different hiPSC lines were 

differentiated into cortical neuronal cultures with limited variation. This 

differentiation protocol has been successfully applied for modeling tauopathy-

related phenotypes in Chapters 3 and 4. The automation of data analysis 

paradigms and the combination of different tools used in these chapters further 

allowed standardization of analyses and can possibly be used for development of 

high-throughput (HTS) and high-content screening (HCS) approaches. Using 

hiPSCs, HTS and HCS could allow for standardized analysis of many compounds 

and disease hallmarks, as well as various cellular contexts affecting drug 

efficiency or neurotoxicity. This can be done either in a cohort of patients and 

controls or by specifically choosing for one patient-derived or engineered hiPSC 

line clearly showing a certain phenotype. The hiPSC approach can then be used 

as a prescreening method before time-consuming preclinical animal studies and 

can hopefully reduce the number of failing clinical trials. After HTS, HCS could be 

used to further analyze relevant signaling pathways and disease mechanisms. 
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Figure 6.1 Schematic representation of the application of hiPSC technology in 

disease research. hiPSCs are established by introducing reprogramming factors into 
healthy human (a, b) and patient-derived (c, d) somatic cells. hiPSCs are induced to 

differentiate into target cells. The differentiated target cells can then be used for the 
analysis of disease pathology, drug screening and toxicity and efficacy testing of 

compounds. (b) Via genome editing technologies mutations can be induced in healthy 

hiPSCs to produce a disease model or make isogenic hiPSC lines to precisely analyze 

pathogenetic mechanisms that are attributable to the effects of the induced mutation. d) 
The other way around, via genome editing technologies mutations in patient-derived 

hiPSCs can be corrected to precisely analyze the pathogenetic mechanisms that are 
attributable to the effects of that specific mutation in the complete genetic background of 

the patient.  Adapted from Imaizumi and Okano, 2014 117. 

 

Various examples of hiPSC-derived tauopathy-related models have been 

described in literature. In 2012 Israel and colleagues studied hiPSC-derived 

neurons from fAD and sAD patients, in which increased phospho-tau and 

activation of tau kinase GSK3β were shown. After manipulation of these cells 

with compounds they could significantly reduce this phenotype 118. In another 

study using patient-derived hiPSCs carrying a heterozygous MAPT mutation 

several tauopathy-related phenotypes were identified. These phenotypes were 

absent in an isogenic control with the corrected mutation and were significantly 

exaggerated in isogenic controls with the homozygous mutation 44. Additionally, 

a 

b 

c 

d 
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Verheyen and colleagues described the possible reduction of tau aggregation 

levels in their hiPSC-derived tauopathy model 41. However, none of these studies 

reported changes in neuronal network functionality which is one of the first 

deficits reported in the disease progression of several tauopathies before the 

formation of tangles. But these models all represent valuable approaches to test 

the efficacy of tau-directed treatments. Various steps in the tau pathology 

cascade can be targeted (reviewed in ref.119). Although the causal role for tau 

phosphorylation in tau pathology is still a matter of debate, its strong correlation 

with tau pathology implicated it as target for intervention. Therefore, tau kinase 

inhibitors are one of the potential therapeutics. Based on the observation that 

tau detaches from microtubules resulting in loss of its physiological function, 

microtubule stabilizing agents have been proposed as possible intervention. The 

next step in the tauopathy cascade is the aggregation of tau, which might be 

inhibited by therapeutical interference as well. Another proposed approach is the 

reduction of tau levels, either by decreasing its gene expression, or by 

captivation of extracellular tau or by passive or active immunotherapy to 

increase tau clearance 119. All these interventions can be experimentally tested 

on hiPSC-derived tauopathy models, thereby providing useful insights in possible 

mechanisms of action and therapeutical efficacy.  

Studying the complete progression of tauopathies, but also other disorders, in 

vitro is impossible because many factors including other tissues and external 

influences play an important role in complex disorders. Therefore, modeling 

diseases requires the choice for a certain approach depending on the specific 

research question. Ideally, a large cohort of patient-derived material would be 

necessary to study the many different aspects of a disorder. For example for 

sporadic Alzheimer’s disease currently no recurrent mutations are known, in 

contrast to fAD, although 60-80% of sAD might have genetic underpinnings 120. 

The availability of patient-derived material from different sAD cases would 

enable identification of phenotypes in order to interrogate its etiology and it can 

also provide the option to develop personalized medicine. However, genetic 

variation within and between populations has major impact on the outcome of 

studies using this approach. Each hiPSC study is challenged by the question of to 

what extent observed variation between phenotypes is related to the disease 

being modeled or to other factors. To overcome this diversity and focus on the 

questions to be answered one can choose to use only a few phenotypes in a 

larger collection of patient-derived material or investigate robust phenotypes in 

a small cohort only. The previously mentioned option of generation of isogenic 

hiPSC lines provides another tool to address this variation, but that is only 

possible when the specific mutation is known. This approach enables to study 

causative mutations, but not other genetic variation such as SNPs because they 

may only be a risk factor in combination with their background (reviewed in ref. 
94). However, when studying the effect of therapeutic approaches on robust 

recurring phenotypes or end stages, such as tau aggregation for example, the 

(genetic) variation might be less important. Different tauopathies are associated 



141 

 

 

C
H

A
P
T
E
R
 6

 

with different conformations of tau aggregates 121, but all tauopathies share the 

common factor of tau aggregation. The onset of neurodegenerative disorders 

can be influenced by the genetic background and may cause a long latency 

period in vitro 47 that may necessitate the use of exogenous reagents to induce 

tau aggregation for disease modeling. In the models described in Chapters 3 and 

4 tau aggregation was clearly present, but only after being triggered by artificial 

fibrils. Of course this has clear consequences for the conclusions to be drawn 

from these models. 

The models represented in this project are highly relevant to study aspects of 

neuronal networks in physiology and in the scope of certain aspects of 

tauopathies and other cognitive disorders. However, the research questions to 

be answered should guide researchers in choices to be made concerning 

simplification or comprehensiveness of their model. Culture protocol duration, 

the choice for mono- or co-cultures, the size of cohorts of patient-derived 

material, the possibility to trigger pathology artificially and many other aspects 

should be taken into account.  

To conclude, in this project we presented a robust and reproducible 

differentiation protocol from hiPSCs towards functional cortical networks in vitro, 

which were characterized thoroughly. This protocol was fundamental for the 

development of two models that was used to study tauopathy-related changes in 

neuronal networks. The combination of different tools to study these “neuronal 

networks in a dish” and the use of different hiPSC lines might eventually 

contribute to the knowledge about disease onset and progression and treatment 

options for tauopathies, but also other cognitive disorders. However, the 

combination of different approaches seems inevitable but this might enable the 

replacement of certain experiments performed using animal models and might 

bridge the gap with clinical research.  
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In 2015 almost 50 million people worldwide suffered from dementia in which the 

performance of complex brain tasks gradually declines. In advanced stages patients 

need help with basic activities of daily living, which has an enormous socioeconomic 

impact. The underlying processes involved in complex tasks of the brain are 

organized by neuronal networks. Specialized structures called synapses are 

responsible for communication between neurons and networks.  

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

neurodegenerative disorder characterized by abnormal protein deposition in the brain 

and synaptic deficits. Extracellular aggregation of beta amyloid (plaques) and 

intracellular tangles of tau protein (neurofibrillary tangles) develop in the cortex and 

hippocampus (an important brain area involved in memory) in particular. The 

distribution of tau pathology in time and space correlates well with nerve cell 

degeneration and cognitive decline. Other neurodegenerative disorders called 

tauopathies show similar tau pathology.  

The low accessibility of live human neurons for research forces researchers to use 

and develop representative models. Animal models have been indispensable for the 

current knowledge about the human brain, but the complexity of the human brain 

can hardly be mimicked. Despite the prevalence and high socioeconomic impact of 

these cognitive disorders there is inadequate knowledge about disease onset and 

mechanisms and no disease-modifying treatments are available. Most experts agree 

about the involvement of complex interactions between genetic and environmental 

factors in tauopathies, but clinical trials are afflicted by high attrition rates. Therefore, 

new research methods and therapeutic strategies have to be tested. The recent 

generation of pluripotent stem cells from human somatic cells enables the 

differentiation of patient-derived cells to almost all relevant cell types. This way, 

human neurons containing the complete genetic background of a patient can be 

studied in vitro. The aim of this thesis is exploration of the opportunities to use these 

human neuronal cells as a model for cognitive disorders, with tauopathies as a 

specific application.  

The results of this thesis show a robust and reproducible differentiation protocol from 

stem cells towards human functional neuronal networks in vitro. Using various 

imaging based approaches networks were characterized further. Starting from this 

protocol two tauopathy models were proposed and neuronal networks were studied. 

In addition to the development of tau aggregation, other tauopathy-related 

phenotypes were identified which might be used for research concerning onset and 

progression of tau pathology and possible treatment options.  

The presented data in this thesis show the potential to use the recently developed 

human stem cells to study processes involved in human brain function. The 

combination of different approaches seems inevitable, but comparison of this 

technology with previously described animal models can possibly replace animal 

studies and bridge the gap with the clinical manifestation of disease. 
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In 2015 leden wereldwijd bijna 50 miljoen mensen aan dementie, waarbij de 

mogelijkheid tot het uitvoeren van complexe taken door de hersenen geleidelijk 

afneemt. In vergevorderde stadia zijn patienten niet meer in staat om voor zichzelf 

te zorgen en dit heeft een enorme socio-economische impact. De complexe functies 

van het menselijk brein worden onder andere georganiseerd door connecties tussen 

individuele hersencellen, maar ook door neuronale netwerken. De communicatie 

tussen hersencellen verloopt via gespecialiseerde structuren, zogenoemde synapsen.  

De meest voorkomende vorm van dementie is de ziekte van Alzheimer, een 

neurodegeneratieve ziekte gekenmerkt door de vorming van abnormale eiwit 

afzettingen in het brein en beschadiging van synapsen. Buiten de hersencellen 

ontstaan opeenhopingen van bèta amyloïd (plaques) en intracellulair ontstaan 

kluwens van het eiwit tau (neurofibrillaire kluwens). Met name de hersenschors en 

hippocampus (een hersengebied betrokken bij het geheugen) zijn aangedaan. Vooral 

de ophopingen van het eiwit tau correleren in tijd en locatie met neurodegeneratie en 

cognitieve achteruitgang. Andere neurodegeneratieve aandoeningen (tauopathiën) 

vertonen vergelijkbare vormen van tau pathologie.   

Omdat levende menselijke neuronen nauwelijks toegankelijk zijn voor onderzoek, 

moet er gewerkt worden met representatieve modellen. Diermodellen hebben enorm 

bijgedragen aan de huidige kennis over het menselijk brein, maar de humane 

complexiteit kan moeilijk volledig worden nagebootst. Ondanks de prevalentie en de 

hoge socio-economische impact is er onvoldoende kennis over het ontstaan en de 

ziektemechanismen van veel van deze cognitieve aandoeningen en zijn er geen 

medicijnen beschikbaar waarmee de ziekten kunnen worden behandeld. De meeste 

experts zijn het er over eens dat tauopathie wordt veroorzaakt door een complex 

samenspel van genetische en omgevingsfactoren, maar klinische studies kampen met 

lage slagings-percentages. Daarom moeten nieuwe onderzoeksmethoden en 

therapeutische strategieën worden getest. Een recente ontwikkeling maakt het 

mogelijk patient-afgeleide cellen te bestuderen door somatische cellen te 

reprogrammeren tot pluripotente stamcellen welke vervolgens gedifferentieerd 

kunnen worden tot bijna elk relevant celtype. Hierdoor is het mogelijk om in vitro 

humane hersencellen te bestuderen met de volledige genetische achtergrond van de 

patient. Het doel van deze thesis is het onderzoeken van de mogelijkheden om deze 

humane hersencellen te gebruiken als model voor cognitieve aandoeningen, met 

specifieke aandacht voor tauopathiën.  

De resultaten in deze thesis beschrijven een robuust en reproduceerbaar 

differentiatie protocol van stamcellen naar humane functionele neuronale netwerken 

in vitro. Door gebruik te maken van verschillende beeldvormings-technieken zijn de 

eigenschappen van deze netwerken verder gekarakteriseerd. Uitgaande van dit 

protocol werden twee tauopathie-modellen voorgesteld en neuronale netwerken 

werden bestudeerd. Naast de vorming van tau kluwens vonden we andere 

tauopathie-gerelateerde fenotypes die mogelijk gebruikt kunnen worden voor 

onderzoek naar de totstandkoming en voortgang van tau pathologie en de mogelijke 

manieren om de ziekten te behandelen.  

De bevindingen van deze thesis laten zien dat het gebruik van de recent ontwikkelde 

humane stamcellen nieuwe mogelijkheden geeft om processen die zich afspelen in 

het menselijk brein te bestuderen. De combinatie van verschillende technieken lijkt 

onvermijdelijk, maar door de vergelijking te maken met eerder gebruikte 

diermodellen kan de technologie mogelijk leiden tot vervanging van diermodellen en 

een betere benadering van de klinische manifestatie van de ziektebeelden. 
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