
 
 

 

Faculty of Medicine and Health Sciences 

Laboratory of Experimental Hematology (LEH) 

 

 

Development, characterization and application of 
luminescent human iPSC-derived neurospheroids in 

ischemic stroke research 

 

Ontwikkeling, karakterisering en toepassing van 

luminescente humane iPSC-afgeleide neurosferoïden in 

onderzoek naar ischemische beroerte 

 

PhD thesis submitted for the degree of Doctor of Medical Sciences at the University of 

Antwerp to be defended by: 

Elise Van Breedam 

 

Supervisor 

Prof. Dr. Peter Ponsaerts 

 

 

Antwerp, 2022  



 
 

  



 
 

Doctoral committee 

Supervisor 

Prof. Dr. Peter Ponsaerts 

Laboratory of Experimental Hematology, University of Antwerp 

 

Internal jury members 

Prof. Dr. Samir Kumar-Singh 

Molecular Pathology group, Laboratory of Cell Biology & Histology, University of 

Antwerp 

Prof. Dr. Benedicte De Winter 

Laboratory of Experimental Medicine and Pediatrics, University of Antwerp 

 

External jury members 

Prof. Dr. Tarja Malm 

A.I. Virtanen Institute for Molecular Sciences, University of Eastern Finland 

Prof. Dr. Ira Espuny Camacho 

Département des sciences biomédicales et preécliniques, GIGA Stem Cells – Molecular 

Regulation of Neurogenesis, University of Liège  



 
 

 



I 
 

Table of content 

 

Table of content ............................................................................................................... I 

List of abbreviations ....................................................................................................... V 

Summary ........................................................................................................................ XI 

Samenvatting ................................................................................................................ XIII 

CHAPTER 1 ....................................................................................................................... 1 

General introduction, aim and thesis outline ................................................................. 1 

 Stroke statistics ..................................................................................................... 3 

 Ischemic stroke ...................................................................................................... 3 

1.2.1 The ischemic cascade ..................................................................................... 3 

1.2.2 Current treatment of ischemic stroke ............................................................ 5 

1.2.3 Neuroprotection as treatment strategy ......................................................... 6 

1.2.4 Why neuroprotective agents fail in the clinic ................................................ 9 

 Aim ...................................................................................................................... 11 

 Thesis outline ...................................................................................................... 11 

CHAPTER 2 ..................................................................................................................... 15 

In vitro models of ischemic stroke ................................................................................ 15 

 Abstract ............................................................................................................... 17 

 Introduction ......................................................................................................... 18 

 Modelling ischemic stroke in vitro ...................................................................... 18 

2.3.1 Inducing ischemia-like conditions in vitro .................................................... 19 

2.3.2 Most common cellular platforms in in vitro stroke research ....................... 20 

 Factors defining the predictive value of in vitro ischemic stroke models ........... 22 

2.4.1 Origin of cells or tissue used for in vitro models of ischemic stroke ............ 22 

2.4.2 Multicellular co-culture models for in vitro ischemic stroke research ......... 25 



II 
 

2.4.3 Dimensionality of cell culture models for in vitro ischemic stroke research27 

2.4.4 Implementation of microfluidics technology in in vitro models of ischemic 

stroke .................................................................................................................... 32 

2.4.4.1 BBB/NVU models .................................................................................. 34 

 Conclusion .......................................................................................................... 40 

CHAPTER 3 .................................................................................................................... 43 

Luminescent human iPSC-derived neurospheroids enable modelling of neurotoxicity 

after oxygen-glucose deprivation ................................................................................. 43 

 Abstract .............................................................................................................. 45 

 Introduction ........................................................................................................ 46 

 Methods.............................................................................................................. 48 

3.3.1 Culture of human neonatal foreskin fibroblasts and embryonic stem cell-

derived neural progenitors ................................................................................... 48 

3.3.2 Generation and culture of human induced pluripotent stem cells ............. 49 

3.3.3 hPSC ScoreCard assay .................................................................................. 49 

3.3.4 Generation and culture of hiPSC-derived neural stem cells ........................ 49 

3.3.5 Copy Number Variation sequencing ............................................................ 50 

3.3.6 Neural differentiation of hiPSC-NSC ............................................................ 50 

3.3.7 Neurospheroid formation and culture ........................................................ 51 

3.3.8 Spheroid size measurements....................................................................... 51 

3.3.9 Immunofluorescence of 2D cultures and neurospheroids .......................... 51 

3.3.10 Hematoxylin and eosin staining ................................................................ 54 

3.3.11 Microscopy and image analysis ................................................................. 54 

3.3.12 Genetic engineering of hiPSC-NSC ............................................................. 54 

3.3.13 Flow cytometry .......................................................................................... 55 

3.3.14 In vitro luminescence measurements ....................................................... 55 

3.3.15 Determination of lactate dehydrogenase release ..................................... 55 

3.3.16 OGD experiments ...................................................................................... 56 



III 
 

3.3.17 EF5 hypoxia detection ................................................................................ 57 

3.3.18 Analysis of caspase-3 activity ..................................................................... 57 

3.3.19 Western blot ............................................................................................... 58 

3.3.20 Data representation and statistical analyses ............................................. 58 

 Results ................................................................................................................. 60 

3.4.1 Development and characterization of neurospheroids with reproducible 

growth and differentiation pattern ....................................................................... 60 

3.4.2 Bioluminescence allows real-time monitoring of neurospheroid growth and 

viability .................................................................................................................. 64 

3.4.3 Monitoring of OGD-mediated neurotoxicity using bioluminescence .......... 65 

3.4.4 The pan-caspase inhibitor Z-VAD-FMK is unable to alleviate overall OGD-

mediated neurotoxicity in neurospheroids ........................................................... 69 

 Discussion ............................................................................................................ 73 

 Conclusion ........................................................................................................... 77 

 Supplementary material ...................................................................................... 79 

CHAPTER 4 ..................................................................................................................... 89 

Towards the development of more mature, multicellular neurospheroids for ischemic 

stroke research .............................................................................................................. 89 

 Abstract ............................................................................................................... 91 

 Introduction ......................................................................................................... 92 

 Methods .............................................................................................................. 94 

4.3.1 Neurospheroid formation and culture ......................................................... 94 

4.3.2 Spheroid size measurements ....................................................................... 95 

4.3.3 Immunofluorescence of neurospheroids ..................................................... 95 

4.3.4 Microscopy and image processing ............................................................... 97 

4.3.5 CSF-1 ELISA ................................................................................................... 97 

4.3.6 Supplementation of neurospheroids with hematopoietic progenitor cells . 97 

4.3.7 Data Representation and Statistical Analyses .............................................. 97 

 Results ................................................................................................................. 98 



IV 
 

4.4.1 Neurospheroids show increased maturation and spontaneous development 

of astrocytes over time ......................................................................................... 98 

4.4.2 Testing different media compositions for balanced proliferation and 

differentiation of neurospheroids ...................................................................... 100 

4.4.3 Integration of hematopoietic progenitor cells in neurospheroids for the 

creation of microglia-enriched neurospheroids ................................................. 107 

 Discussion ......................................................................................................... 111 

 Supplementary material ................................................................................... 115 

CHAPTER 5 .................................................................................................................. 119 

General discussion and future perspectives .............................................................. 119 

 Enhancing clinical translation of neuroprotective therapies for ischemic stroke

 ................................................................................................................................ 121 

 Technological achievements ............................................................................ 122 

 Scientific findings .............................................................................................. 123 

 Opportunities for model improvement ............................................................ 125 

 Implications of human multicellular neurospheroids in ischemic stroke research

 ................................................................................................................................ 127 

References .................................................................................................................. 131 

Curriculum vitae ......................................................................................................... 153 

Acknowledgements .................................................................................................... 159 

 

  



V 
 

List of abbreviations 

2D Two-dimensional 

3D Three-dimensional 

AF488 Alexa fluor 488 

AMP Adenosine monophosphate 

AMPA Alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate 

AMPK AMP-activated protein kinase  

ATP Adenosine triphosphate 

BBB Blood-brain barrier 

BDNF Brain-derived neurotrophic factor 

BEC Brain endothelial cell 

Ca2+ Calcium  

CCL2 C-C Motif chemokine ligand 2 

CCL3 C-C Motif chemokine ligand 3 

CD200 Cluster of differentiation 200 

CD200R CD200 receptor 

CD45 Cluster of differentiation 45 

CI Confidence interval 

Cl. casp-3 Cleaved caspase-3 

CMVie Immediate early CMV promoter  

cNEM Complete neural expansion medium 

CNS Central nervous system 

CNV Copy number variation 

CO2 Carbon dioxide 

CRISPR/Cas9 Clustered Regularly Interspaced Short Palindromic 
Repeats/CRISPR associated genes 9  

CSF-1 Colony stimulating factor 1 

CX3CL1 C-X3-C Motif chemokine ligand 1 

CX3CR1 C-X3-C Motif chemokine receptor 1 

CXCL10 C-X-C Motif chemokine ligand 10 

CXCL12 C-X-C Motif chemokine ligand 12 

Cy3 Cyanine 3 

DAMPs Damage-associated molecular patterns 

DAPI 4’,6-diamidino-2-phenylindole dihydrochloride 

DCX Doublecortin  



VI 
 

DIV-BBB Dynamic in vitro model of the BBB 

DMSO Dimethylsulfoxide  

DNA Deoxyribonucleic acid 

EB Embryoid body 

ECM Extracellular matrix 

EFS Elongation factor 1α short promoter 

eGFP Enhanced green fluorescent protein 

ELISA Enzyme-linked immunosorbent assay 

ESC Embryonic stem cell 

FBS Fetal bovine serum 

FGF-2 Fibroblast growth factor-2 

FITC Fluorescein isothiocyanate 

GDNF Glial-derived neurotrophic factor 

GFAP Glial fibrillary acidic protein 

GOX/CAT Glucose oxidase and catalase 

hCS Human cortical spheroids 

HE Hematoxylin and eosin 

HFF Human foreskin fibroblast 

hiPSC Human induced pluripotent stem cell 

hiPSC-NSC hiPSC-derived NSC 

Hop Homeodomain-only protein 

HRP Horseradish peroxidase 

Iba-1 Ionized calcium-binding adaptor molecule 1 

ICAM Intercellular adhesion molecule 

ICC Immunocytochemistry 

IF Immunofluorescence 

IL-1β Interleukin-1β 

IL-34 Interleukin 34 

iPSC Induced pluripotent stem cell 

K+ Potassium 

LDH Lactate dehydrogenase 

Luc Luciferase  

MAPK Mitogen-activated protein kinase 

MBP Myelin basic protein 

MCAO Middle cerebral artery occlusion 

M-CSF Macrophage colony-stimulating factor 



VII 
 

MEA Multi-electrode array 

MFI Mean fluorescent intensity 

MMP Matrix metalloproteinase 

mRNA Messenger RNA 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 

bromide 

N2 Nitrogen  

Na+ Sodium  

NeuN Neuronal nuclear protein 

NMDA N-methyl-D-aspartate 

NO Nitric oxide 

NSC Neural stem cell 

NVU Neurovascular unit 

O2 Oxygen  

Oct3/4 Octamer binding transcription factor 3/4 

OGD Oxygen-glucose deprivation 

ORF Open reading frame 

P2RY12 Purinergic receptor P2Y12 

PAX6 Paired box protein 6 

PBS  Phosphate-buffered saline 

PDMS Polydimethylsiloxane 

PFA Paraformaldehyde  

PKM2 Pyruvate kinase isoform M2 

PPAR Peroxisome proliferator-activated receptor 

PS Penicillin-streptomycin 

PSC Pluripotent stem cell 

qRT-PCR Quantitative reverse transcription polymerase chain reaction 

rhEGF Human recombinant epidermal growth factor 

rhFGF-2  Human recombinant fibroblast growth factor 

RLU Relative light units 

RNA Ribonucleic acid 

ROCK-inhibitor Rho-associated protein kinase inhibitor 

ROI Region of interest 

RT Room temperature 

S100B S100 calcium binding protein B 

SOX1 SRY-Box transcription factor 1 



VIII 
 

SOX2 SRY-Box transcription factor 2 

STS Staurosporine 

TBR1 T-box brain transcription factor 1 

TBR2 T-box brain transcription factor 2 

TBS Tris-buffered saline 

TEER Transendothelial electrical resistance 

TMEM119 Transmembrane protein 119 

tPA Tissue plasminogen activator 

TRA-1-60 T cell receptor alpha locus 1-60 

TRA-1-81 T cell receptor alpha locus 1-81 

Tuj1 Class III beta-tubulin 

ULA Ultra-low attachment 

Z-VAD-FMK Carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-

fluoromethylketone 

  

 

  



IX 
 

 

  



X 
 

  



XI 
 

Summary 

Stroke is one the leading causes of death and disability worldwide. In the majority of 

cases, stroke is caused by occlusion of an arterial vessel by an embolus or thrombus, 

referred to as ischemic stroke. Despite the impact of ischemic stroke on the patient’s 

quality of life and on society, the current treatment is limited to the administration of 

the thrombolytic agent tissue plasminogen activator or to mechanical clot retrieval by 

thrombectomy. However, only a small proportion of all acute ischemic stroke patients 

are eligible for last-mentioned treatments mainly due to the very narrow therapeutic 

time window after stroke onset. Moreover, even though effective in some patients, 

these approaches do not act on the brain tissue to provide neuroprotection. In an 

urgent need to find new therapies, decades of research resulted in over a thousand of 

candidate neuroprotective drugs of which none have led to an effective therapy to 

date. Although considered promising in rodent and in vitro models for ischemic stroke, 

many neuroprotective agents failed when translated to the clinic. Multiple reasons may 

account for this lack of success, such as deficiencies in animal studies or clinical trial 

design, but it is equally clear that the predictive power of the systems currently used to 

model human ischemic stroke in vitro should be questioned. Especially regarding the 

latter, the field of ischemic stroke research would greatly benefit from the 

implementation of more complex in vitro models with improved physiological 

relevance to model human-specific ischemic responses and to predict clinical outcomes 

with greater accuracy. The development and application of human iPSC-derived 3D 

neurospheroid models represent an appropriate approach to fulfill this need. 

In a first part of this doctoral thesis, a highly reproducible luminescent human iPSC-

derived neurospheroid model enabling the real-time read-out of neural viability after 

ischemia-like conditions was developed and characterized. By depriving 1- and 4-week-

old neurospheroids from oxygen and glucose, the ability of the applied bioluminescent 

system to detect neurotoxicity was demonstrated. Moreover, differences in behaviour 

after oxygen-glucose deprivation between the different ages of neurospheroids were 

observed, whereby 1-week-old but not 4-week-old neurospheroids displayed 

spontaneous recovery. This underscores the need for more mature neurospheroids in 

in vitro stroke research that more faithfully recapitulate the in vivo adult situation. 

Furthermore, evaluation of the pan-caspase inhibitor Z-VAD-FMK in the established 

model demonstrated its inability to increase overall neural survival in neurospheroids 

in contrast to a 2D culture of the same hiPSC-derived neural stem cells, where 

neuroprotection was observed. This exemplifies how the increased complexity of 
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spheroid models can result in a different outcome when testing neuroprotective 

compounds, further stressing the importance of introducing human-based 3D models 

in the preclinical stage of drug discovery and development, complementing 2D in vitro 

models and preclinical in vivo models. 

In the second part of this doctoral thesis, the foundation was laid to further increase 

the complexity and predictivity of the developed human neurospheroid model by 

generating more mature, multicellular neurospheroids. Glial cells, including astrocytes 

and microglia, have been ascribed important roles in the exacerbation as well as the 

recovery following ischemia-induced brain damage. Hence, introduction of these cell 

types would enable to mimic human ischemic responses even more closely. In a first 

set of explorative experiments, culture conditions were optimized in order to obtain 

neurospheroids with increased maturity and the presence of astrocytes. Hereby, 

increasing the culture time of the neurospheroids markedly increased neuronal 

maturity as well as the spontaneous development of astrocytes. It was also noted that 

culture of neurospheroids in selected differentiation media did not give rise to 

astrocytes for the evaluated time points despite their ability to display faster 

differentiation and maturation. In a second set of explorative experiments, the 

integration of hematopoietic progenitors cells into neurospheroids was explored for 

the future creation of an immune-competent, microglia-enriched neurospheroid model 

for ischemic stroke. Comparison of different time points for the addition of 

hematopoietic progenitor cells to neurospheroids, showed higher integration 

efficiency when added to pre-established neurospheroids and suggest a role for 

cytokine CSF-1 herein.  

In conclusion, the human iPSC-derived neurospheroid model developed here, together 

with the advances in increasing the maturity and multicellularity, would enable to 

provide a new model better recapitulating human ischemic responses than current in 

vitro and in vivo models. Therefore, their introduction in preclinical research, next to 

traditional 2D cultures and animal models, may more accurately predict clinical 

outcomes, providing more insight into the efficacy of candidate interventions in the 

human brain eventually aiding the development of urgently needed novel 

neuroprotective therapies for ischemic stroke.  
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Samenvatting 

Beroerte is wereldwijd een van de belangrijkste oorzaken van overlijden en invaliditeit. 

In de meeste gevallen wordt een beroerte veroorzaakt door afsluiting van een slagader 

door een embolie of trombus, ook wel ischemische beroerte genoemd. Ondanks de 

impact van ischemische beroerte op de kwaliteit van leven van de patiënt en op de 

samenleving, is de huidige behandeling beperkt tot de toediening van het 

trombolytische middel weefselplasminogeenactivator of tot het mechanisch 

verwijderen van stolsels door trombectomie. Slechts een klein deel van alle patiënten 

met een acute ischemische beroerte komt echter in aanmerking voor laatstgenoemde 

behandelingen, voornamelijk vanwege het zeer smalle therapeutische tijdvenster na 

aanvang van de beroerte. Bovendien, hoewel effectief bij sommige patiënten, werken 

deze therapeutische interventies niet in op het hersenweefsel om neuroprotectie te 

bieden. In een dringende noodzaak om nieuwe therapieën te vinden, heeft tientallen 

jaren onderzoek geresulteerd in meer dan duizend kandidaat-neuroprotectieve 

geneesmiddelen, waarvan er tot op heden nog geen enkele tot een effectieve therapie 

heeft geleid. Hoewel ze als veelbelovend worden beschouwd in knaagdier- en in vitro-

modellen voor ischemische beroerte, faalden veel neuroprotectieve middelen wanneer 

ze naar de kliniek werden vertaald. Meerdere redenen kunnen dit gebrek aan succes 

verklaren, zoals tekortkomingen in dierenproeven of in de opzet van klinische proeven, 

maar het is evenzeer duidelijk dat het predictief vermogen van de systemen die 

momenteel worden gebruikt om humane ischemische beroerte in vitro te modelleren, 

in twijfel moet worden getrokken. Vooral wat dit laatste betreft, zou het onderzoek 

naar ischemische beroertes enorm gebaat zijn bij de implementatie van complexere in 

vitro modellen met verbeterde fysiologische relevantie om mens-specifieke 

ischemische responsen te modelleren en om klinische uitkomsten te voorspellen met 

grotere nauwkeurigheid.  De ontwikkeling en toepassing van humane iPSC-afgeleide 3D 

neurosferoïd-modellen is een geschikte benadering om aan deze behoefte te voldoen. 

In een eerste deel van dit doctoraatsproefschrift werd een zeer reproduceerbaar, 

luminescent, humaan iPSC-afgeleid neurosferoïde model ontwikkeld en 

gekarakteriseerd dat de real-time uitlezing van neurale viabiliteit na ischemie-achtige 

condities mogelijk maakt. Door 1 en 4 weken oude neurosferoïden zuurstof en glucose 

te ontnemen, werd het vermogen van het toegepaste bioluminescente systeem om 

neurotoxiciteit te detecteren aangetoond. Bovendien werden verschillen in gedrag na 

zuurstof-glucose deprivatie waargenomen tussen de verschillende leeftijden van 

neurosferoïden, waarbij neurosferoïden van 1 week oud, maar niet 4 weken oud, 
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spontaan herstel vertoonden. Dit benadrukt de behoefte aan meer mature 

neurosferoïden in in vitro beroerte-onderzoek die de in vivo volwassen situatie 

getrouwer recapituleren. Verder toonde de evaluatie van de pan-caspase inhibitor Z-

VAD-FMK in het gevestigde model zijn onvermogen aan om de algehele neurale 

overleving in neurosferoïden te verhogen in tegenstelling tot een 2D-cultuur van 

dezelfde hiPSC-afgeleide neurale stamcellen, waar neuroprotectie wel werd 

waargenomen. Dit illustreert hoe de toegenomen complexiteit van sferoïde modellen 

kan resulteren in een ander resultaat bij het testen van neuroprotectieve middelen, 

wat verder het belang benadrukt van de invoering van mens-gebaseerde 3D-modellen 

in de preklinische fase van de ontdekking en ontwikkeling van geneesmiddelen, als 

aanvulling op 2D in vitro-modellen en preklinische in vivo modellen. 

In het tweede deel van deze doctoraatsthesis werd de basis gelegd om de complexiteit 

en de voorspelbaarheid van het ontwikkelde humane neurosferoïd model verder te 

verhogen door meer mature, multicellulaire neurosferoïden te genereren. Gliacellen, 

waaronder astrocyten en microglia, spelen een belangrijke rol in zowel de verergering 

als het herstel na ischemie-geïnduceerde hersenschade. De introductie van deze 

celtypes zou het dan ook mogelijk maken de humane ischemische reacties nog beter 

na te bootsen. In een eerste reeks verkennende experimenten werden de 

kweekcondities geoptimaliseerd om neurosferoïden te verkrijgen met een verhoogde 

maturiteit en de aanwezigheid van astrocyten. Hierbij verhoogde de kweektijd van de 

neurosferoïden aanzienlijk de neuronale maturiteit evenals de spontane ontwikkeling 

van astrocyten. Er werd ook opgemerkt dat het kweken van neurosferoïden in 

geselecteerde differentiatiemedia geen aanleiding gaf tot astrocyten voor de 

geëvalueerde tijdstippen, ondanks hun vermogen om snellere differentiatie en 

maturatie te vertonen. In een tweede reeks verkennende experimenten werd de 

integratie van hematopoëtische voorlopercellen in neurosferoïden onderzocht met het 

oog op de toekomstige creatie van een immuuncompetent, met microglia verrijkt 

neurosferoïd model voor ischemische beroerte. Vergelijking van verschillende 

tijdstippen voor de toevoeging van hematopoëtische voorlopercellen aan 

neurosferoïden, toonde een hogere integratie-efficiëntie bij toevoeging aan vooraf 

gevormde neurosferoïden en suggereert een rol voor cytokine CSF-1 hierin. 

Concluderend kan worden gesteld dat het hier ontwikkelde humane iPSC-afgeleide 

neurosferoïd-model, samen met de vooruitgang in het verhogen van de maturiteit en 

multicellulariteit, een nieuw model zou kunnen opleveren dat de humane ischemische 

reacties beter recapituleert dan de huidige in vitro en in vivo modellen. Daarom zou 
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hun invoering in preklinisch onderzoek, naast de traditionele 2D culturen en 

diermodellen, mogelijks klinische resultaten nauwkeuriger kunnen voorspellen 

waardoor meer inzicht verkregen kan worden in de werkzaamheid van kandidaat-

interventies in de menselijke hersenen, wat uiteindelijk bijdraagt tot de ontwikkeling 

van dringend noodzakelijke nieuwe neuroprotectieve therapieën voor ischemische 

beroerten. 
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 Stroke statistics 

With 6.5 million people dying from stroke annually, stroke is one of leading causes of 

death worldwide. The people that do survive stroke are often disabled, contributing to 

a huge fraction of the global disability. Besides the enormous impact of stroke on the 

quality of life of the patient and on society, stroke is also associated with a huge 

financial burden, with an estimated worldwide cost of 1.451 billion dollars only in 2017. 

Each year there are globally 12.2 million new stroke cases. The majority of these cases 

(~62%) is the result of blood vessel blockage, referred to as ischemic stroke and account 

for nearly 3.3 million deaths per year [1].  

 Ischemic stroke  

1.2.1 The ischemic cascade  

Cerebral ischemia occurs when the blood flow to the brain tissue becomes impaired, 

usually due to an embolus or thrombus. The brain’s high energy demand and 

dependence on glucose as its main source of energy, makes this organ extremely 

sensitive to ischemia. Even brief periods of restricted oxygen and glucose supply can 

lead to energy failure and the activation of a complex cascade of events eventually 

resulting in brain damage (Fig. 1) [2-5].  

Under physiological conditions, energy, in the form of adenosine triphosphate (ATP), is 

used to operate the sodium/potassium ion pumps of neuronal membranes, 

maintaining the ionic gradients needed for proper functioning of synaptic electrical 

signaling. The lack of ATP generation due to cerebral ischemia leads to dysfunction of 

this ion pump, resulting in membrane depolarization. Consequently, voltage-gated 

calcium channels become activated and lead to the influx of calcium (Ca2+) into the cell, 

further affecting tissue damage by triggering multiple downstream mechanisms. Firstly, 

it causes the release of glutamate, an excitatory neurotransmitter, into the 

extracellular space that on its turn can further induce depolarization and glutamate 

release, ultimately accomplishing excitotoxicity. Together with the activation of specific 

glutamate receptors, the intracellular concentration of Na+, Cl- and Ca2+ ions increases 

causing water shifts to the intracellular space via osmosis, effectuating cell swelling and 

oedema, which is an important risk factor for post-stroke mortality. Furthermore, Ca2+ 
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activates different enzymes, including proteases, kinases, lipases and endonucleases, 

inducing among others the degradation of cytoskeletal proteins as well as extracellular 

matrix proteins and the generation of free radical species. These free radicals further 

damage DNA and cytoplasmic and mitochondrial membranes, ultimately resulting in 

cell death [2-5]. Moreover, together with damage-associated molecular patterns 

(DAMPs) released from damaged and dying cells, free radicals elicit an inflammatory 

response through the release of inflammatory mediators inducing the activation of 

microglia and astrocytes, leading to the production of cytokines and chemokines and 

the infiltration of leukocytes through a disrupted blood-brain barrier [2-6].  

While represented here in a more simplified way, the pathophysiology of ischemic 

stroke is heterogenous and complex with the different events interconnected at 

different levels. These events can result in ischemic necrosis within minutes for the 

brain tissue exposed to the most drastic blood flow reduction. This irreversibly 

damaged brain tissue is known as the ischemic core and is surrounded by the less 

severely affected ischemic penumbra. The ischemic penumbra is a region between the 

lethal core and healthy brain tissue where the constrained blood flow partially 

preserves energy metabolism without supporting the tissue’s function. Without 

reperfusion, the evolving cellular energy failure and secondary injury mechanisms 

including ongoing excitotoxicity, inflammation and apoptosis that develop in hours to 

days post-stroke may expand the infarct into the ischemic penumbra [2-5]. 

Interestingly, more recently, other programmed cell death mechanisms, such as 

necroptosis and ferroptosis, have been suggested to be implicated in the 

pathophysiology of ischemic stroke [7].  
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Figure 1 - Simplified overview of pathophysiological mechanisms of ischemic stroke. Ischemia-induced 
energy failure leads to the depolarization of neurons. Activation of specific glutamate receptors results in 
an increase of intracellular Ca2+ and Na+ levels, while K+ is released into the extracellular space. Water shifts 
to the intracellular space via osmosis, causing cell swelling (oedema). Intracellular Ca2+ activates different 
enzymes, including proteases, kinases, lipases and endonucleases. Free radicals damage membranes, 
mitochondria and DNA, in turn triggering cell death and induce – together with DAMPs -  the formation of 
inflammatory mediators. The latter leads to the activation of glial cells and the infiltration of leukocytes via 
upregulation of endothelial adhesion molecules. (DAMPs, damage-associated molecular patterns; NO, 
nitric oxide) 

1.2.2 Current treatment of ischemic stroke 

Current treatment of acute ischemic stroke is based on early restoration of the blood 

flow through the administration of the thrombolytic agent tissue plasminogen activator 
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(tPA) (within 4.5h from symptoms onset) or mechanical clot removal by thrombectomy 

(within 6h from onset). However, the utility of these procedures is strongly limited by 

the narrow therapeutic time window and the multiple thrombolytic contraindications. 

Together with a relative high percentage of failures and the occurrence of 

complications, the actual number of ischemic stroke patients that can benefit from 

these revascularization procedures is very low. Moreover, these approaches do not 

affect the cascade of events leading to brain damage, neither do they target any 

process enhancing neuronal survival [3-5, 7, 8]. These limitations prompted researchers 

to investigate therapeutic strategies providing neuroprotection.  

1.2.3 Neuroprotection as treatment strategy  

Neuroprotection aims to protect the brain tissue from ongoing injury induced by 

cerebral ischemia and reperfusion. The target tissue of this therapeutic strategy is the 

ischemic penumbra, where brain damage evolves over the course of hours to days after 

the ischemic insult as a result of a cascade of events. The rather slow evolution of brain 

damage in the penumbra as compared to the ischemic core, extends the window of 

opportunity for therapeutic intervention [2, 3, 9]. The increased understanding of the 

cellular and molecular mechanisms in the pathophysiology of ischemic stroke, has led 

to the revelation of different targets for potential neuroprotective therapies. In what 

follows, the main strategies to induce neuroprotection are described, together with 

examples of compounds that have been evaluated in preclinical as well as clinical 

setting.  

A first category of neuroprotectants are the glutamate receptor antagonists that 

interfere with the activation of glutamate receptors, which is responsible for 

excitotoxic-mediated cell death [4, 7, 10-12]. The main neuronal receptors activated by 

glutamate are N-methyl-D-aspartate (NMDA) and alpha-amino-3-hydroxy-5-methyl-4-

isoxazole propionate (AMPA) receptors. Therefore, multiple NMDA and AMPA receptor 

antagonists have been tested in numerous preclinical and clinical studies [12]. MK-801 

and dextromorphan - noncompetitive NMDA receptor antagonists – have been 

demonstrated to reduce infarct volume in experimental models of ischemic stroke. 

However, ensuing clinical trials were terminated due to psychotic side effects and lack 

of efficacy [13, 14]. Similarly, after promising results obtained in experimental stroke 

models, phase III clinical trials of other noncompetitive (aptiganel) and competitive 

(selfotel, eliprodil) NMDA receptor antagonists were discontinued owing to a lack of 

efficacy (as measured by the modified Rankin scale or Barthel index at 90 days after 
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stroke) or a trend to higher mortality in the treatment arms [12-16]. Additionally, the 

AMPA receptor antagonist, ZK200775, transiently worsened the neurological condition 

of patients with acute ischemic stroke in clinical trials [17, 18], despite the observed 

neuroprotection in a transient middle cerebral artery occlusion model of ischemic 

stroke [19]. In summary, besides the intolerable central nervous system adverse 

effects, glutamate receptor antagonists failed to show neuroprotective efficacy in 

human clinical trials. Importantly to recognize is that studies in animal models 

demonstrated that benefit only occurred when administered within the first 1-3 hours 

after ischemia, while most clinical trials have used a 6-hour window or longer [14]. 

Next, calcium-stabilizing agents, including glutamate receptor antagonists and voltage-

gated calcium channel blockers (e.g. nimodipine and flunarazine), aim to enhance 

neuronal survival by inhibiting the detrimental excessive Ca2+ influx [4, 7, 10-12]. While 

nimodipine was able to decrease the infarct volume by 50% in a rat model of focal 

ischemia [20], results of this compound in at least 14 clinical trials were inconsistent. 

Whereas four trials found a positive outcome in terms of mortality, memory and 

neurological outcome (as assessed by Mathew scale of neurologic deficit) [21-24], this 

could not be confirmed by the majority of other clinical trials [13]. Moreover, 

flunarazine also failed to reduce mortality or to improve the functional outcome (as 

determined by the modified Rankin scale at 24 weeks) in acute ischemic stroke patients 

[25].  

Another group of neuroprotectants are the antioxidants that target the damaging 

oxidative stress accompanying ischemic stroke [4, 7, 10-12]. A well-studied example is 

the free radical trapping compound, NXY-059. Profound preclinical evaluation of NXY-

059 in various rodent models of cerebral ischemia and even in non-human primates 

showed reduced infarct size and functional improvement when given 4-5h after 

permanent and transient cerebral ischemia [26-29]. Based on these promising data, a 

first clinical trial (SAINT I) was conducted where administration of NXY-059 within 6h 

after the onset of acute ischemic stroke reduced disability in patients at 90 days (as 

measured by the modified Rankin scale) [30]. However, a larger follow-up trial (SAINT 

II) was not able to reproduce this result [31]. Different hypotheses are postulated to 

explain this inconsistency, including the statistical methods used to detect the first 

positive clinical outcome. Critical reanalysis of the preclinical datasets revealed that the 

efficacy of NXY-059 may have been overstated at this stage, as a result of bias in the 

conduct of animal studies and/or the negligence of potential co-morbidities (e.g. 

hypertension) often present in ischemic stroke patients [32]. Interestingly, a recent in 
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vitro study also showed no neuroprotective activity of NXY-059 when added to human 

embryonic stem cell-derived neurons deprived from oxygen and glucose, supporting 

the outcome of the large clinical trial [32]. 

Furthermore, anti-apoptotic agents, such as caspase inhibitors including Z-VAD-FMK 

and z-DEVD-FMK, are another category of neuroprotectants [4, 7, 10-12]. Though, 

showing neuroprotection in rodent models of ischemic stroke [33-35], no clinical trials 

with these compounds have been performed so far. In this doctoral thesis, the effect 

of administration of Z-VAD-FMK to the here developed luminescent neurospheroid 

cultures during OGD was assessed (Chapter 3). 

Finally, antagonizing post-ischemic inflammation is another approach to induce 

neuroprotection. These neuroprotective agents can roughly be subdivided in (i) those 

that prevent the entrance of peripheral immune cells into the infarcted tissue (e.g. 

antibodies against intercellular adhesion molecules (ICAMs), selectins and integrins and 

matrix metalloproteinases (MMP) inhibitors) and (ii) those that inhibit the production 

or function of cytokines and chemokines (e.g. MAPK inhibitor) [4, 10-12]. Enlimomab – 

a murine monoclonal anti-ICAM-1 antibody – is an example of an anti-inflammatory 

agent evaluated in both preclinical as well as clinical studies. By inhibiting the 

endothelial-inflammatory cell interactions, administration of an anti-ICAM-1 antibody 

has shown to decrease the infarct size after transient focal ischemia in rats [36, 37]. 

However, a clinical trial using enlimomab demonstrated adverse effects and a worse 

neurological outcome, as determined by the modified Rankin scale at day 90, in treated 

ischemic stroke patients as compared to the control group [38]. It is suggested that the 

detrimental effects associated with enlimomab were due to an immune response 

towards the foreign mouse protein [39]. So far, anti-inflammatory agents targeting a 

single inflammatory mechanism have not yielded the expected clinical benefit. 

Moreover, the increasing evidence of the dual role (detrimental and protective) of 

immune cells after the ischemic insult has recently encouraged researchers to consider 

immunomodulation as a promising alternative to protect the brain tissue from 

progressing injury [3, 6, 40].  

Since therapeutic agents targeting a single event of the ischemic cascade did not result 

in successful neuroprotection in clinical setting, more recently, compounds with 

pleiotropic effects, targeting the ischemic cascade at multiple levels, are being 

evaluated in experimental models and clinical trials. For instance, statins have been 

shown to possess anti-inflammatory and antioxidant properties, additionally able to 

reduce blood-brain barrier dysfunction and enhance cerebral blood flow [4, 9]. They 
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have proven to be effective in animal models of ischemic stroke, reducing the infarct 

volume and improving neurological outcome [41]. Moreover, clinical trials of statins 

have yielded promising results so far, improving the survival and alleviating physical 

disability in ischemic stroke patients at 90 days, as measured by the modified Rankin 

scale. Interestingly, delayed statin therapy (7 days following stroke) was as efficient as 

statin treatment initiated during the early phase of ischemic stroke (within 24h) [42-

44]. Another promising pleiotropic approach being investigated in the acute ischemic 

stroke setting is therapeutic hypothermia. This strategy has previously been proven 

beneficial to patients after cardiac arrest [45]. While demonstrating reduced infarct size 

by approximately 40% and improved functional outcome in animal models of ischemic 

stroke [46], multiple clinical trials also showed improved functional outcome in acute 

ischemic stroke patients. However, a recent meta-analysis taking multiple hypothermia 

clinical trials into consideration, did not show a significant difference in functional 

independence, as measured by the modified Rankin scale, between control and 

therapeutic hypothermia group [47]. Interestingly, improved outcome was observed in 

patients undergoing selective therapeutic hypothermia (i.e. where the core body 

temperature is maintained), as compared to systemic therapeutic hypothermia, 

suggesting a role for hypothermia induction method in the efficacy of treatment [47, 

48]. Further clinical trials will be needed to confirm the therapeutic benefit of cooling. 

Although novel multi-target approaches hold promise and warrant optimism on the 

development of future neuroprotective therapies for ischemic stroke patients, it is 

clear that decades of research on neuroprotection have been largely disappointing. The 

efficacy of neuroprotective treatments, as observed in animal models for ischemic 

stroke, could overall not be translated to humans in clinical trials [2, 3, 9, 11, 12], 

resulting in not a single approved neuroprotective therapy for ischemic stroke patients 

able to complement current recanalization approaches.  

1.2.4 Why neuroprotective agents fail in the clinic 

While the majority of approaches mentioned earlier have demonstrated effective 

neuroprotection in the preclinical setting, they overall failed to show improvements in 

ischemic stroke patients. The discrepancy between bench and bedside studies may be 

due to several factors.  

The first explanation can be allocated to the animal models themselves. The use of 

animal models in the evaluation of neuroprotective compounds is standard practice. 



CHAPTER 1 

10 
 

The laboratory animals used in most experimental studies are young and healthy. 

However, stroke patients are typically old and suffer from multiple chronic diseases 

such as arteriosclerosis, hypertension, diabetes, hyperlipidemia and/or a prior stroke, 

that can affect their functional outcome after stroke. Moreover, while the ischemic 

infarct of animal models in the same experiment is controlled in time and space, 

patients in clinical trials represent a heterogenous group with ischemic infarcts varying 

in terms of etiology, severity and location [2, 12]. Recently, it is recommended to 

include assessment of the candidate neuroprotective agent in experimental models of 

stroke with co-morbidities and advanced age in both sexes before moving to clinical 

trials [9]. 

A second explanation may reside in the different outcome measures used for 

evaluating the efficacy of the neuroprotective compound in laboratory animals versus 

humans. While in experimental studies typically the infarct sizes were measured until 

seven days after the ischemic insult, the efficacy assessment in humans mainly relies 

on the neurological outcome obtained by functional scores (e.g. the modified Rankin 

scale) three or six months post-stroke. Although markers of infarct volume or 

histopathology used in animal studies may be more sensitive, they poorly correlate 

with functional outcome because small lesions in critical locations can produce major 

functional deficits and vice versa. Therefore, nowadays, researchers performing studies 

using animal models are strongly encouraged to additionally conduct functional 

assessment. However, functional tests developed for animal studies may not reflect 

those in clinical trials [2, 12]. 

Furthermore, the distinct timing of treatment in relation to the therapeutic windows 

between animal models and humans may pose another reason. In many animal studies, 

the compounds were given before or immediately after the onset of ischemia resulting 

in successful neuroprotection. In clinical studies, drugs are often administered much 

later (≥ 6 hours after stroke onset), with administration times possibly falling outside 

the temporal window of efficacy. This explanation is especially plausible for treatments 

targeting injury mechanisms occurring early after stroke, e.g. excitotoxicity, that are 

often associated with narrow therapeutic time windows. Noteworthy is that the onset 

of cerebral ischemia in patients is often difficult to determine accurately, as symptoms 

might occur or be recognized with a delay from the onset. This entails that the time 

point of treatment may be inconsistent and even later than anticipated, further 

complicating the determination of the time window in which a certain drug might be 

effective in ischemic stroke patients [2, 12].  
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Last but not least, species-specific differences existing between humans and laboratory 

animals may account for the unsuccessful translation of neuroprotective strategies. 

The most common used species in preclinical stroke research are rodents. While the 

basic biology of cerebral ischemia is similar across all mammals, structural and 

functional differences between the human and rodent brain exist potentially 

translating into differences in pathophysiological stroke mechanisms or available 

targets between species [2, 12]. These differences are discussed in more detail in 

chapter 2. A potential strategy to tackle this issue is to verify the neuroprotective 

compounds in a model that more accurately replicates human ischemic stroke. At 

current, the use of human-based models in preclinical ischemic stroke research is rare 

because of the ignorance of species-specific differences, the difficult access of primary 

brain tissue and the lack of physiological relevance of easy accessible transformed cell 

lines. Especially in view of the latter, the introduction of complex brain tissue mimicking 

human-based in vitro models, next to animal-based models in the preclinical phase, 

would allow to verify the presence of targets of the neuroprotective compounds and 

to determine preliminary efficacy before entering the clinic, reducing the attrition rate 

in costly clinical trials.  

 Aim  

The overall aim of this doctoral thesis is to develop a complex in vitro model with 

improved physiological relevance for the study of human ischemic responses and the 

evaluation of candidate neuroprotective compounds.  

 Thesis outline 

In chapter 2, a comprehensive overview of current in vitro models used in ischemic 

stroke research is given. Furthermore, this overview is continued by a description of 

how more physiologically relevant in vitro models can look like by delineating the main 

factors determining the predictive value of in vitro models for modelling human 

ischemic stroke. These factors include the origin of cells or tissue, the presence of other 

central nervous system (CNS) cell types in co-culture models, the dimensionality of 

culture and the use of advanced technologies, such as microfluidics.   
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Putting these factors into practice, in this doctoral dissertation, I propose a human 

induced pluripotent stem cell (iPSC)-derived three-dimensional (3D) neurospheroid 

model for ischemic stroke research (Fig. 2).  

In chapter 3, the development and characterization of luminescent human iPSC-

derived neurospheroids is described. By means of the incorporated bioluminescent 

reporter, the viability of 1-week-old and 4-week-old neurospheroids after subjection to 

an ischemia-mimicking stimulus was monitored. Additionally, Z-VAD-FMK, a pan-

caspase inhibitor and a candidate neuroprotective compound was evaluated in the 

established model.  

With the aim of further increasing the complexity and predictivity of the human-based 

model system of chapter 3, in chapter 4, various explorative experiments performed to 

generate more mature, multicellular neurospheroids for ischemic stroke research are 

discussed. 

Finally, chapter 5 provides a critical discussion on the obtained results and their 

implications to the field of ischemic stroke research. Furthermore, future follow-up 

research opportunities building on the results and knowledge acquired in this doctoral 

thesis are proposed.  
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Figure 2 – Overview of the thesis outline. Putting the different factors that may improve the predictive value of in vitro models, described in chapter 2, into 
practice, this thesis describes the development of human iPSC-derived three-dimensional (3D) neurospheroid model for ischemic stroke research. To this end, 
chapter 3 covers the development and characterization of luminescent neurospheroids generated by the spontaneous self-assembling capacity of genetically 
engineered luciferase (Luc) positive human iPSC-derived neural stem cells. These neurospheroids are subsequently deprived from oxygen and glucose to model 
an ischemic stroke. Chapter 4 describes explorative experiments aimed at generating more mature, multicellular neurospheroids, including optimization of 
culture conditions and addition of hematopoietic progenitor cells to the neurospheroid. Chapter 5 describes future research opportunities, where microfluidics 
technology takes center stage. (iPSC, induced pluripotent stem cell; NSC, neural stem cell) 
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 Abstract  

Although stroke is one of the world’s leading causes of death and disability, and more 

than a thousand candidate neuroprotective drugs have been proposed based on 

extensive in vitro and animal-based research, an effective neuroprotective/restorative 

therapy for ischemic stroke patients is still missing. Especially the high attrition rate of 

neuroprotective compounds in clinical studies should make us question the ability of in 

vitro stroke models currently used for ischemic stroke research to recapitulate human 

ischemic responses with sufficient fidelity. The ischemic stroke field would greatly 

benefit from the implementation of more complex in vitro models with improved 

physiological relevance, next to traditional in vitro and in vivo models in preclinical 

studies, to more accurately predict clinical outcomes. In this review, we discuss current 

in vitro models used in ischemic stroke research and describe how more physiologically 

relevant in vitro models can look like by delineating the main factors determining the 

predictive value of in vitro models for modelling human ischemic stroke.  
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 Introduction 

Stroke is one of the leading causes of death and disability worldwide [49]. In the 

majority of cases (~62%), stroke is caused by occlusion of an arterial vessel by an 

embolus or thrombus, referred to as ischemic stroke [1]. The interruption of blood 

supply to the brain depletes the brain tissue from oxygen and other nutrients, causing 

energy failure and triggers the activation of a cascade of events eventually leading to 

brain damage [10]. Processes of this ischemic cascade include excitotoxicity, oxidative 

stress, blood-brain barrier (BBB) dysfunction, inflammation and cell death of neurons, 

glia and endothelial cells [5, 50].  

Notwithstanding the impact of stroke on the patient’s quality of life and on society, the 

current treatment of ischemic stroke patients is limited to the administration of the 

thrombolytic agent tissue plasminogen activator or to mechanical clot retrieval by 

thrombectomy. However, only a small proportion of all acute ischemic stroke patients 

are eligible for last-mentioned treatments mainly due to the very narrow therapeutic 

time window after stroke onset [51]. Tremendous efforts have been made to find new 

therapies targeting the ischemic cascade to prevent injured or vulnerable neurons from 

dying or even to stimulate regenerative processes. Over a thousand of candidate 

neuroprotective drugs have been proposed, showing promising results in animal 

models. Unfortunately, none of those led to an effective therapy to date as many of 

the neuroprotective agents failed when translated to the clinic. Multiple reasons may 

account for this lack of success, such as deficiencies in animal studies or clinical trial 

design [52, 53], but it is equally clear that the predictive power of the systems currently 

used to model ischemic stroke in vitro and as such to validate candidate compounds 

should be questioned.   

In this review, we first describe the general experimental set-up to model ischemic 

stroke in vitro, including current main cellular platforms. Next, we describe the main 

factors affecting the predictive power of in vitro models, thereby shedding light on in 

vitro ischemic stroke research of the future. 

 Modelling ischemic stroke in vitro 

Most of the knowledge on the pathophysiological mechanisms of ischemic stroke are 

derived from animal-based in vitro and in vivo models. Over the past decades, different 

animal models of stroke have been developed, induced by emboli, intraluminal suture, 
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photothrombosis or endothelin-1, typically in rodents [4, 10, 54]. The rat is the most 

commonly used species in stroke research, among other reasons, due to the similarity 

of the cerebral vasculature and physiology with that of human. Also mice are often 

used, since they are helpful in unravelling the function of certain genes in the 

pathophysiology of stroke by means of the creation of transgenic mice [4, 10, 54]. 

Animal stroke models have been an indispensable tool as they can model different 

aspects of the complex pathophysiology of ischemic stroke that cannot be modelled 

(yet) in simple in vitro models lacking intact blood vessels and blood flow [10, 55]. 

However, simplified, highly controlled in vitro systems are required and preferred when 

investigating specific basic mechanisms and cell type-specific responses under 

ischemia-like conditions [4, 55]. Besides, in the context of testing potential 

neuroprotective compounds, working in vitro allows high-throughput screenings, even 

on a human-based background [55].  

2.3.1 Inducing ischemia-like conditions in vitro 

To study ischemic stroke in vitro, ischemia-like conditions can be achieved by different 

approaches. The most common and most physiologically relevant way to induce 

ischemia-like conditions is by so-called ‘oxygen-glucose deprivation’ or OGD. In this 

approach cell or tissue cultures are placed in a hypoxic or anaerobic chamber, 

containing a N2/CO2 atmosphere, where the O2/CO2 equilibrated medium becomes 

replaced by glucose-free N2/CO2 equilibrated medium at the start of incubation [56-

62]. The cultures are maintained for a duration of 30 minutes up to 24 hours in the 

chamber, depending on the specific cell type used and the desired degree of ischemic 

damage. Typically, a longer duration of oxygen and glucose deprivation is needed to 

cause cell injury or death in vitro than in vivo. Compared to ischemia in vivo, adenosine 

triphosphate (ATP) depletion is less severe and the release of glutamate is delayed [4]. 

OGD is often terminated by glucose addition and reoxygenation and is cultured under 

‘normal’ conditions for up to 24 hours prior to downstream analyses. This allows 

modelling of in vivo reperfusion, known to further aggravate ischemic injury [63].  

Besides OGD, hypoxia can be induced through either chemical or enzymatic inhibition 

of cellular metabolism. The chemical method relies on inhibition of the mitochondrial 

electron transport chain and has been regularly applied to cell cultures to study 

ischemic stroke. For instance, sodium azide and antimycin are commonly used 

chemical-hypoxia inducers in these studies [64-67]. Less common is the enzymatic 

induction of hypoxia, which relies on manipulating the glucose oxidase and catalase 
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(GOX/CAT) system [68-70]. Though less physiologically relevant, these chemical and 

enzymatic approaches can result in hypoxic/ischemic injury in a shorter time frame 

than conventional OGD [71].  

Due to implementation of novel technologies in in vitro stroke model development, 

recently, researchers were able to recapitulate another factor besides oxygen and 

glucose depletion, namely the interrupted blood flow, by employing microfluidic 

systems [66, 72]. This appears to be another factor affecting the downstream ischemic 

cascade by reducing the integrity of the BBB and thereby allows to mimic in vivo stroke 

even more closely.  

Also, specific aspects of the ischemic cascade can be modelled. For example, 

excitotoxicity models have been developed by exposing cultures to glutamate or 

glutamate receptor agonists such as N-methyl-D-aspartate (NMDA) [73]. The increase 

in the levels of intracellular free calcium is also an important effector of secondary 

injury subsequent to an ischemic insult and has been simulated in in vitro models by 

thapsigargin treatment [74].  

2.3.2 Most common cellular platforms in in vitro stroke research 

The main cellular platform used for in vitro stroke research consists of monocultures of 

rat primary neurons. In general, the use of monocultures is preferred when studying 

cell-specific responses to OGD and/or to evaluate the action of neuroprotective 

compounds on specific cell types. Among a lot of other applications, primary rat 

neurons have been used to evaluate the protective effect of basic fibroblast growth 

factor [75], intermittent hypothermia [76] and oxytocin against damage induced by an 

ischemic insult [61], as well as to elucidate the mechanisms underlying neuronal 

autophagy in ischemic stroke [77]. Moreover, rat primary neurons have been used to 

study the effect of hypoxia on the neuronal activity, by plating them on multi-electrode 

arrays during exposure of the culture to different durations of hypoxia [78].   

Another widely used platform to model ischemia-like damage are organotypic brain 

slice cultures, typically from rodent origin. In these cultures, brain slices are obtained 

from young animals (postnatal day P3 to P10) and allowed to further develop and 

mature in vitro [79, 80]. The advantage of this culture type is that it largely preserves 

tissue structure maintaining neuronal activities and synapse circuitry [81]. Moreover, 

since multiple cell types are present, this model additionally allows to study cell-cell 

interactions [81]. Due to these unique features, this system is closer to an animal model 
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than is cell culture. Organotypic brain slice cultures have been valuable in the study of 

pathogenic mechanisms leading to ischemia-induced neuronal cell death, with in 

particular the excitotoxic mechanism. For instance, the involvement of glutamate – 

accumulating extracellularly after an ischemic insult – and glutamate receptors and 

transporters in the excitotoxic-induced damage have been extensively studied using 

the brain slice model [82, 83], reviewed in detail by Noraberg et al. [84]. Related or not 

to this glutamate-induced damaging mechanism, brain slice models have been applied 

to study calcium overload, mitochondrial dysfunction and oxidative stress, as well as to 

evaluate neuroprotective drugs [84]. Furthermore, in contrast to nearly all other in vitro 

systems where OGD media is applied over the entire culture, brain slice cultures could 

also be used as a platform to mimic focal ischemia. A protocol by Richard et al. describes 

a focal ischemia model by focally applying OGD medium to a small portion of the brain 

slice while bathing the remainder of the slice with normal oxygenated media [85].  

Together with animal models, monocultures of primary rodent-derived neurons and 

rodent organotypic brain slices have shaped stroke research until present. These 

platforms have increased our understanding of the ischemic cascade and unveiled a 

myriad of potential targets for neuroprotective therapies. However, the high attrition 

rate of potential neuroprotective compounds in clinical studies should make us aware 

of the limitations of current models to model human ischemic stroke with sufficient 

fidelity. As such, the ischemic stroke field would greatly benefit from the 

implementation of novel, more complex in vitro models with improved physiological 

relevance next to traditional in vitro and in vivo models in preclinical studies, to more 

accurately predict clinical outcomes. In what follows, we will elaborate on the main 

factors that define the predictive value of in vitro stroke models, including the origin or 

source of cells or tissue, the presence of other central nervous system (CNS) cell types 

in co-culture models, the dimensionality of culture and the use of advanced 

technologies, such as microfluidics (Fig. 1).  
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Figure 1 – Factors defining the predictive value of in vitro ischemic stroke models. Note that not all 
microfluidic devices are connected to a pump-system. (PSC, pluripotent stem cell; BEC, brain endothelial 
cell) 

 Factors defining the predictive value of in vitro ischemic stroke 

models  

2.4.1 Origin of cells or tissue used for in vitro models of ischemic stroke 

As described above, in vivo and in vitro rodent-based models are standard used in 

stroke research. Their use has led to our increased understanding of the ischemic 

cascade of human stroke as the main aspects of stroke hold true across all mammals. 

However, as rodents and humans are separated by 80 million years of evolution [53], 

species-specific anatomical, cellular and molecular differences exist between humans 

and rodents potentially affecting the outcome of neuroprotective strategies.  

At the anatomical level, differences between human and rodents are evident, with 

humans having large gyrencephalic brains with a high proportion of white matter, 

whereas rodents have small smooth brains with relatively little white matter [53]. 

Associated to this difference in brain anatomy, the number of outer radial glia cells in 

rodent brains is small, while in primates this cell type is more abundant and possesses 

a higher self-renewal capacity [86, 87]. Furthermore, species-specific differences have 
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been reported on the expression levels and function of several BBB-transporters [88, 

89]. Likewise, comparison of the distributions of predominant glial glutamate 

transporters revealed significant differences between species [90]. This variation may 

translate into differences in pathophysiological stroke mechanisms or available targets 

between species. Specifically related to stroke, it has been shown that the duration of 

excitotoxity after the ischemic insult differs between mice and humans, with longer 

duration for humans [91]. Also at the immunological level important differences exist 

between rodents and humans. A pioneering study of Seok et al. compared genomic 

responses to different acute inflammatory stresses (including endotoxemia, burns and 

trauma) between humans and mice, and found that the responses elicited in humans 

are not reproduced in the mouse models [92]. Moreover, there is increasing evidence 

that there are important differences between human and murine microglia [93]. Also 

in the context of ischemic stroke, dissimilarities are becoming apparent [94]. A study 

by Du et al. demonstrated that the baseline expression of cytokines/chemokines and 

response after OGD and reoxygenation in primary neurons, astrocytes and microglia 

differed significantly between rodents and humans [95]. For instance, while human 

primary neurons showed a downregulation in many of the determined chemokines 

(CX3CL1, CXCL12, CCL2, CCL3, and CXCL10) after OGD and reoxygenation, mouse 

neurons showed a mixed response with up- and downregulation of the same 

chemokines. These findings exemplify the importance of using human-based in vitro 

models in fundamental as well as translational stroke research, next to traditional in 

vivo models. The introduction of human-based in vitro models in the preclinical phase 

of drug discovery and development, would allow target identification and proof-of-

principle demonstration that attacking these targets elicits appropriate cellular 

responses in a human context before entering the clinic, increasing chances of success 

for the agents to be effective in clinical setting [53]. Nevertheless, the use of human-

based in vitro systems is rare in the field of ischemic stroke. The few human-based 

systems that have been used to date consist mainly of transformed cell lines and 

primary human brain slice preparations, each associated with their own limitations.  

Most of the human-based studies were performed with immortalized neuroblastoma 

cell lines, such as SH-SY5Y cells [96-98]. Though interesting when considering future 

high-throughput screening applications, cell lines do not always accurately replicate the 

physiology of primary cells. Also in ischemic stroke research, their limited physiological 

relevance is reflected by their reduced susceptibility to hypoxic stimuli and their 

constant proliferation when compared to primary neurons [53]. Similar for in vitro 

stroke models of the BBB or neurovascular unit (NVU), brain endothelial cell lines, such 
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as HCMEC/D3, show lower protein expression of tight junctional proteins, adhesion 

molecules and transporters compared to their in vivo counterpart, possibly affecting 

the outcome of studies [71].  

In contrast to cell lines, primary human brain slice preparations are highly 

physiologically relevant. The few studies employing human brain slices were focused 

on the excitotoxic component of the ischemic cascade [99-101]. The major issue to use 

these models is the extremely limited availability to human brain tissue. Moreover, 

caution should be given to the interpretation of results since the brain tissue is often 

derived from neurosurgery of young epileptic patients and preparation of the slices can 

introduce trauma possibly confounding results [52]. Considering similar limitations, 

retrospective studies using post-mortem brain tissue of human ischemic stroke 

patients are extremely limited but highly valuable. The few publications existing using 

human post-mortem stroke tissue all belong to the same research group and report on 

the ischemia-induced alterations in gene expression [102-104].  

For decades, the limited availability and physiological relevance of human in vitro 

systems and the lack of technological advancements have favoured the use of rodent-

based systems over human-based systems. Fortunately, human pluripotent stem cells 

have provided another cell source for generating human-based in vitro models with the 

ability to overcome aforementioned limitations. A recent publication of Liu et al. [105] 

describes human embryonic stem cell (ESC)-derived neurons as an alternative model 

for ischemic stroke research. Besides human ESCs, the advent of induced pluripotent 

stem cell (iPSC)-technology enabled pluripotent stem cells to be made out of terminally 

differentiated adult somatic cells, such as dermal fibroblasts and peripheral blood 

mononuclear cells [106, 107]. Since its discovery, protocols to generate different neural 

cells, such as neurons, astrocytes, oligodendrocytes and microglia, but also endothelial 

cells have been developed [108-121]. More recently, this technology has found its way 

in the ischemic stroke research. A first study using human iPSC-derived neurons was 

performed in 2020 by Juntunen et al., where the effect of OGD and potential protection 

by adipose stem cells was investigated [122]. Furthermore, human iPSC-derived cells 

are also increasingly being employed in the context of BBB/NVU models [123, 124] [66, 

125]. It should be noted that, though iPSC-derived in vitro platforms have boosted 

research in many fields and hold great promise for the future, there are still challenges 

associated with the use of iPSCs. Residual epigenetic memory, genetic background and 

incomplete reprogramming could possibly influence the iPSC phenotype and 

differentiation potential, resulting in a great diversity among human iPSC-derived cell 
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lines [126]. The reproducibility may partially be increased by the improvement and 

standardization of differentiation protocols with the identification of environmental 

cues involved in neural development in the field of developmental biology.  

2.4.2 Multicellular co-culture models for in vitro ischemic stroke research 

As mentioned earlier, the majority of in vitro stroke research is conducted using 

monocultures of neurons. Apart from neurons, a monoculture of rodent primary 

astrocytes has been used to determine the protective roles of pinin and stem-cell 

derived exosomes after ischemic stroke [127, 128]. Furthermore, when focusing on the 

BBB-disruption facet under ischemic conditions, the use of pure cultures of brain 

endothelial cells has been regularly reported [129-135]. Monoculture systems are 

particularly useful to investigate mechanisms restricted to specific cell types or to 

determine the contribution of specific cell types to different pathophysiological 

mechanisms. However, several reasons substantiate the use of co-culture models to 

obtain models better resembling the human brain. First, the human brain consists of 

an intricate cellular network, including neurons, astrocytes, oligodendrocytes, 

microglia, pericytes and endothelial cells. Therefore, every cell type added to the in 

vitro system increases the complexity, approaching more the in vivo complexity of the 

human brain. Second, co-cultures enable cellular interactions that occur in vivo and as 

such the presence of different cell types and interactions can influence RNA 

transcription, protein production and functionality of certain cell types.  

The importance of cell-cell interactions occurring under physiological conditions 

become evident from different publications. For example, astrocytes provide metabolic 

substrates to neurons (i.e. energy supply to neurons) and are actively involved in the 

formation and refinement of neuronal networks. Indeed, they are shown to integrate 

and modulate neuronal excitability and synaptic transmission [136-138]. These 

functions of astrocytes could also be observed in in vitro astrocyte-neuron co-culture 

models. Astrocytes, from rodent and human origin, co-cultured with human PSC-

derived neurons improves the functional maturation of those neurons, as 

demonstrated by an increased percentage of active neurons, bursting frequency and 

synchronization of neuronal calcium oscillations when compared to the neuronal 

monocultures [139-142]. Also, mutual interactions between microglia and neurons in 

healthy brain exist, where neurons (e.g. through CX3CR1-CX3CL1 or CD200-CD200R 

interactions), or neural environment in general, keep microglia in a non-activated state, 

thereby favoring their homeostatic functions maintaining neuronal health and 
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regulating proper function of neuronal networks [113, 143-145]. Furthermore, co-

cultures of brain endothelial cells with other CNS cells, such as astrocytes and pericytes, 

contribute to BBB integrity and function among others by stimulating tight junction 

formation and expression of polarized transporters in endothelial cells [71, 126, 146-

149].  

Also under pathological ischemic conditions, cellular interactions are important in 

regulating cell behavior and contribute to the mechanisms leading to brain injury or 

recovery. For example, co-cultures of microglia/macrophages with neurons or brain 

slices have been developed and employed in the field of stroke research to investigate 

the inflammatory response secondary to an ischemic insult. After an ischemic insult, 

brain-resident microglia and blood-derived macrophages can acquire a pro-

inflammatory neurotoxic phenotype further exacerbating brain damage. To study the 

cross-talk between hypoxic neurons and macrophages, Desestret et al. subjected an 

organotypic hippocampal slice to OGD for 30 minutes and subsequently added 

macrophages for 2 days [150]. Other studies used co-cultures of rat primary microglia 

with primary neurons or a combination of primary neurons and astrocytes to elucidate 

the effect of neuronal ischemia on microglia polarization and, conversely, the effect of 

microglia phenotype on the fate of healthy or ischemic neurons [56, 151, 152]. These 

studies confirmed that pro-inflammatory activation of microglia by damage-associated 

molecular patterns released from damaged neurons after OGD, further exacerbates 

neuronal death. Likewise, a neutrophil-neuronal co-culture was recently developed to 

investigate mechanisms of neutrophil-dependent neurotoxicity [153]. Last-mentioned 

study found that cell-cell contact was required for the process of neutrophil-induced 

neuronal injury. Next to neuro-immune interactions, neurovascular and gliovascular 

interactions occurring during cerebral ischemia have also been identified. From a study 

comparing brain endothelial cells in monoculture versus co-cultures of brain 

endothelial cells with neurons or astrocytes, it became apparent that neurons and 

astrocytes, exposed to either OGD, aglycemia or hypoxia, affect different endothelial 

properties, including its barrier and lymphocyte adhesion properties, endothelial cell 

adhesion molecule expression and in vitro angiogenic potential [154]. For instance, the 

interaction of brain endothelial cells with neurons or astrocytes under OGD and 

subsequent reoxygenation, results in attenuation of BBB permeability and in recovery 

of the barrier. This compensatory mechanism of astrocytes for maintaining BBB 

function after ischemic stroke has been confirmed in another study, identifying a role 

for astrocyte-derived pentraxin 3 [155]. However, the excessive production of 

cytokines, chemokines and proteases in the ischemic infarct might undermine the 
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adaptive nature of the BBB, leading to increased permeability [154]. Identification of 

these interactions is important as changes in BBB permeability can affect cerebral 

edema, post ischemic brain angiogenesis (associated with survival of stroke patients) 

and leukocyte interactions that aggravate ischemia reperfused stroke brain damage 

[154]. 

All these examples represent only a small part of all existing (un)identified interactions 

occurring under ischemic stroke-pathological conditions that can affect the progression 

of ischemia-associated brain damage or recovery. Therefore, it is of importance to 

include different cell types to more faithfully recapitulate the ischemic responses 

occurring in vivo. Besides the aforementioned co-cultures of microglia, macrophages 

or neutrophils with neurons, other co-cultures consisting of neurons and astrocytes 

have been used in ischemic stroke research [59, 156]. Recently emerging three-

dimensional (3D) models of the brain also consist of multiple cell types, which will be 

further discussed in next section ‘Dimensionality’. In addition, BBB/NVU models of 

ischemic stroke, often combine different cell types, which will be further discussed 

under the ‘BBB/NVU models’ section.   

2.4.3 Dimensionality of cell culture models for in vitro ischemic stroke 

research 

Most of the knowledge derived from in vitro stroke studies is based on neural cells 

grown as monolayers. This traditional simplified culture system has been of 

undisputable significance for biomedical research, including stroke, especially 

considering their relatively low cost and reproducibility when compared to animal 

models [157]. Moreover, decades of research using these monolayer cultures has led 

to the optimization and standardization of many downstream applications tailored for 

2D cultures, including the easy visualization by means of microscopic imaging. 

Nevertheless, 2D cultures are unable to mimic the complicated microenvironment 

cells experience in tissue. Unlike cells cultured in 2D, in the in vivo brain, cells are 

able to generate 3D projections and establish multiple interactions with other cells and 

cell types and extracellular matrix (ECM) [157, 158], eventually affecting their 

morphology, survival, proliferation, differentiation, gene expression and even function 

(e.g. electrophysiological network properties) [74, 157]. Therefore, 3D models of the 

brain are considered more realistic models of the human brain than conventional 2D 

models, better mimicking its complexity and possibly ischemia-induced responses 

[157].  
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A first model that allows ischemic stroke studies to be conducted in a more relevant 3D 

microenvironment, is posed by ex vivo acute and organotypic brain slices. As described 

earlier, this model is able to retain largely the tissue structures, where multiple cell 

types retain most of cells’ in vivo properties and spatial organization and intricate 

network organization and function. However, next to different considerations, such as 

the limited culture time or maturation of acute and organotypic brain slices, 

respectively [79, 80], the scarcity of human-derived brain slices restrict research to the 

use rodent-based (organotypic) brain slices less faithfully predicting human 

pathophysiological mechanisms.   

Second, the advent of iPSC-technology has boosted the development of 3D models of 

the brain, such as brain spheroids or organoids [159]. Neural organoids are self-

assembled PSC-derived 3D in vitro cultures that recapitulate the developmental 

processes and cytoarchitecture of the developing human brain [159-161]. Different 

neural organoids and spheroids have been developed ranging from brain organoids 

containing multiple different brain regions, termed ‘cerebral organoids’, to brain 

region-specific organoids, including forebrain, midbrain, cerebellar and hippocampal 

and hypothalamic organoids, through the use of patterning factors [162-170]. Protocols 

to generate these brain spheroids/organoids differ in several aspects, such as the use 

of ECM, patterning factors or the initial cells used, which are either PSCs or neural 

stem/progenitor cells derived from PSCs. These differences can have implications on 

the complexity of the model making them more or less suitable for certain specific 

applications. The use of these organoids has proven extremely useful for the study of 

neurodevelopment and associated pathologies, such as microcephaly, ZIKA virus 

infection and autism spectrum disorders [164, 169, 171-173]. Other applications 

include neurodegenerative disease modelling and neurotoxicity testing [166, 174-176] 

[177]. Though current brain spheroids and organoids are already useful tools gaining 

popularity in different biomedical fields, they are subject to continuous research aimed 

at improving their resemblance to the human brain. One of the major limitations of 

current organoid and spheroid models is the lack of vascularization, causing the 

development of a hypoxic, necrotic core further hampering the growth and maturation 

of neural organoids and spheroids [157, 160, 161, 178, 179]. Researchers are therefore 

trying to develop vascularized brain organoids [180-182] or implement microfluidic 

technologies (further described in section ‘microfluidic technologies’). Besides 

vasculature, organoids generally lack microglia [157, 160, 161, 178, 179], which have 

important roles in immune defense and maintenance of CNS homeostasis [183]. 

Recently developed differentiation protocols of iPSC-derived microglia [112-116] are 
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paving the way to develop state-of-the-art immune-competent brain organoids and 

spheroids [184-186], more closely mimicking the human brain. Ischemic stroke 

research would also greatly benefit from the generation of brain organoids containing 

vasculature (preferably with specialized BBB properties), and microglia, since it is a 

cerebrovascular disease with neuroinflammation being an important aspect of 

secondary injury after stroke. Finally, the heterogeneity of organoids, especially the 

cerebral organoids, in terms of size, shape and composition pose another major 

limitation [179, 187, 188]. Lower heterogeneity and enhanced reproducibility are 

crucial for controlled experiments and future potential screening approaches [187]. 

Several ways to reduce variability have been proposed, such as the use of bioreactors, 

avoidance of natural hydrogels (e.g. Matrigel) containing undefined factors, the use of 

patterning factors and starting from iPSC-derived neural stem/progenitor cells instead 

of iPSC to exclusively obtain cells of neuroectodermal lineage [157, 169, 187].   

Only a few articles have been published so far in which brain organoids or spheroids 

were subjected to hypoxic stimuli. To date, most studies that exposed neural organoids 

to low oxygen tension envisaged to study the effect of hypoxia on neurodevelopment 

and corticogenesis. For instance, Pasça et al. subjected brain region-specific organoids 

called human cortical spheroids (hCS) to hypoxia to determine the effect of oxygen 

deprivation on corticogenesis, to model injury in the developing brain. They found that 

intermediate progenitors, a specific population of cortical progenitors that are thought 

to contribute to the expansion of the primate cerebral cortex, were reduced following 

hypoxia and subsequent reoxygenation. Also Kim et al. studied the effect of hypoxia on 

neurodevelopment [189]. They used human neural organoids, derived from neural 

stem cells (NSCs), and found that after hypoxia, reoxygenation was able to restore 

neuronal proliferation but no neuronal maturation, as shown by the retained decrease 

of TBR1+ cells. Similarly, Daviaud et al. subjected human cerebral organoids with dorsal 

forebrain specification to transient hypoxia, as a model for prenatal hypoxic injury, and 

demonstrated the distinct vulnerability and resilience of different neuroprogenitor 

subtypes [190]. They show that outer radial glia (FMA107+) and differentiating 

neuroblasts/immature neurons (TBR2+ and DCX+) are highly vulnerable to hypoxic 

injury, whereas NSCs displayed relative resilience to hypoxic injury and even provide a 

mechanism to replenish the stem cell pool, by shifting the cleavage plane angle favoring 

symmetric division. The results of last-mentioned study were also replicated by our 

own studies. With the aim of developing a human neurospheroid model for ischemic 

stroke, we equipped iPSC-derived neurospheroids with intrinsic bioluminescence to 

enable real-time monitoring of viability of neurospheroids subjected to OGD and were 
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able to model OGD-mediated neurotoxicity [191]. By comparing 1-week-old with 4-

week-old neurospheroids, containing a high proportion of undifferentiated NSCs and 

intermediate progenitors/immature neurons, respectively, it was demonstrated that 1-

week-old neurospheroids were able to completely and spontaneously recover from the 

initial OGD-induced damage over the course of one week, unlike 4-week-old 

neurospheroids. These dynamics of OGD-mediated neurotoxicity of different ages of 

neurospheroids underscore the need for older, more mature neurospheroids for in 

vitro stroke research.  

Furthermore, cerebral organoids have also been employed to further unravel the 

mechanisms underlying ischemic injury. Iwasa et al. subjected cerebral organoids to 

OGD and reoxygenation and identified peroxisome proliferator-activated receptor 

(PPAR) signaling and pyruvate kinase isoform M2 (PKM2) as key markers of neuronal 

cells in response to OGD and reoxygenation [192]. In addition, Ko et al. described 3D 

cortical spheroids derived from primary rat cortical cells treated with OGD and 

reoxygenation as a model for cerebral ischemia [193]. They demonstrated that their 

model successfully mimicked the ischemic response as evidenced by the upregulated 

mRNA expressions of the key markers for stroke, S100B, IL-1β and MBP and additionally 

substantiate the role of transient cell-substrate interactions herein. Lastly, spheroid 

models have also been exposed to hypoxia to study the integrity of the BBB under 

pathological conditions. Nzou et al. made cortical spheroids with a functional BBB by 

mixing human primary brain endothelial cells, pericytes, astrocytes, and human iPSC-

derived microglia, oligodendrocytes and neurons at a certain ratio in a hanging drop 

culture environment. They challenged the spheroids with a hypoxic stimulus and 

showed that hypoxia resulted in BBB disruption as evidenced by altered localization of 

tight and adherens junctions [149]. This further indicates the usefulness of the 

organoid/spheroid model in studying ischemia in a physiologically relevant 

environment. 

Alternative to neurospheroids and organoids, recently also scaffold-based 3D systems 

have been proposed as a potential in vitro model for CNS injury, including stroke. Here, 

cells are embedded in a polymer-based scaffold that mimics the ECM of the brain. Lin 

et al. seeded SH-SY5Y cells onto a patterned gelatin scaffold and investigated the 

neuroprotective effects of resveratrol, an AMP-activated protein kinase (AMPK) 

activator, when subjected to OGD [194]. Vagaska et al. describe a model consisting of 

primary human NSCs dispersed in a hydrogel (i.e. Collagen-I/Matrigel) subjected to 

OGD or to thapsigargin, an inducer of intracellular calcium release [74]. In the same 
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study, the difference in human NSC phenotype and damage response between 2D and 

3D cultures of NSCs was assessed, suggesting that 3D models may be better predictors 

of the in vivo response to damage and compound cytotoxicity. 

Finally, these brain spheroids/organoids and scaffold-based 3D cultures of CNS cells can 

take advantage from microfluidic systems, to generate so called brain-on-a-chip 

models, forming the final category of existing 3D cell cultures of the brain. Brain-on-a-

chip models and microfluidics technology are further discussed in the next section 

‘microfluidic technology’.  

Considering the impact of dimensionality on cells’ morphology, proliferation, 

differentiation and electrophysiological properties under physiological conditions [74, 

157], it is not hard to assume that it might as well affect the behaviour of cells in 

response to pathological stimuli and/or therapeutic compounds. This concept was 

already demonstrated in the context of hepatotoxicity research, where 3D hepatocyte 

cultures were less susceptible to cell death when exposed to cytotoxins in comparison 

with 2D cultures [195]. Within the field of in vitro stroke research, important 

differences between 2D and 3D neural cultures are also becoming apparent. For 

instance, the earlier mentioned study of Vagaska et al. demonstrated the lower 

susceptibility to OGD-mediated damage for human NSCs grown in 3D, when compared 

to their 2D counterpart. The same could be concluded when thapsigargin was used as 

stimulus, after eliminating the possibility of reduced drug accessibility as a confounding 

factor [74]. In the context of the development of a 3D cortical spheroid model for 

cerebral ischemia, Ko et al. confirmed that 3D cell culture models represent better 

normal brain models, since the neural cells in 3D maintained their healthy physiological 

morphology of a less activated state and suppressed mRNA expressions of pathological 

stroke markers S100B, IL1-β and MBP [193]. Also our studies demonstrated different 

behavioural responses of neural cells in 2D and 3D. More specific, the response to 

treatment with the pan-caspase inhibitor Z-VAD-FMK during and after OGD differed 

between NSCs cultured in 2D versus NSC-derived neurospheroids. Where Z-VAD-FMK 

conferred neuroprotection in 2D, in line with other publications, it failed to protect 

neurospheroids under OGD [191]. Altogether, these findings further underscore the 

importance of 3D models in basic as well as applied in vitro stroke research to 

complement conventional 2D cell cultures and in vivo animal studies. 
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2.4.4 Implementation of microfluidics technology in in vitro models of 

ischemic stroke  

Besides the factors described above, new technologies may also help to increase the 

complexity and predictive power of in vitro ischemic stroke models (Fig. 1). The newly 

developed ‘brain-on-a-chip’ models employ microfluidics technology to create a more 

physiologically relevant microenvironment for the culture of CNS cells. Through the 

spatial control over fluids in micro-meter sized channels, microfluidics enable (i) the co-

culture of cells in a spatially controlled manner, (ii) generation of and control over 

(signaling) gradients and (iii) perfusion flow, contributing to an increase in physiological 

relevance of in vitro models [196]. These applications will be further discussed 

hereafter. 

First, microfluidics facilitate physical separation of cellular populations and/or 

components on a microscale as a basis for mechanistic studies [126]. For instance, using 

microfluidic devices, the interaction between neuronal populations derived from 

different brain regions can be studied. This way, cortico-thalamic, cortico-hippocampal 

interactions and even interactions between three different brain regions (cortex, 

hippocampus and amygdala) have been established to model the brain’s complex 

neuronal architecture and functionality [126]. The studies using microfluidic systems to 

investigate brain region interactions are nicely described in the review by 

Nikolakopoulou et al. [126]. Besides the physical isolation of different cell populations, 

microfluidics are also used to separately study axons and cell bodies of neurons (Fig. 2). 

Axons are directed to grow in microgrooves, thereby isolating axons from the cell soma. 

This platform allows the study of axonal biology, injury, regeneration and myelination 

but also synapse formation and modulation as well as viral spreading after axonal 

infection [197-201]. Specifically in the context of stroke, similar microfluidic set-up has 

been used to study the spreading neurotoxicity into undamaged brain areas [202]. 

Hereto, hippocampal neurons were cultured in each chamber and synaptically 

connected via axons traversing the microchannels. An isolated excitotoxic insult (i.e. 

glutamate) was delivered to neurons in one chamber and spreading toxicity of other 

synaptically connected neuronal populations could be monitored [202]. This system 

thus allows to recapitulate focal ischemia, which has been considered difficult to mimic 

in in vitro models. 
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Figure 2 – Microfluidic device for isolating axons from the neuronal soma. 

Second, since microfluidics enable spatial control over fluids, gradients can be 

generated and precisely controlled [196]. This has proven particularly useful for 

studying angiogenesis, invasion and migration, as all are associated with molecular 

gradients in vivo [196]. Biochemical gradients of growth factors and cytokines also 

dictate differentiation patterning in vivo, making microfluidic devices suitable tools for 

studying early neurodevelopment [126, 203-205]. Likewise, different microfluidic 

devices have been developed to establish oxygen gradients in cell and tissue cultures 

[206-213]. By flowing gas mixtures with desired oxygen concentrations through gas-

permeable polydimethylsiloxane (PDMS) gas channels, cellular platforms, including 

adherent cells, brain slices and even 3D scaffold-based or spheroid models, can be 

rapidly and efficiently exposed to a range of oxygen concentrations as low as 0.1% O2 

[206-213], which are of relevance for future ischemic stroke research. Compared to a 

hypoxic chamber, where all cultures are exposed to the same oxygen tension, this 

microfluidic based system allows to apply multiple oxygen concentrations or gradients 

to cultures, representing another possible approach to induce focal ischemia by means 

of microfluidics technology [80, 213]. 

Last but not least, the compartmentalization of microfluidic devices allows the 

perfusion of media adjacent or through (3D) cell cultures on microfluidic chips. This 

perfusion ensures stable nutrient and oxygen supply and removal of waste metabolites 

and mimics physiological flows, such as interstitial or blood flow. Moreover, 

accompanying the fluid flow, physiological shear stresses are introduced, which have 

been shown to be essential for cellular morphology and gene expression of endothelial 

cells, when modeling vascularity [196]. The perfusion feature of microfluidics has also 

been exploited to specifically support the perfusion of brain spheroids and organoids 

generated on a microfluidic chip [214-218]. Evidently, this microfluidic platform is also 

ideal to recapitulate the BBB, and even the complete NVU, which is of particular 
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interest for stroke research. The different BBB/NVU models will be described in section 

‘BBB/NVU models’.  

Despite the benefits of microfluidics in creating physiological relevant models and 

increasing the reproducibility of 3D CNS models [160], these models are nevertheless 

associated with several disadvantages. The fabrication of microfluidic devices typically 

rely on multi-step lithographic processes that are time-consuming and complex and 

require specialized equipment and expertise [148]. This has greatly limited the wide 

adoption of these systems in research. However, 3D printing might partially solve this 

issue by providing an alternative fabrication approach [148]. Also, microfluidic 

platforms are associated with limited scalability [148]. Currently, novel platforms are 

being developed allowing the culture of multiple chips in parallel [66]. Finally, the use 

of microfluidics typically requires smaller amounts of media and cells compared to 

traditional cell culture systems. Though, cost-effective, this also poses a challenge for 

downstream analysis, requiring highly sensitive instruments [196].  

 

2.4.4.1 BBB/NVU models  

Since ischemic stroke is a cerebrovascular disease, the vasculature of the brain plays an 

essential role in the cause (i.e. obstructed blood flow by blood clot) as well as progress 

of ischemic stroke. Indeed, stroke is associated with disruption of the BBB, which under 

physiological conditions tightly controls the entry of molecules from the circulation into 

the brain, thereby ensuring homeostasis. However, as previously described, in vitro 

stroke models generally lack vasculature and thereby ignore this aspect of ischemic 

stroke pathology. However, several models to investigate the BBB or broader, the NVU, 

have been developed over the years and are recently reviewed in detail by Andjelkovic 

[71]. Here, we will provide a brief overview of current and future BBB/NVU models, 

with their (potential) application in the context of stroke research.  

The BBB is formed by specialized brain endothelial cells with barrier properties, 

surrounded by astrocytes and pericytes that support and maintain BBB function. The 

perivascular milieu of the BBB also includes neurons and neuronal endings and 

transiently present microglia/macrophages, which together with the BBB components 

are referred to as the NVU [71]. Depending on the availability of model systems and 

different applications, different BBB/NVU models have been used and developed in in 

vitro stroke research.  
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The oldest and simplest in vitro BBB model consists of a monolayer of brain endothelial 

cells (BECs). This model allows to unravel specific mechanisms elicited in BECs under 

stroke-like conditions [132, 135, 219, 220]. For instance, Itoh et al. used this model to 

determine whether BECs could be a source of free radicals after reperfusion, which are 

known for its detrimental effects on the brain after transient ischemia [132]. When 

cultured on semi-permeable membranes, using Transwell systems (Fig. 3), BEC 

monolayers enable the study of permeability of the BBB. Indeed, different in vitro 

studies examined the role of specific factors or mechanisms associated with OGD-

induced barrier dysfunction using this model [133, 134]. However, these represent only 

poor models of the BBB considering that the formation, maintenance and function of 

the BBB have been found to depend on intercellular interactions with other CNS cells, 

with extensive body of evidence for the role of astrocyte-BEC and pericyte-BEC 

interactions [71, 126, 146-149]. Hereto, co- and tri-culture Transwell systems were 

developed (Fig. 3), with BECs seeded on the membrane in the upper chamber, while 

perivascular cells (astrocytes, pericytes and possibly even neuron and microglia) are 

cultured either on the other side of the membrane or on the bottom of the lower 

chamber. Comparably to the monoculture systems, these models have been used to 

study OGD-related mechanisms leading to BBB alterations [221-224].  

 

Figure 3 – Schematic representation of BBB/NVU models employing Transwell systems. Brain endothelial 
cells are seeded on the semi-permeable membrane in the upper chamber. Often perivascular cells, mainly 
astrocytes and/or pericytes, are cultured on the other side of the membrane or on the bottom of the lower 
chamber.  

Although, the co-culture Transwell systems improved BBB/NVU models to a significant 

extent, the lack of a 3D structure and the lack of flow and accompanying shear stress, 

known to be an important factor in inducing and maintaining the BBB-characteristic 

phenotype of BECs,  limits the physiological relevance of these BBB/NVU models [71, 

148]. Hence, 3D models of BBB/NVU were developed, including the dynamic in vitro 

model of the BBB (DIV-BBB) and microfluidic BBB/NVU platforms.  
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The first model of the BBB/NVU able to incorporate flow was the DIV-BBB model (Fig. 

4). In this platform, BECs are seeded on the luminal side of artificial capillaries, i.e. 

microporous pronectin-coated polypropylene hollow fibers, while perivascular cells 

(mostly astrocytes and pericytes) were grown on the outer surface. By means of a 

pulsatile pump, intraluminal flow and pressure can be obtained comparable to that 

found in capillaries in vivo [71, 148]. This way, BECs are exposed to flow and shear 

stress, achieving BBB properties more similar to those in vivo than static Transwell co-

culture systems. DIV-BBB has been used to mimic an ischemic-like event in vitro, by 

flow cessation and reperfusion in the presence of circulating leukocytes [225-227]. This 

particular experimental set-up allowed to assess the role of inflammation, including 

leukocyte activation and associated release of pro-inflammatory cytokines, in BBB 

failure secondary to an ischemic-like event. Despite their broad applicability in in vitro 

stroke research, these models are costly and require specialized equipment, limiting 

their adoption in studies and their high-throughput potential [148]. In terms of 

physiological relevance, the thick membrane (~150µm) of the hollow fiber wall limits 

direct cell-cell contact between BECs and perivascular cells and limits studies of drug 

transport and leukocyte transmigration [71]. To this end, microfluidic systems were 

introduced. 
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Figure 4 – Schematic representation of the DIV-BBB model. Brain endothelial cells are seeded on the inside 
of ECM-coated hollow fiber structures. Perivascular cells, mainly astrocytes and/or pericytes, are cultured 
on the coated outer surface of the hollow fiber wall, i.e. membrane of ~150µm thick. The pulsatile pump 
enables the establishment of intraluminal flow and pressure comparable to that found in capillaries in vivo. 
(ECM, extracellular matrix) 

Different microfluidic-based BBB/NVU models have been developed and can be 

roughly categorized into 2D, 2.5D and 3D BBB/NVU models (Fig. 5) [228]. The first 

BBB/NVU microfluidics-based model was developed by Booth et al. [229], and consists 

of two perpendicular-crossing channels (one luminal and one abluminal) to introduce 

dynamic flows, a porous (ECM-coated) membrane at the intersection of the flow 

channels for cell culture, and even multiple embedded electrodes to monitor the 

functionality of the barrier (measured by transendothelial electrical resistance or 

‘TEER’). BECs and astrocytes were cultured on the luminal and abluminal sides of the 

porous membrane, respectively. The membranes used were much thinner than the 

hollow fiber walls of the DIV-BBB model, allowing improved cell-cell contact. The model 

of Booth et al. laid the foundation for the development of other 2D microfluidic BBB 
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models, generally including two compartments separated by a permeable membrane, 

where minimum one compartment acts as a flow channel to mimic vascular blood flow 

[230-233]. These models can differ in terms of cell types, the presence of TEER 

electrodes or a peristaltic pump. To the best of our knowledge, this model has not yet 

been used in the context of ischemic stroke research. 

2.5D BBB/NVU models refer to microfluidic devices consisting of a compartment 

containing perivascular cells dispersed in a hydrogel matrix and another compartment 

containing BEC monolayers grown on ECM-coated rectangular shaped PDMS channels 

that are exposed to fluid flow (Fig. 5) [234] [66, 235, 236]. Micropillars create 

distinctions between these channels, allowing hydrogels to be confined to the brain 

parenchymal channel [234]. Gaps between these micropillars enable direct cell-cell 

contact in contrast to previously mentioned membrane-based BBB models, improving 

further the physiological relevance of the BBB. This model, with or without adaptations, 

has already been applied in the context of ischemic stroke research in three studies, 

with Cho et al. being the first to suggest the use of their microfluidic BBB/NVU model 

as an in vitro model for ischemic stroke [235]. They developed a BBB model, consisting 

of a monoculture of rat brain endothelial cell line monolayers on ECM-coated 

rectangular shaped PDMS channels, without fluid flow or shear stress, and subjected it 

to ischemia-like conditions by means of replacing the medium with glucose-free 

medium and incubation in an anaerobic chamber. They confirmed disruption of BBB 

integrity under these stimuli and used this model to evaluate the protective function of 

antioxidant and ROCK-inhibitor treatments, which appeared to be limited [235]. 

Compared to this study, Lyu et al. and Wevers et al. both generated more predictive 

models of ischemic stroke, by co-culturing human-based neural cells embedded in 3D 

hydrogels and by incorporating halted perfusion as an additional stimulus to mimic 

ischemic stroke, next to hypoxia (either by OGD or chemical hypoxia) and hypoglycemia 

(replacement of media by glucose-free (and serum-free) media) [66, 72]. Lyu et al. 

developed a microphysiological model of ischemic stroke based on a BBB/NVU model 

containing human BECs, pericytes, astrocytes, microglia and neurons in order to assess 

the neurorestorative potential of different therapeutic stem cells after ischemic 

damage [72]. Wevers et al. described a human NVU on-a-chip model containing 

primary BECs in co-culture with iPSC-derived astrocytes and neurons that under stroke 

mimicking conditions showed reduced BBB integrity, mitochondrial membrane 

potential and ATP, which are common features of ischemic stroke. Moreover, they use 

a platform allowing the culture of 40 NVU on-a-chip models simultaneously, making the 

platform suitable for high-throughput applications [66].   
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Finally, 3D BBB/NVU microfluidic models consist of a 3D hydrogel matrix containing a 

cylindrical void, generated by using a needle as a mold or by means of a process called 

viscous fingering, that is lined with BECs on the gel’s inner surface (Fig. 5) [237-242]. 

This allows direct cell-cell contact, without the need for micropillars or membranes. 

The choice of hydrogel is important since it needs to be able to resist perfusion while 

providing physiologically relevant cues resembling ECM in vivo [228]. So far, this type 

of microfluidic BBB/NVU model has not been used yet in stroke research, but may 

become of significant importance in future in vitro stroke research. 
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Figure 5 – Schematic representation of 2D, 2.5D and 3D microfluidic-based BBB/NVU models. Perivascular 
cells indicated in 2D BBB/NVU model mainly consist of astrocytes and/or pericytes. The arrows indicate 
fluid flow. Figure based on Cameron et al. [228] and Katt et al. [234].  

 Conclusion 

Human-based 3D models consisting of multiple cell types, either with or without the 

use of microfluidic technology, may better recapitulate human ischemic responses than 

current in vitro and in vivo models. Therefore, their introduction in preclinical research, 
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next to traditional 2D cultures and animal models, may more accurately predict clinical 

outcomes, providing more insight into the efficacy of candidate interventions in the 

human brain eventually aiding the development of urgently needed novel 

neuroprotective therapies for ischemic stroke. 
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 Abstract  

Despite the considerable impact of stroke on both the individual and on society, a 

neuroprotective therapy for stroke patients is missing. This is partially due to the 

current lack of a physiologically relevant human in vitro stroke model. To address this 

problem, we have developed a luminescent human iPSC-derived neurospheroid model 

that enables real-time read-out of neural viability after ischemia-like conditions. We 

subjected 1- and 4-week-old neurospheroids, generated from iPSC-derived neural stem 

cells, to 6 hours of oxygen-glucose deprivation (OGD) and measured neurospheroid 

luminescence. For both, we detected a decrease in luminescent signal due to ensuing 

neurotoxicity, as confirmed by conventional LDH assay and flow cytometric viability 

analysis. Remarkably, 1-week-old, but not 4-week-old neurospheroids recovered from 

OGD-induced injury, as evidenced by their reduced but overall increasing luminescence 

over time. This underscores the need for more mature neurospheroids, more faithfully 

recapitulating the in vivo situation. Furthermore, treatment of oxygen- and glucose-

deprived neurospheroids with the pan-caspase inhibitor Z-VAD-FMK did not increase 

overall neural survival, despite its successful attenuation of apoptosis, in a human-

based 3D environment. Nevertheless, owing to its three-dimensional organisation and 

real-time viability reporting potential, the luminescent neurospheroids may become 

readily adopted in high-throughput screens aimed at identification of new therapeutic 

agents to treat acute ischemic stroke patients. 
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 Introduction  

Stroke is one of the leading causes of death and disability worldwide [49]. 

Notwithstanding the impact of stroke on the patient’s quality of life and on society, the 

current treatment of ischemic stroke patients is limited to the administration of the 

thrombolytic agent tissue plasminogen activator or to mechanical clot retrieval by 

thrombectomy. However, only a small proportion of all acute ischemic stroke patients 

are eligible for last-mentioned treatments mainly due to the very narrow therapeutic 

time window after stroke onset [51].  

In an urgent need to find new therapies, decades of research resulted in over a 

thousand of candidate neuroprotective drugs of which none have led to an effective 

therapy to date. Although considered promising in rodent models, many 

neuroprotective agents failed when translated to the clinic. Multiple reasons may 

account for this lack of success, such as deficiencies in animal studies or clinical trial 

design [52, 53], but it is equally clear that the predictive power of the systems currently 

used to model ischemic stroke in vitro should be questioned.  

To study ischemic stroke in vitro, ischemic conditions are usually induced by chemical 

or enzymatic inhibition of metabolism or by more physiologically relevant oxygen and 

glucose deprivation (OGD), followed by the assessment of the viability and/or 

cytotoxicity through endpoint assays [56-62]. The vast majority of in vitro stroke 

research is based on the use of rodent cells, with rat primary neurons being the most 

common. However, as rodents and humans are separated by 80 million years of 

evolution, cellular and molecular differences exist [53]. In case of stroke, these 

differences are for instance reflected in a longer duration of excitotoxicity – a part of 

the ischemic cascade - for humans compared to mice [91]. It is therefore easy to 

understand that molecular targets identified in rodents might not all be present in 

humans. The few human-based systems that have been used to date in the field of 

stroke research, consist mainly of less physiologically relevant cancer cell lines, such as 

the neuroblastoma cell line, SH-SY5Y [96, 98, 243, 244], and more relevant but difficult 

to obtain primary human brain slice preparations [100, 101]. Fortunately, the advent 

of induced pluripotent stem cell (iPSC)-technology has provided another cell source for 

generating human-based in vitro models with the ability to overcome the 

aforementioned limitations.  

Besides the limited number of studies using brain slices, all knowledge acquired from 

in vitro stroke research is based on cells grown as a monolayer. However, it is well 
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accepted that three-dimensional (3D) models are able to more faithfully recapitulate 

the in vivo human brain in terms of physiology, as compared to traditional 2D cell 

cultures. In 3D, cells are able to generate 3D projections and establish multiple 

interactions with other cells and cell types and extracellular matrix in a way that is more 

representative to the human brain [158]. Moreover, as shown by a recent study [74], 

the dimensionality of neural culture also seems to affect the response to damage 

induced by OGD, with 3D models being more resilient. Although 3D brain organoids 

have found their way into many research fields, their use in in vitro stroke research has 

been largely unexplored territory. Only recently, pioneering studies have exposed brain 

organoids to low oxygen levels, mainly to investigate the effect of hypoxia on 

neurodevelopment and corticogenesis [189, 190, 245].  

Obviously, the stroke field will benefit from new physiologically relevant in vitro models 

complementing in vivo research to eventually improve the clinical translation of 

promising neuroprotective strategies. In this study, we developed and validated a new 

human-based model to facilitate in vitro stroke research using human iPSC-derived 

neurospheroid technology (Fig. 1). By means of an incorporated bioluminescent 

reporter, we have made it possible to directly read out the spheroid culture health 

condition after the induction of an ischemic-like event in real time. To provide the 

proof-of-concept of this new model system, 1- and 4-week-old neurospheroids were 

subjected to OGD and analysed both by luminescence measurements and various 

conventional methodologies. Furthermore, the (in)effectivity of Z-VAD-FMK, a caspase 

inhibitor, to confer neuroprotection was evaluated in this human model system.  
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 Methods 

 

Figure 1 - General overview of the development and characterization of the luminescent neurospheroid 
model for in vitro stroke research. (A) Neurospheroids were generated starting from human neural stem 
cells (NSCs) that were differentiated from human iPSCs (hiPSCs). Obtained neurospheroids were 
characterized for their growth (size measurements) and cell composition (histological quantification using 
a spheroid array). (B) Luminescent neurospheroids were developed by genetic engineering of the hiPSC-
derived NSC population using a lentiviral vector encoding a green fluorescent protein and firefly luciferase 
reporter open reading frame (ORF) (eGFP-T2A-fLuc) together with a puromycin resistance ORF, by 
puromycin selection. (C) Luminescent neurospheroids were subjected to OGD and validated as a model for 
in vitro stroke by luminescence measurements, LDH assay, flow cytometry and histological analysis. 

3.3.1 Culture of human neonatal foreskin fibroblasts and embryonic stem cell-

derived neural progenitors 

Both the neonatal foreskin fibroblasts and the embryonic stem cell-derived neural 

progenitors used in this study were newly obtained with confirmed origin. Human 

neonatal foreskin fibroblasts (ATCC, CRL-2522™) were cultured in RPMI supplemented 

with 15% heat-inactivated fetal bovine serum (FBS, Gibco), 1% sodium pyruvate (Gibco) 

and 1% penicillin-streptomycin (PS, Gibco). Human embryonic stem cell-derived neural 

stem cells (ENStem-ATM neural progenitor cells, EMD Millipore) were cultured in 

ENStem-ATM neural expansion medium supplemented with 2mM L-glutamine (Gibco) 

and 20ng/ml human fibroblast growth factor-2 (FGF-2, EMD Millipore) on poly-L-
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ornithine (20µg/ml, Sigma-Aldrich) and laminin-coated (5µg/ml, Merck Millipore) 

plates, according to the manufacturer’s instructions. Both cultures were maintained at 

37°C with 5% CO2 with medium changes every other day or every 2-3 days for the stem 

cells and the foreskin fibroblasts, respectively. 

3.3.2 Generation and culture of human induced pluripotent stem cells 

Human induced pluripotent stem cells (hiPSCs) were generated by the reprogramming 

of neonatal foreskin fibroblasts (ATCC, CRL-2522™) using CytoTune®-iPS 2.0 

Sendai Reprogramming Kit (ThermoFisher) according to the manufacturer’s 

instructions. Obtained hiPSCs were further cultured feeder-free in Essential 8 Flex 

medium (Life Technologies) on Matrigel (Corning)-coated plates at 37°C with 5% CO2. 

Medium was changed every other day. 

3.3.3 hPSC ScoreCard assay 

Embryoid bodies (EBs) were generated from hiPSCs in Essential 6 medium (Life 

Technologies) in ultra-low attachment (ULA) 24-well plates (Sigma). RNA was extracted 

from hiPSC at day 0 and 14 of EB formation using a commercial RNA extraction kit 

(Zymo). Next, cDNA was prepared using the Super Script III First Strand Synthesis kit 

(Life Technologies) before the TaqMan™ hPSC ScoreCard™ assay (ThermoFisher) was 

performed according to the manufacturer’s instructions. The accompanying data 

analysis software was used to quantitatively compare the gene expression profile of 

the samples to that of a reference set. 

3.3.4 Generation and culture of hiPSC-derived neural stem cells 

Neural stem cell (NSC) cultures were established from hiPSCs using a commercial 

Neural Induction Medium (Gibco) according to the manufacturer’s instructions with 

minor modifications. In brief, hiPSCs were plated at a density of 2.5 x 105 cells per well 

of a Matrigel (Corning)-coated 6-well plate. 24h post-seeding, medium was switched to 

Neural Induction Medium (Neurobasal medium (Gibco), 1x neural induction 

supplement (Gibco), 1% PS (Gibco)). After seven days of neural induction, obtained 

hiPSC-derived NSCs (further annotated as hiPSC-NSC) were further cultured in 

complete Neural Expansion Medium (cNEM) (1:1 Advanced DMEM/F12 

(Gibco):Neurobasal medium (Gibco), 1x neural induction supplement (Gibco), 1% PS 
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(Gibco)) in 6-well plates coated with GeltrexTM (Life Technologies). Cultures were 

maintained at 37°C with 5% CO2 with medium changes every other day.  

3.3.5 Copy Number Variation sequencing 

DNA libraries of hiPSC-NSCs were prepared using the NEXTflex Rapid DNA-seq kit 

(following option 2, with bead-based size selection prior to polymerase chain reaction 

amplification) and NEXTflex DNA barcodes (PerkinElmer), starting from 200 ng of DNA. 

Next, libraries were equimolarly pooled to a concentration of 4-6 nM. Cluster 

generation was completed using a cBot 2 system (Illumina) and sequencing was 

performed on a HiSeq 3000 device (Illumina) in a single-read 50-cycle run mode. The 

minimal number of reads per sample was set at 15 million (mean coverage of 0.25x). 

Demultiplexing was executed by the bcl2fastq software (Illumina). Reads were mapped 

to GRCh38 with bwa mem v0.7.17 [246] and duplicate reads were removed with Picard 

[247] MarkDuplicates v2.21.6. Afterwards, for sWGS, the log2(ratio) was called and 

processed with WisecondorX [248] v1.1.6 and visualized in Vivar [249] to allow 

detection of copy number variations (CNVs) larger than 50kb. 

3.3.6 Neural differentiation of hiPSC-NSC 

Neuronal and astrocyte differentiation was performed based on the protocol of Yan et 

al. [120], with minor adjustments. For neuronal differentiation, hiPSC-NSCs were grown 

onto poly-L-ornithine (20µg/ml, Sigma) and laminin (10µg/ml, Sigma)-coated well 

plates in neuronal differentiation medium (Neurobasal Plus medium (Gibco), 1x B27 

plus supplement (Gibco), 2mM L-glutamine (Gibco), 1x CultureOne supplement 

(Gibco), 200µM ascorbic acid (Sigma), 1% PS (Gibco), 20ng/ml brain-derived 

neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF) 

(Immunotools)) for a minimum of 16 days. Medium was changed every 2-3 days. For 

astrocyte differentiation, hiPSC-NSCs were cultured on Geltrex-coated well plates in 

astrocyte differentiation medium (DMEM (Gibco), 1x N2 supplement (Gibco), 2mM L-

glutamine (Gibco), 1% FBS (Gibco), 1% PS (Gibco)) for a minimum of 22 days. Medium 

was changed every 2-3 days. 
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3.3.7 Neurospheroid formation and culture 

To generate single neurospheroids of reproducible size, hiPSC-NSCs were seeded at a 

density of 1.6 x 104 cells per well in an ULA 96-well plate (Corning) in cNEM. The second 

or third day after plating, fresh medium was added. Cultures were maintained at 37°C 

with 5% CO2 and from day 3 post-seeding onwards under constant orbital shaking (88 

rpm). A half medium change was performed every other day and even every day upon 

long-term culture.  

3.3.8 Spheroid size measurements 

The diameter of the neurospheroids was measured every week for five weeks using a 

Fluovert Leitz microscope with CellSens Entry software v.2.1.  

3.3.9 Immunofluorescence of 2D cultures and neurospheroids 

All steps described hereafter were performed at room temperature (RT), unless stated 

otherwise. For the 2D cultures, cells grown on coverslips were fixed with 4% 

paraformaldehyde (PFA) for 20 min at 4°C. After a washing step with phosphate-

buffered saline (PBS), cells were permeabilized for 30 min using 0.1% (v/v) Triton X-100 

(Sigma) in Tris-buffered saline (TBS) and blocked with blocking solution consisting of 

TBS with 20% serum of the corresponding secondary antibody host species for 1h on a 

shaker. Cells were incubated (4°C) overnight with the primary antibodies diluted in 10% 

(m/v) milk solution (Sigma) in TBS (Table 1). After a washing step and a subsequent 1h 

incubation with the secondary antibodies in milk solution on a shaker (Table 2), cells 

were again washed and counterstained with DAPI (1µg/ml, Sigma) for 10 min at 4°C. 

After a final washing step with distilled water, the sample was mounted using ProLong® 

Gold antifade reagent (ThermoFisher).  

Table 1 - List of primary antibodies used for immunocytochemistry. (NA, not available) 

 Antibody Host Source Final 

concentration 

A Nanog Rabbit Life technologies (PA1-097) 2 µg/ml 

B Oct3/4 Mouse Santa Cruz (sc-5279) 2 µg/ml 

C Tra-1-60 Mouse Santa Cruz (sc-21705) 1 µg/ml 

D Tra-1-81 Mouse Santa Cruz (sc-21706) 1 µg/ml 

E SOX1 Goat R&D systems (AF3369) 2 µg/ml 
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F SOX2 Rabbit Merck Millipore (AB5603) 2 µg/ml 

G Oct3/4 Rabbit Santa Cruz (sc-9081) 2 µg/ml 

H Tuj1 Mouse R&D systems (MAB1195) 2 µg/ml 

I GFAP Rabbit Abcam (ab7260) 1-10 µg/ml 

J Ki67 Rabbit Abcam (ab15580) 5 µg/ml 

K NeuN Guinea pig Merck Millipore (ABN90P) 5 µg/ml 

L TBR2 Rabbit Abcam (ab23345) 2-3 µg/ml 

M PAX6 Mouse  Abcam (ab78545) 20 µg/ml 

N Hop Mouse  Santa Cruz (sc-398703) 4 µg/ml 

O DCX Rabbit Abcam (ab18723) 2 µg/ml 

P Cl. Casp-3 Rabbit Cell Signaling Technology (9661) NA – 1/400 

dilution 

 

Table 2 – List of secondary antibodies used for immunocytochemistry. 

Antibody Host Conjugation Source Final 

concentration 

In 

combination 

with 

Anti-goat Donkey AF555 Invitrogen (A21432) 10 µg/ml E 

Anti-rabbit Donkey AF488 Invitrogen (A21206) 2 µg/ml A, F, G, J 

Anti-mouse Goat  AF555 Invitrogen (A21425) 2 µg/ml B, H, M, N 

Anti-mouse Goat  AF555 Invitrogen (A21426) 10 µg/ml C, D 

Anti-rabbit Goat FITC Jackson 

ImmunoResearch 

(111-096-045) 

7.5 µg/ml I, L, O 

Anti-guinea 

pig 

Donkey Cy3 Jackson 

ImmunoResearch 

(706-165-148) 

7.5 µg/ml K 

Anti-rabbit Donkey AF555 Invitrogen (A31572) 2 µg/ml P 

 

Neurospheroids were fixed with 4% PFA for 150 min at RT. To allow high-throughput 

staining of neurospheroids, we adapted the spheroid micro-array technology described 

by Ivanov et al. [250] (Fig. 2). The original approach arranges up to 66 spheroids into a 

gel-based array that subsequently becomes paraffinized and sectioned. However, 

paraffin embedding does not preserve reporter fluorescence and requires tedious 

(de)paraffinization and antigen retrieval steps. Therefore, we here describe a new 
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protocol to generate cryosections of parallel-mounted spheroids, explained in detail 

hereafter. 

A silicone mold was made by imprinting a 3D printed mold-maker (Molecular 

Spectroscopy research group, University of Antwerp) onto liquid silicone (15 shore A, 

Henry Schein) (Fig. 2), leaving a mold of either 66 or 35 wells, depending on the mold-

maker used for the corresponding size of the neurospheroids. TissueTek-OCT (VWR) 

was poured into the silicone mold, which was positioned in a metal histology base mold 

for stabilization. Before loading the neurospheroids, a centrifugation step (100xg for 1 

min) ensured that the OCT in the wells was free from air bubbles. Next, the 

neurospheroids, that had been incubating with 20% sucrose in distilled water overnight 

for cryoprotection purposes, were pipetted into the OCT in the individual wells. 

Following a final centrifugation step (100xg for 1 min) to pellet all neurospheroids to 

the bottom of the wells, the OCT with neurospheroids in the silicone-histology base 

mold was snap-frozen in isopentane at a fixed temperature of -50°C using liquid N2. The 

resulting OCT-block was removed from the silicone mold and turned upside down in 

the histology base mold (i.e. peaks directing upwards). Another layer of TissueTek-OCT 

was poured on top of the OCT-peaks and frozen again. Cryosections of 10µm were 

made on poly-L-lysine (Sigma)-coated glass slides making use of the NX70 cryostar 

cryostat (Thermo Scientific). 

 

Figure 2 - Procedure of embedding neurospheroids in TissueTek-OCT to make cryosections of multiple 
neurospheroids arranged in an array. 
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3.3.10 Hematoxylin and eosin staining 

A hematoxylin and eosin (HE) staining of neurospheroid array slices was performed 

with Carazzi’s hematoxylin (0.1% (m/v) dissolved in 1:4 distilled water:glycerol 85% 

containing 105mM KAl(SO4)2.12 H2O, 0.9mM KIO3 Sigma) and eosin Y (1% (m/v) in 

distilled water, Sigma). Slides were stained for 2min with hematoxylin, washed for 5 

min with running water, and stained with eosin Y for 5min. After dipping 5 times in 

distilled water, slides were dehydrated by 95% and 100% ethanol (each for 2min) and 

xylene (10min) and mounted using Eukitt mounting medium (Sigma).    

3.3.11 Microscopy and image analysis 

Microscopic images of all 2D cultures were obtained using a BX51 fluorescence 

microscope equipped with an Olympus DP71 digital camera using a 10x (NA 0.30), 20x 

(NA 0.50) or 40x (NA 0.75) dry objective lens, except for the images of the hiPSC-NSC 

neuronal and astrocyte differentiation which were taken with a Leica SP8 confocal 

microscope using a 60x (NA 1.4) oil objective lens. Microscopic imaging of the 

neurospheroid arrays was performed using an automated Nikon Eclipse Ti widefield 

fluorescence microscope using a 20x (NA 0.75) dry objective lens. Fiji image analysis 

freeware was used for image processing and analysis (http://fiji.sc). Quantification of 

different markers was performed on a single, complete slice of a neurospheroid 

composed of stitched 20x images. For nuclear marker (NeuN, Ki67, SOX1, SOX2) 

quantification, nuclei were segmented to obtain nuclear regions of interest (ROIs) and 

marker signal intensity was measured using the CellBlocks_v08.ijm ImageJ 

script  (https://github.com/DeVosLab/CellBlocks) [251, 252]. In brief, nuclei 

were segmented in the DAPI channel after Laplacian-enhancement by means of an 

automatic threshold setting based on the Triangle algorithm [253]. ROIs were 

considered positive when exceeding a pre-set intensity threshold. For the 

quantification of the cytoplasm-based cleaved caspase-3 marker, the percentage of the 

complete neurospheroid area covered by cleaved caspase-3 staining was determined. 

To this end, the total area of caspase-3 positive signals was divided by the projected 

area of the entire slice after manual intensity thresholding.  

3.3.12 Genetic engineering of hiPSC-NSC  

To generate a hiPSC-NSC line stably expressing the enhanced green fluorescent protein 

(eGFP) and firefly luciferase (Luc) reporters, the original hiPSC-NSC population was 

http://fiji.sc/
https://github.com/DeVosLab/CellBlocks
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transduced with the LV_CMV-eGFP-T2A-fLuc-IRES-PuroR lentiviral vector containing 

the corresponding reporter open reading frames under the control of a constitutive 

immediate early human CMV (CMVie) promoter, obtained from the Leuven Viral Vector 

Core (LVCC, KU Leuven, Belgium) (Fig. S1) [254, 255]. The eGFP and luciferase positive 

hiPSC-NSC population (eGFP/Luc hiPSC-NSC) was enriched by means of a transient 

puromycin selection of two weeks (increasing the concentration from 0.2 to 2.0 µg/ml).  

3.3.13 Flow cytometry 

Flow cytometric analyses were performed using the Epics XL-MCL analytical and 

CytoFLEX (Beckman Coulter) flow cytometer and data were analysed using FlowJo 

software v.7.2.2. For the validation of eGFP expression by the eGFP/Luc hiPSC-NSC 

population, dead cells were stained with GelRed (Biotum) and excluded from the 

analysis. To determine the viability and the mean fluorescence intensity (MFI) of the 

eGFP signal of the neurospheroids, the neurospheroids were first dissociated by 

incubation in accutase for 5min at 37°C and subsequent trituration. Dead cells were 

stained with GelRed. 

3.3.14 In vitro luminescence measurements  

To validate luciferase expression by the eGFP/Luc hiPSC-NSC population, eGFP/Luc 

hiPSC-NSC and wild-type hiPSC-NSC, serving as a negative control, were plated at equal 

density in a white 24-well VisiPlate (Perkin Elmer). After reaching confluence, Beetle 

luciferin (E1601, Promega) was added to the cell culture medium of the wells at a final 

concentration of 1.5mg/ml for 10 min and the luminescent signal was measured using 

the GloMax® Discover Microplate Reader (Promega). For eGFP/Luc neurospheroids, 

luminescent measurements were carried out in black ULA 96-well plates (Corning) after 

48h of incubation with 150µg/ml Beetle luciferin. For the luminescence measurements 

of 2D-cultured eGFP/Luc hiPSC-NSCs in the context of the evaluation of Z-VAD-FMK, 

cells were incubated for 30min with 150µg/ml Beetle luciferin. 

3.3.15 Determination of lactate dehydrogenase release  

The degree of cytotoxicity was assessed by colorimetric detection of LDH in culture 

supernatant after 15-20 min of incubation, using CytoTox 96® Non-Radioactive 
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Cytotoxicity Assay (Promega) according to the manufacturer’s instructions. The culture 

medium background was subtracted from each measurement. 

3.3.16 OGD experiments 

To mimic a stroke-like event, eGFP/Luc neurospheroids of 1- or 4-week-old were 

deprived from glucose and oxygen. The glucose- and oxygen-deficient conditions were 

achieved by incubating the spheroids in glucose-free cNEM (DMEM/F12 w/o L-

glutamine, w/o HEPES, w/o glucose (VWR), 1xB27 (Gibco), human recombinant 

epidermal growth factor (rhEGF) and rhFGF-2 (20ng/ml, Immunotools)) in a humidified 

Bactron IV anaerobic chamber (Shel Lab) or Whitley H45 HEPA Hypoxystation (Don 

Whitley Scientific) containing 5% CO2, 94.5-95.0% N2 and 0.0-0.5% O2. Immediately 

prior to the OGD at day 0 the luminescent signal of the neurospheroids was measured 

(i.e. pre-OGD measurement). Thereafter, plates with neurospheroids were placed into 

the anaerobic/hypoxic chamber and four times a half medium change was performed 

with the glucose-free cNEM, that had been pre-equilibrating in the chamber overnight. 

This step ensures the replacement of the oxygenated glucose-containing media by the 

oxygen- and glucose-free cNEM at the start of the incubation. The neurospheroids were 

incubated for 6 or 24h. At the end of the OGD, glucose (4.5 mg/ml, Gibco) was 

administered and the plates were brought back to atmospheric O2 level (21% O2). The 

cultures were maintained for one additional week before they underwent a second in 

vitro luminescence measurement at day 7 after reoxygenation (i.e. post-OGD 

measurement). Control neurospheroids were subjected to the same manipulations but 

were kept under normoxia and glucose was added immediately after the medium 

changes with the glucose-free cNEM.      

Obtained luminescence data (in relative light units, RLU) were subsequently processed 

as follows: for each single neurospheroid, the measured RLU value post-OGD (i.e. post-

OGD measurement) was normalized to the calculated mean of pre-OGD RLU values of 

all neurospheroids of the corresponding condition (i.e. pre-measurement). This 

approach of data analysis allows to visualize the variation in luminescent signal existing 

between the individual neurospheres at the start of the experiment, when compared 

to the approach in which each neurosphere was considered a single entity. The ratio is 

visualized as ‘fold change’ in the graphs, thus representing the net fold increase or 

decrease in signal compared to the pre-OGD measurement. More information on the 

statistical analysis of these data can be found under ‘data representation and statistical 

analyses’ of the material and methods section. 
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For the evaluation of the caspase inhibitor Z-VAD-FMK (Enzo Lifesciences and Bachem) 

in the neurospheroid culture, the compound was added to the culture medium at a 

final concentration of 25µM at the start of OGD until day 2 or until day 7 post-OGD. For 

the evaluation of Z-VAD-FMK in the 2D culture, eGFP/Luc hiPSC-NSCs were seeded at 

2.5 x 104 cells/well in a black 96-well plate (Greiner) one day prior to the OGD and kept 

for a total of 2 days under continuous exposure of Z-VAD-FMK (25µM).  

3.3.17 EF5 hypoxia detection  

To visualize hypoxia in the neurospheroids, EF5 reconstituted in DMSO (10mg/ml) was 

added to the culture medium at a final concentration of 200µM at the start of OGD. At 

the end of OGD, the neurospheroids were immediately fixed and cryosections were 

obtained as previously described. EF5 adducts were subsequently stained by incubation 

with EF5 Cy3-conjugated monoclonal antibody ELK3-51 (75µg/ml) for 4h at 4°C, using 

the EF5 Hypoxia Detection Kit, Cyanine 3 (Merck Millipore) and counterstained with 

DAPI. The control neurospheroids were handled correspondingly.  

3.3.18 Analysis of caspase-3 activity 

Lysates were prepared by lysing neurospheroids (n = 15-20 per lysate) in caspase lysis 

buffer (1% NP-40, 200 mM NaCl, 10 mM Tris-HCl pH 7, 5 mM EDTA, 10% glycerol, freshly 

supplemented with 1 mM leupeptin, 0.1 mM aprotinin and 1 mM PMSF) followed by 

collection of the supernatant after a centrifugation step for 15 min at maximum speed 

at 4°C. The volume of lysates was adjusted to obtain a protein concentration of 2µg/µl. 

20µg of protein was further diluted with CFS buffer (10 mM HEPES pH 7.5, 220 mM 

mannitol, 68 mM sucrose, 2 mM NaCl, 2 mM MgCl2, 2.5 mM KH2PO4, freshly 

supplemented with 1 mM leupeptin, 0.1 mM aprotinin, 1 mM PMSF and 10 mM DTT) 

containing DEVD-AMC (50µM, PeptaNova) up to a total volume of 150µl. The caspase-

3 activity for each lysate was measured using FLUOstar Omega fluorescence plate 

reader in duplicate or triplicate at intervals of 5min. Lysates of neurospheroids treated 

with 0.5µM staurosporin (SelleckChem) for 48h were included as a positive control for 

caspase-3 activity.  
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3.3.19 Western blot  

Lysates of neurospheroids (n = 15-20 per lysate) were prepared as described above. 

Laemlli buffer was added to the lysate and the mixture was boiled for 10min. Proteins 

were separated by SDS-PAGE and subsequently transferred to a nitrocellulose 

membrane through semi-dry blotting. The membrane was blocked using 5% non-fat 

dry milk solution in TBS buffer with 0.05% Tween20 (TBST) for 1h and incubated with 

the primary antibody against caspase-3 (1/1000; 9662, Cell Signaling Technology) at 4°C 

overnight. After TBST washing steps, the membrane was incubated with HRP-

conjugated secondary anti-rabbit antibody (1/3000, NA934V, Cytiva Lifesciences) for 

1h. Finally, the membrane was developed using Western Lightning Enhanced 

Chemiluminescence Substrate (Perkin Elmer). The immunoblotting procedure was 

repeated using a HRP-conjugated anti-β-actin antibody, after a stripping and extensive 

washing step of the membrane. Lysates of neurospheroids treated with 0.5µM 

staurosporin (SelleckChem) for 48h were included as a positive control for cleaved 

caspase-3.  

3.3.20 Data representation and statistical analyses 

Graphs representing quantitative data were obtained using GraphPad Prism v.8.2.1 

software. Statistical analyses were carried out using GraphPad Prism and statistical 

software JMP® Version 15.1.0 for analysing the mixed-effects models. The choice 

between a parametric or non-parametric statistical test was based on the sample size 

(cut off n=10) and the normality of the data (Shapiro-Wilk normality test). Specifically 

for applying linear mixed-effects models, the conditions on normality of residuals and 

homoscedasticity were primarily checked to be in an acceptable range to perform this 

type of analysis. A p-value < 0.05 was considered statistically significant. 

To validate the eGFP/Luc hiPSC-NSC population, the produced luminescence of the 

eGFP/Luc hiPSC-NSC population was compared to that of the wild type hiPSC-NSC 

population, using a non-parametric Mann-Whitney U test. The same test was used to 

compare the LDH activity of neurospheroids under control versus OGD conditions. An 

independent samples t-test was performed for the flow cytometry data to compare the 

proportion of viable cells and the mean fluorescence intensity of the eGFP-positive cell 

population between 2- and 5-week-old neurospheroids. For the luminescence in 

function of the mean diameter, differences in RLU-values between the different 

diameters were determined by a Kruskal-Wallis test. Growth of the neurospheroids 
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(size measurements), the marker quantifications, the in vitro luminescence data of 

neurospheroids over time and the flow cytometric data of the OGD experiments were 

modelled using a linear mixed-effects model, entering the age or condition (i.e. control 

or 6h OGD) of the neurospheroids as fixed effect. The non-independence between 

observations within the same experiment was accounted for by entering the 

independent experiments as random effects. To compare the flow cytometric data 

between control and OGD conditions with and without Z-VAD-FMK to evaluate this 

compound, either one-way ANOVA (data from single experiment) or  a linear mixed-

effects model (data from multiple experiments) was carried out. For the caspase-3 

activity assay, an ANCOVA model was fitted to identify differences between conditions 

for their produced fluorescence over time, followed by pairwise comparisons between 

conditions of interest. P-values for these pairwise comparisons were corrected for 

multiple hypothesis testing using the Bonferroni method. 

With regard to the luminescence data of the OGD experiments, first significant 

differences between the RLU fold change of the pre-OGD measurement and post-OGD 

measurement were determined for every condition (i.e. control or OGD). In case data 

were derived from a single experiment, a Wilcoxon signed rank test or paired t-test was 

used to this end. In case data were obtained by multiple experiments, a linear mixed-

effects model was fitted entering timepoint of the luminescence measurement as fixed 

effect and again the independent experiments as random effect. Second, differences 

between conditions were identified, using the RLU fold changepost-OGD – RLU fold 

changepre-OGD values (∆RLU fold change), by means of either one-way ANOVA or Kruskal-

Wallis (data from single experiment) or a linear mixed-effects model (data from 

multiple experiments). For the latter, condition (i.e. control, 6h OGD (+ Z-VAD-FMK)) of 

the neurospheroids was entered as fixed effect and independent experiments as 

random effect. 

Post-hoc analyses for ANOVA and linear mixed-effects models were carried out with 

Tukey HSD correction for multiple comparisons. For the post-hoc analysis following the 

Kruskal-Wallis test, Dunn’s correction was used. 
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 Results 

3.4.1 Development and characterization of neurospheroids with reproducible 

growth and differentiation pattern  

In order to develop a platform for in vitro stroke research, we set out to generate a 

robust human iPSC-derived neurospheroid model (Fig. 1a). Hereto, we first established 

a new hiPSC line from human neonatal foreskin fibroblasts and characterized the 

resulting hiPSC by means of immunocytochemistry (ICC) and qRT-PCR (Fig. S2). hiPSCs 

expressed the human pluripotent stem cell markers Oct3/4, SOX2, TRA-1-60, TRA-1-81 

and Nanog (Fig. S2a). Trilineage differentiation potential was confirmed after embryoid 

body formation and subsequent qRT-PCR analysis demonstrating downregulation of 

pluripotency-associated transcripts and upregulation of ectoderm, mesoderm and 

endoderm-associated transcripts (hiPSC scorecard assay, Fig. S2b).  

Next, the obtained hiPSC line was differentiated into a self-renewable NSC population 

(further annotated as hiPSC-NSC) and subsequently validated for marker expression, 

differentiation potential and genetic stability (Fig. 3). First, the marker expression 

profile of the generated hiPSC-NSCs was compared to that of the corresponding hiPSCs 

and foreskin fibroblasts from which they had been derived, as well as to a commercially 

available NSC line derived from human embryonic stem cells (ES-NSCs). By means of 

ICC (Fig. 3a), we show that the expression of SOX2 is maintained in the hiPSC-NSC 

population upon differentiation from hiPSC. Moreover, hiPSC-NSCs acquire expression 

of the neural stem cell marker SOX1 and lose expression of the pluripotency-associated 

Oct3/4 marker. None of these marker proteins were present in the original foreskin 

fibroblast population. This SOX1+ SOX2+ Oct3/4- marker profile is in accordance with 

the ES-NSC population. As a second validation, the differentiation potential of the 

hiPSC-NSC into neurons and astrocytes was evaluated (Fig. 3b). The expression of the 

neuronal marker Tuj1 and the astrocyte marker GFAP was demonstrated after applying 

specific neuronal and astroglial differentiation protocols, thereby confirming the 

multipotent differentiation potential of the derived hiPSC-NSCs. Finally, CNV 

sequencing revealed that the established hiPSC-NSCs did not display large genomic 

alterations, i.e. CNVs larger than 50kb (Fig. 3c). 
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Figure 3 - Validation of the NSC population derived from hiPSC (hiPSC-NSC). (A) Immunofluorescence of 
hiPSC-NSC. The hiPSC-NSC population is SOX1+, SOX2+, Oct3/4-, in accordance with the commercially 
available NSC population derived from human embryonic stem cells (hES-NSC). Human neonatal foreskin 
fibroblasts (HFFs) here represent the negative control for all markers, while hiPSCs were used as a positive 
control for SOX2 and Oct3/4 expression. This NSC marker profile was confirmed for different passage 
numbers by at least three different experiments. (B) Immunofluorescence of differentiated hiPSC-NSC. 
Differentiation of hiPSC-NSCs into neurons (Tuj1+) and astrocytes (GFAP+) at day 16 and 45, respectively. 
The differentiation into neurons and astrocytes had been confirmed by at least three additional 
experiments. (C) CNV sequencing profile of hiPSC-NSC. The CNV sequencing profile of hiPSC-NSC showing 
the distribution of all bins (indicated as black dots) around ratio 0, indicating a normal genetic constitution. 
(Deletions would be represented by a ratio of -1, and duplications by a ratio of 0.58.) 
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We next generated neurospheroids by seeding hiPSC-NSCs at equal density in wells of 

an ULA 96-well plate. By means of their spontaneous self-assembling capacity, 

neurospheroids started to form from as early as 1 day post-seeding. Growth of the 

spheroids was monitored by weekly measurements of their diameter for five 

consecutive weeks (Fig. 4a, b). Spheroids reached sizes from a mean diameter of 689 ± 

22 µm at week 1, up to 2339 ± 96 µm at week 5, growing with an average of 415 ± 9 

µm per week (95% CI [380, 450], p=0.0003). Additionally, as can be concluded from Fig. 

4b, this procedure of generating neurospheroids was associated with a low level of 

variability in size between individual neurospheroids. Moreover, the growth of the 

spheroids was highly reproducible across different independent experiments.  

Besides their growth, we characterized the obtained neurospheroids for different 

markers implicated in proliferation and differentiation into neurons and astrocytes by 

ICC. The dynamics of these markers were assessed in time by comparison of 2- and 4-

week-old neurospheroids. As shown by representative IF images (Fig. 4c), the cells in 

neurospheroids spontaneously differentiated into neurons, with both immature (Tuj1+, 

DCX+) and mature (NeuN+) phenotypes. Quantification of the NeuN-positive cells did 

however not reveal an increase of this marker over time (p=0.0638) (Fig. 4e). In contrast 

to neurons, neither 2 nor 4-week-old neurospheroids contained GFAP+ cells, suggesting 

a lack of astrocytes (Fig. 4c). Nevertheless, the neurospheroids showed a reduction in 

the SOX1+ (mean difference = 37%, CI[31, 44], p<0.0001) and SOX2+ (mean difference = 

40%, CI[35, 46], p<0.0001) NSC population and a decreased proliferation potential, as 

shown by the reduction in the proliferation marker Ki67 (mean difference = 15%, CI[9, 

21], p<0.0001) over time (Fig. 4c, e). Despite the immature phenotype, this suggests 

ongoing differentiation as further supported by the presence of TBR2+ intermediate 

progenitors and Hop+ outer radial glia cells in 2- and 4-week old neurospheroids (Fig. 

4f), as well as the disappearance of the radial glia marker PAX6 expression in 4-week 

old neurospheroids (Fig. 4f). In agreement with ongoing differentiation processes, 

staining for cleaved caspase-3 indicates ongoing apoptotic events in 2- and 4-week old 

neurospheroids (Fig. 4c). Also note the distribution of the SOX1-, SOX2- and Ki67-

expressing cells within the neurospheroids. Where these marker-expressing cells were 

widely dispersed in 2-week-old neurospheroids, they were more confined to particular 

stem cell niches in 4-week-old spheroids. These stem cell niches resemble typical neural 

rosette structures (Fig. 4d), which can be considered the in vitro equivalent of the 

invaginated neuroectoderm forming the neural tube in embryos. 
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Figure 4 - Characterization of hiPSC-NSC-derived neurospheroids. (A) Representative bright-field 
microscopic images of 1- to 5-week-old (1-5W) neurospheroids. Scale bar 500µm. (B) Growth of 
neurospheroids over the course of five weeks by three independent experiments with n=10 per experiment. 
For each experiment the mean diameter with standard deviation is plotted and a regression line is fitted 
through the data points. (C) Representative immunofluorescent images (i.e. image with relative number of 
positive cells closest to the median value of the quantification data shown in fig. E) of 2- and 4-week-old 
neurospheroids stained for the neuronal markers Tuj1, DCX and NeuN, the astrocyte marker GFAP, the 
proliferation marker Ki67, the NSC markers SOX1 and SOX2 and for the apoptosis marker cleaved caspase-
3 (Cl. Casp-3). Second row represents a 100x100µm inset at the selected region (white square) from upper 
row images. Scale bar 100µm. (D) Detailed immunofluorescent images of neural rosette structures 
(arrowheads) present in 4-week-old neurospheroids. Scale bar 50µm. (E) Quantification of NeuN, Ki67, 
SOX2 and SOX1 markers with respect to the total number of nuclei of 2- and 4-week-old neurospheroids 
from four independent experiments with n=3 per experiment. The box plots indicate median and 
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interquartile range, whiskers indicate the minimum and maximum values of all four independent 
experiments. The dots indicate the median value of each independent experiment. (F) Representative 
immunofluorescent images of 2- and 4-week old neurospheroids stained for the radial glia marker PAX6, 
the intermediate progenitor marker TBR2 and the outer radial glia marker Hop. Second row represents a 
100x100µm inset at the selected region (white square) from upper row images. Scale bar 100µm. 
****p<0.0001 

3.4.2 Bioluminescence allows real-time monitoring of neurospheroid growth 

and viability 

Most of the traditional cell growth, viability and/or cytotoxicity assays (e.g. 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and lactate 

dehydrogenase (LDH) assay, flow cytometry, microscopy) are terminal endpoint assays 

and/or require disruption of neurospheroids into a single cell suspension. To enable a 

real-time read-out of neurospheroid growth and viability, we therefore stably 

introduced the firefly luciferase (Luc) reporter into our model through lentiviral vector 

transduction (Fig. 1b, Fig. 5a). As the construct also contains the fluorescent eGFP 

reporter (Fig. 5b), the established hiPSC-NSC population will be further referred to as 

eGFP/Luc hiPSC-NSCs. To evaluate whether the introduced bioluminescent system can 

be applied to monitor the growth and/or viability of neurospheroids over time, weekly 

luminescence measurements were performed on the same group of spheroids for five 

consecutive weeks (Fig. 5c, d). Our results demonstrate that luminescent 

neurospheroids display a dynamic luminescence pattern, whereby a significant 

increase in luminescent signal is detected during the first 3 weeks of culture, followed 

by signal stabilization (week 3-4). When cultured for a longer period, a signal decrease 

is observed while still leaving a substantially high luminescent signal despite their 

increase in size over time (Fig. 5c, d, list of p-values provided in Table S1 and S2). The 

observed decrease in luminescent signal upon long-term culture most likely reflects 

gradual cell loss due to nutrient deprivation and reduced viability and altered cellular 

metabolism associated with the transition from immature to more mature 

neurospheroids (Fig. 4c, e, f). Supporting this hypothesis, flow cytometric analysis of 2-

week-old and 5-week-old neurospheroids demonstrated a decrease in the number of 

viable cells within the neurospheroids (Fig. 5e), as well as a decrease in the level of 

eGFP expression (Fig. 5f), which may reflect the altered cellular metabolism during the 

differentiation process. Clearly, the observed decrease in luminescent signal following 

long-term culture of neurospheroids is a highly complex multifactorial event that may 

require further investigation. Nevertheless, as the observed luminescent signal pattern 

displays high similarity over multiple experiments and remains substantially high over 
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the course of five weeks, its potential use in evaluating spheroid survival following 

cellular stress will be further evaluated below. 

 

Figure 5 - Validation of the eGFP- and Luc-positive hiPSC-NSC population (eGFP/Luc hiPSC-NSC) and 
longitudinal luminescence measurements of eGFP/Luc hiPSC-NSC-derived neurospheroids. (A) 
Luminescence data of eGFP/Luc hiPSC-NSCs (n=5) versus control hiPSC-NSCs (n=5). (B) Flow cytometry data 
of eGFP/Luc hiPSC-NSCs (green) versus control hiPSC-NSCs (black) on expression of eGFP. (C) Luminescence 
data of eGFP/Luc hiPSC-NSC- derived neurospheroids (n=30) over the course of five weeks by three 
independent experiments. The box plots indicate median and interquartile range, whiskers indicate the 
minimum and maximum values of all three independent experiments. The dots indicate the median value 
of each independent experiment (n=30). A list of p-values can be found in Table S1. (D) Luminescence data 
of eGFP/Luc hiPSC-NSC-derived neurospheroids (n=12) in function of the mean diameter (µm) at week 1-5. 
A list of p-values can be found in Table S2. (E) Proportion of viable cells in 2-week (2W) (n=12) and 5-week 
(5W) (n= 35)-old neurospheroids determined by flow cytometry. (F) Mean fluorescence intensity (MFI) of 
eGFP-positive cell population in 2-week (2W) (n=12) and 5-week (5W) (n= 35) old neurospheroids 
determined by flow cytometry.  **p<0.01, ****p<0.0001 (RLU, relative light units) 

3.4.3 Monitoring of OGD-mediated neurotoxicity using bioluminescence  

To evaluate the use of the established luminescent neurospheroids as a model for the 

investigation of stroke-like events, we subjected 1- and 4-week-old neurospheroids to 

OGD (0.0-0.5% O2) (Fig. 1c). At first, neurospheroids were subjected to 6 or 24 hours of 

OGD with corresponding luminescence measurements immediately before OGD (pre-

OGD measurement) and one week after OGD (post-OGD measurement) (Fig. 6). For 1-
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week-old neurospheroids (Fig. 6a), control spheroids that did not undergo the OGD 

event displayed - as expected (see Fig. 5c) - a significant increase in luminescent signal 

at day 7, while this increase was significantly lower following 6 hours of OGD (p<0.0001) 

(see Table S3 for a complete list of p-values). This was confirmed by four additional 

experiments (Fig. 7a, Table S4). In contrast, 24 hours of OGD abolished the expected 

increase in luminescent signal (Fig. 6a). Similarly, for 4-week-old neurospheroids (Fig. 

6b), control spheroids that did not undergo the OGD event displayed - as expected (see 

Fig. 5c) - a significant decrease in luminescent signal at day 7, while this decrease was 

significantly higher following 6 hours of OGD (p<0.0001) (Table S3), as confirmed by six 

additional experiments (Fig. 7f, Table S4). Again, after 24 hours of OGD virtually all 

luminescent signal was lost (Fig. 6b, Table S3). Based on these results, we decided to 

apply 6 hours of OGD to all further experiments since neurospheroids should retain a 

certain degree of viability when applying a therapeutic intervention. 

 

Figure 6 - Luminescent neurospheroids subjected to different durations of OGD. (A) Luminescence 
measurements of 1-week-old (1W) neurospheroids subjected to 6h OGD (n=29), 24h OGD (n=30) or control 
conditions (n=29). The RLU data post-OGD (i.e, day 7) of each condition were normalized to the mean of 
pre-OGD data of the corresponding condition, represented as ‘fold change’ in the graph. A complete list of 
p-values can be found in Table S3. (B) Luminescence measurements of 4-week-old (4W) neurospheroids 
subjected to 6h OGD (n=30), 24h OGD (n=29) or control conditions (n=30). The RLU data post-OGD (i.e, day 
7) of each condition were normalized to the mean of pre-OGD data of the corresponding condition, 
represented as ‘fold change’ in the graph. A complete list of p-values can be found in Table S3. 
****p<0.0001 

Next, we investigated whether the decrease in luminescent signal post-OGD was 

related to OGD-induced cytotoxicity. To this end, we first analysed the culture 

supernatant of OGD neurospheroids after reoxygenation and demonstrate a significant 

increase in LDH activity as compared to the supernatant of control neurospheroids, 
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both for 1-week-old (after 4 hours, Fig. 7b) and 4-week-old (after 2 days, Fig. 7g) 

neurospheroids (p= 0.0036 and p= 0.0063, respectively). We further confirmed that the 

OGD-induced increase in LDH activity in the culture supernatant was indeed due to a 

hypoxic event as both 1- and 4-week-old neurospheroids displayed high 

immunoreactivity for the hypoxic marker EF5 when analysed by ICC immediately after 

6 hours of OGD (Fig. 7c, h). Consequently, the early occurrence of OGD-induced 

cytotoxicity, as measured by LDH activity and EF5 immunoreactivity, indeed precedes 

the decreased luminescent signals detected at day 7 post OGD (Fig. 7a, f). Likewise, 

flow cytometric analysis confirms a significantly decreased cell viability within 1-week-

old (Fig. 7d) and 4-week-old (Fig. 7i) neurospheroids at 7 days after OGD as compared 

to control neurospheroids (resp. 70% ± 18% versus 89% ± 3% and mean of 40% ± 6% 

versus 54% ± 9%, for both p<0.0001). Also note the general difference in cell viability 

between 1- and 4-week-old neurospheroids, in agreement with our earlier results (Fig. 

5e). The latter is also reflected by the loss of spheroid integrity especially for the 4-

week-old neurospheroids at 7 days after OGD, visible as less defined edges by classical 

HE staining (Fig. 7e, j).  
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Figure 7 - Luminescent neurospheroids subjected to OGD. Left:1-week-old (1W) neurospheroids (A-E). Right: 
4-week-old (4W) neurospheroids (F-J).(A) Luminescence measurements of 1W neurospheroids subjected to 
6h OGD (n= 15-30) or control conditions (n= 19-30) from four experiments. The RLU data post-OGD (i.e, day 
7) of each condition were normalized to the mean of pre-OGD data of the corresponding condition, 
represented as ‘fold change’ in the graph. The box plots indicate median and interquartile range, whiskers 
indicate the minimum and maximum values of all four experiments. The dots indicate the median value of 
each independent experiment. A complete list of p-values can be found in Table S4. (B) LDH levels in the 
culture supernatants of control (n=14) vs. 6h OGD (n= 14) neurospheroids after four hours of reoxygenation. 
Values represent the measured absorbance at 490 nm corrected for the background absorbance of the 
culture medium after 20 min. (C) Representative image of control and 6h OGD spheroids stained for EF5 
adducts after incubation of neurospheroids with hypoxic marker EF5 during normoxic or ischemia-like 
conditions, respectively. Scale bar 100µm. (D) Percentage of viable cells determined by flow cytometry at 
day 7 for control (n= 12-15) and 6h OGD (n=12-15) neurospheroids by two independent experiments. The 
box plots indicate median and interquartile range, whiskers indicate the minimum and maximum values of 
two independent experiments. The dots indicate the median value of each independent experiment. (E) 
Representative light microscopic images of HE-stained control and 6h OGD neurospheroids at day 7. Scale 
bar 200µm. (F) Luminescence measurements of 4W neurospheroids subjected to 6h OGD (n=29-30) or 
control conditions (n= 28-30) from six experiments. The RLU data post-OGD (i.e, day 7)  of each condition 
were normalized to the mean of pre-OGD data of the corresponding condition, represented as ‘fold change’ 
in the graph. The box plots indicate median and interquartile range, whiskers indicate the minimum and 
maximum values of all 6 experiments. The dots indicate the median value of each independent experiment. 
A complete list of p-values can be found in Table S4. (G) LDH levels in the culture supernatants of control 
(n=15) vs. 6h OGD (n= 12) neurospheroids after two days of reoxygenation. Values represent the measured 
absorbance at 490 nm corrected for the background absorbance of the culture medium after 15 min. (H) 
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Representative image of control and 6h OGD spheroids stained for EF5 adducts after incubation of 
neurospheroids with hypoxic marker EF5 during normoxic or ischemia-like conditions, respectively. Scale 
bar 200µm. (I) Percentage of viable cells determined by flow cytometry at day 7 for control (n= 12-15) and 
6h OGD (n=12-15) neurospheroids by three experiments. The box plots indicate median and interquartile 
range, whiskers indicate the minimum and maximum values of all 3 experiments. The dots indicate the 
median value of each independent experiment. (J) Representative light microscopic images of HE-stained 
control and 6h OGD neurospheroids at day 7. Scale bar 200µm. **p<0.01, ****p<0.0001 

3.4.4 The pan-caspase inhibitor Z-VAD-FMK is unable to alleviate overall OGD-

mediated neurotoxicity in neurospheroids 

An important future application for the generated luminescent human neurospheroid 

model is the evaluation of potential neuroprotective agents and/or therapeutic 

strategies. Here, we assessed the effect of administration of Z-VAD-FMK to the 

neurospheroid cultures during OGD.  Z-VAD-FMK is a pan-caspase inhibitor that has 

previously been described to confer neuroprotection in rodent models for cerebral 

ischemia in vivo and in vitro [33-35, 256]. Indeed, addition of Z-VAD-FMK to the culture 

medium of 2D-cultured undifferentiated eGFP/Luc hiPSC-NSCs resulted in a beneficial 

effect at day 2 post-OGD, as reflected by the smaller decrease in luminescent signal for 

Z-VAD-FMK-treated cultures compared to the untreated counterpart (p= 0.0004) (Fig. 

8). Following confirmation of the beneficial effect of Z-VAD-FMK on cell survival in 2D 

cultures under OGD, we evaluated this compound in the developed neurospheroid 

model. In a first experimental setup, Z-VAD-FMK was added to the culture medium of 

1-week-old and 4-week-old neurospheroids at the start of OGD until day 2 after 

reoxygenation. However, neither luminescence analysis (Fig. 9a, e, Table S5) nor flow 

cytometric analysis (Fig. 9b,f, Table S6) could demonstrate a direct neuroprotective 

effect on human neurospheroids after OGD. Finally, we also investigated whether 

addition of Z-VAD-FMK to the culture medium of neurospheroids during the entire 

course of the experiment (i.e. until day 7 after reoxygenation) could exert a certain 

degree of neuroprotection. Despite prolonged exposure to Z-VAD-FMK, both 

luminescence (Fig. 9c, g, Table S5) and flow cytometry (Fig. 9d, h, Table S6) data did not 

reveal any neuroprotective effect. To investigate whether Z-VAD-FMK was able to 

interfere with apoptosis specifically, a caspase-3 activity assay and a subsequent 

western blot for cleaved caspase-3 (in monoplicate on the remaining lysate sample) 

were performed (Fig. 9i, j, m, n). As can be appreciated from these assays, control 

neurospheroids of 1-week and 4-weeks old display active caspase-3 activity, indicating 

a basal level of apoptosis present in neurospheroids. Staurosporin (STS) treatment was 

used as a positive control for caspase-3 activity. This finding could additionally be 
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confirmed by quantification of the cleaved caspase-3 immunostaining at day 7 post-

reoxygenation (Fig. 9k, l, o, p). Furthermore, Z-VAD-FMK is able to suppress the 

caspase-3 activity after OGD in both 1-week-old and 4-week-old neurospheroids, when 

compared to their untreated counterpart (for both p<0.0001) (Fig. 9i, m). Similarly, 

western blot analysis (although not quantified) suggests reduced cleaved caspase-3 

upon Z-VAD-FMK treatment (Fig. 9j, n). However, even though reduced caspase-3 

activity was observed following Z-VAD-FMK treatment, it did not prevent overall OGD-

induced cell death. 

 

Figure 8 - Evaluation of Z-VAD-FMK in 2D culture of eGFP/Luc NSCs. Luminescence measurements of 
eGFP/Luc NSCs under control (n=30) or 6h OGD treated with (n=30) or without (n=30) 25µM Z-VAD-FMK 
during the OGD until day 2 after reoxygenation. The RLU data post-OGD (i.e, day 2) of each condition were 
normalized to the mean of pre-OGD data of the corresponding condition, represented as ‘fold change’ in 
the graph. ***p<0.001,****p<0.0001. 
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Figure 9 - Evaluation of Z-VAD-FMK in luminescent neurospheroid model. Left and middle-left: 1-week-old 
(1W) with single administration of Z-VAD-FMK and 1W neurospheroids with daily administration. Middle-
right and right: 4-week-old (4W) neurospheroids with single administration and 4W neurospheroids with 
daily administration of Z-VAD-FMK. (A) Luminescence measurements of 1W neurospheroids under control 
conditions (n=29) or 6h OGD treated with (n=30) or without (n=29) 25µM Z-VAD-FMK during the OGD until 
day 2 after reoxygenation. The RLU data post-OGD (i.e, day 7) of each condition were normalized to the 
mean of pre-OGD data of the corresponding condition, represented as ‘fold change’ in the graph. A 
complete list of p-values can be found in Table S5. (B) Percentage of viable cells determined by flow 
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cytometry at day 7 for control (n= 12) and 6h OGD neurospheroids treated with (n= 12) and without Z-VAD-
FMK (n= 12) during the OGD until day 2 after reoxygenation. A complete list of p-values can be found in 
Table S6. (C) Luminescence measurements of 1W neurospheroids under control conditions (n=29) or 6h 
OGD treated with (n=28) or without (n=23) 25µM Z-VAD-FMK during the OGD until day 7 after 
reoxygenation. The RLU data post-OGD (i.e, day 7)  of each condition were normalized to the mean of pre-
OGD data of the corresponding condition, represented as ‘fold change’ in the graph. A complete list of p-
values can be found in Table S5. (D) Percentage of viable cells determined by flow cytometry at day 7 for 
control (n= 12) and 6h OGD neurospheroids treated with (n= 12) and without Z-VAD-FMK (n= 12) during 
the OGD until day 7 after reoxygenation. A complete list of p-values can be found in Table S6. (E) 
Luminescence measurements of 4W neurospheroids under control conditions (n=30) or 6h OGD treated 
with (n=30) or without (n=30) 25µM Z-VAD-FMK during the OGD until day 2 after reoxygenation. The RLU 
data post-OGD (i.e, day 7) of each condition were normalized to the mean of pre-OGD data of the 
corresponding condition, represented as ‘fold change’ in the graph. A complete list of p-values can be found 
in Table S5. (F) Percentage of viable cells determined by flow cytometry at day 7 for control (n= 12) 
neurospheroids and 6h OGD neurospheroids treated with (n= 7) and without Z-VAD-FMK (n= 12) during the 
OGD until day 2 after reoxygenation. A complete list of p-values can be found in Table S6. (G) Luminescence 
measurements of 4W neurospheroids under control conditions (n=30) or 6h OGD treated with (n=29-30) or 
without (n=30) 25µM Z-VAD-FMK during the OGD until day 7 after reoxygenation from two independent 
experiments. The RLU data post-OGD (i.e, day 7) of each condition were normalized to the mean of pre-
OGD data of the corresponding condition, represented as ‘fold change’ in the graph. The box plots indicate 
median and interquartile range, whiskers indicate the minimum and maximum values of all two 
experiments. The dots indicate the median value of each independent experiment. A complete list of p-
values can be found in Table S5. (H) Percentage of viable cells determined by flow cytometry at day 7 for 
control (n= 12) and 6h OGD neurospheroids treated with (n= 11) and without Z-VAD-FMK (n= 12) during 
the OGD until day 7 after reoxygenation by two independent experiments. The box plots indicate median 
and interquartile range, whiskers indicate the minimum and maximum values of two independent 
experiments. The dots indicate the median value of each independent experiment. A complete list of p-
values can be found in Table S6. (I) Caspase-3 activity of lysates derived from 1W neurospheroids under 
control, 6h OGD or 6h OGD + Z-VAD-FMK conditions at day 2 after reoxygenation using a fluorescent 
caspase-activity probe (DEVD-AMC). Lysate derived from staurosporin (STS)-treated 1W neurospheroids 
was included as a positive control for caspase-3 activity. (J) Western blot for caspase-3 of lysates derived 
from 1W neurospheroids under control, 6h OGD or 6h OGD + Z-VAD-FMK conditions at day 2 after 
reoxygenation. Lysate derived from STS-treated 1W neurospheroids was included as a positive control for 
cleaved caspase-3 (Cl. Casp-3). Image of the complete blot can be found in Fig. S3. (K)  Representative 
immunofluorescent images (i.e. image with percentage coverage closest to the median value of the 
quantification data shown in fig. L) of control and 6h OGD 1W neurospheroids stained for Cl. Casp-3. Second 
row represents a 100x100µm inset at the selected region (white square) from upper row images. Scale bar 
100µm. (L) Quantification of Cl. Casp-3 staining, expressed in percentage coverage, i.e, the percentage of 
the complete neurospheroid area covered by cleaved caspase-3 staining, of 1W neurospheroids under 
control or 6h OGD conditions at day 7 after reoxygenation. Data are derived from two independent 
experiments with n=4 for control and n=5-6 for 6h OGD neurospheroids per experiment. The box plots 
indicate median and interquartile range, whiskers indicate the minimum and maximum values of all two 
independent experiments. (M) Caspase-3 activity of lysates derived from 4W neurospheroids under control, 
6h OGD or 6h OGD + Z-VAD-FMK conditions at day 2 after reoxygenation using a fluorescent caspase-
activity probe (DEVD-AMC). Lysate derived from STS-treated 4W neurospheroids was included as a positive 
control for caspase-3 activity. (N) Western blot for caspase-3 of lysates derived from 4W neurospheroids 
under control, 6h OGD or 6h OGD + Z-VAD-FMK conditions at day 2 after reoxygenation. Lysate derived 
from STS-treated 4W neurospheroids was included as a positive control for Cl. Casp-3. Image of the 
complete blot can be found in Fig. S3. (O) Representative immunofluorescent images (i.e. image with 
percentage coverage closest to the median value of the quantification data shown in fig. P) of control and 
6h OGD 4W neurospheroids stained for Cl. Casp-3. Second row represents a 100x100µm inset at the 
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selected region (white square) from upper row images. Scale bar 100µm. (P) Quantification of Cl. Casp-3 
staining, expressed in percentage coverage, i.e, the percentage of the complete neurospheroid area 
covered by cleaved caspase-3 staining, of 4W neurospheroids under control or 6h OGD conditions at day 7 
after reoxygenation. Data are derived from two independent experiments with n=5 for control and n=5-6 
for 6h OGD neurospheroids per experiment. The box plots indicate median and interquartile range, whiskers 
indicate the minimum and maximum values of all two independent experiments. *p<0.05, 
**p<0.01,****p<0.0001. 

 Discussion 

To date, effective therapy for acute ischemic stroke is limited to treatment with tissue 

plasminogen activator or thrombectomy, which can only be applied in a limited number 

of patients. The lack of significant progress in finding a neuroprotective therapy for 

stroke patients can in part be attributed to the absence of physiologically relevant 

human in vitro models. To bridge the translational gap and increase the success rate of 

potential new therapeutics, in vitro stroke research should be shifted from traditional 

rodent 2D cultures to more relevant human 3D cultures, including 

neurospheroids/organoids. Although brain organoids have already shown their 

relevance in modelling brain development, neurodevelopmental and 

neurodegenerative diseases, only a few articles have been published so far in which 

brain organoids were subjected to low oxygen tension [189, 190, 245], mainly 

investigating the effect of hypoxia on neurodevelopment and corticogenesis. In this 

study, we describe a human luminescent iPSC-derived neurospheroid model as the 

basis for the development of a new platform suitable for both basic and applied in vitro 

human stroke research. Although the development of brain organoids in particular, is 

often associated with variations in size, shape and cellular composition [158, 165, 257], 

the here developed neurospheroid model, based on the spontaneous self-assembling 

capacity of hiPSC-derived NSCs, showed high reproducibility in terms of size and 

differentiation. With the culture conditions used in this study, neurospheroids grew 

over the course of minimum 5 weeks with a growth pattern that is highly reproducible. 

It should be noted that as the spheroids grow beyond a diameter of 400µm, a necrotic 

core is present in these models and may be reduced in future studies by means of 

optimized differentiation media supporting more the differentiation and less the 

proliferation of the NSC population in the neurospheroids. Nevertheless, the protocol 

applied here, demonstrated that the neurospheroids had undergone reproducible 

spontaneous differentiation into neurons from as early as 2 weeks, as determined by 

their Tuj1, DCX and NeuN immunoreactivity, staining both immature and mature 

neurons, respectively. Additionally, the proportion of NSCs and proliferative cells 
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showed a consistent reduction over time, reflecting increasing differentiation of the 

neurospheroids. One current point of consideration is the lack of astrocytes in the 

present model. Considering the timeline of the appearance of neurons and astrocytes 

in the in vivo embryonic brain development, these time points may have been too early 

for the neurospheroids to have spontaneously developed astrocytes under these 

specific culture conditions. Further supporting this hypothesis, preliminary 

experiments in which neurospheroids were grown up to 8 weeks of age did, however, 

reveal the appearance of GFAP+ astrocytes (data not shown). Therefore, future 

experiments may require even longer periods of culture and/or optimization of the 

culture conditions to develop neurospheroids that more faithfully recapitulate the in 

vivo situation. 

Of note, to characterize the neural spheroids developed here, we adapted an existing 

protocol for the simultaneous downstream histological processing of multiple 

spheroids [250]. We modified the protocol to obtain cryosections, making it compatible 

with spheroids labelled with fluorescence reporter proteins (e.g. eGFP) and omitting 

the need for the time-consuming (de)paraffinization and subsequent antigen retrieval 

steps. Techniques to analyse morphology and protein expression of 3D cultures were 

often considered slow and laborious [165], but with this spheroid microarray 

technology, the model is well-suited for possible high-throughput drug screening 

applications.  

Common read-outs in different in vitro stroke experiments are viability and/or 

cytotoxicity, which are typically assessed by techniques, such as MTT assay, LDH assay, 

flow cytometric or microscopic detection of living and/or apoptotic cells. A major 

drawback associated with these conventional analysis methods is the requirement of a 

single endpoint. However, to gain more insight into the pathophysiology and/or the 

effectiveness of candidate neuroprotective compounds, it may be of relevance to study 

the dynamics in viability and cytotoxicity of the same OGD-treated culture over time. 

Moreover, some of these methods, in particular flow cytometry, require disruption of 

the 3D structural organization for analysis. To overcome all aforementioned limitations, 

we equipped a human iPSC-derived neurospheroid model with intrinsic 

bioluminescence for an easy and longitudinal follow-up of their growth and overall 

viability over time. Although still limited, luminescent reporters have been used in 3D 

cultures for different purposes. Stably expressed luciferase was used before to quantify 

the outgrowth of mammary epithelial cells propagated within 3D matrices [258] or to 

determine the cytotoxicity of different hepatotoxicants in primary hepatocyte-derived 
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spheroids over a long-term [259]. Additionally, when placed under the control of a 

specific promoter, luminescence can be used to monitor the expression of a specific 

gene over time. Malik et al. [260] applied luminescence imaging to monitor mPer1 gene 

expression in mouse neurospheres to study circadian rhythms in adult neurogenesis. 

When monitoring the luminescence of the neurospheroid culture over time, a dynamic 

pattern becomes evident. Initially, their produced luminescent signal exhibited an 

increase during the first three weeks (Fig. 5c), coinciding with growth of the 

neurospheroids (Fig. 5d). Although growth continued after three weeks of age, the 

luminescent signal they generated showed a stagnation and eventually a decrease 

when cultured for a longer time period. Different reasons might be at the root of this 

contradiction. First, as the eGFP/Luc hiPSC-NSC population used in this study was 

generated by lentiviral vector transduction it cannot be excluded that a proportion of 

transduced cells underwent transgene silencing. The latter may be due to the site of 

integration being subjected to chromatin remodelling events/epigenetic changes 

associated with differentiation or due to promoter silencing, as was reported earlier for 

CMVie [261-263]. These issues may potentially be overcome using CRISPR-based 

genetic engineering strategies whereby the firefly luciferase reporter ORF is inserted in 

a ubiquitously active genomic region and/or by the use of other universal (non-viral) 

promoters (e.g. elongation factor 1α short (EFS) promoter) [264]. Considering the use 

of long-term cultured, more mature neurospheroids in future experiments, the use of 

a neuron-specific promoter could also be an interesting approach. Secondly, the 

increasing differentiation of the cells in the neurospheroids may have reduced the 

expression of firefly luciferase reporter, despite the use of a constitutive human CMVie 

promoter, as demonstrated for eGFP by flow cytometry (Fig. 5f). Finally, the increasing 

hypoxic core associated with growth of the neurospheroids, and the apoptotic events 

related to the transition of immature to more mature neurospheroids, may affect the 

overall viability of the neurospheroids, as determined by flow cytometry (Fig. 5e), 

thereby influencing the observed luminescent signals. 

To obtain the proof-of-principle for the use of the aforementioned luminescent model 

system in in vitro stroke research, neurospheroids were subjected to an ischemia-like 

event, i.e. 6h of oxygen and glucose deprivation. For both 1- and 4-week-old 

neurospheroids, incubation in an oxygen- and glucose-deprived environment caused a 

decrease in luminescence when compared to control conditions at day 7 after 

reoxygenation. This could be attributed to OGD-induced neurotoxicity, as confirmed by 

the LDH assay shortly after reoxygenation. However, despite the initial damage, the 1-
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week-old neurospheroids were able to recover and continued to grow over the course 

of one week, as demonstrated by a net increase in luminescence. In contrast, the OGD 

of older, more differentiated 4-week-old neurospheroids caused a damage that 

remained irreversible, at least without any (therapeutic) intervention as determined 

here. The ability of the 1-week-old neurospheroids to recover, is most probably the 

result of the relatively high number of (proliferative) undifferentiated NSCs in the 1-

week-old neurospheroids, while the reduced number of NSCs in 4-week-old 

neurospheroids renders them unable to regenerate (Fig. 4c, e). The latter however 

resembles a more physiological condition. Moreover, one of the future applications of 

this model would be the evaluation of neuroprotective compounds. This implies that in 

order to draw firm conclusions on the effectivity, any recovery or stabilization of 

deterioration should preferably solely and unambiguously be the result of the potential 

neuroprotective effect. Therefore, the use of older, more mature neurospheroids is 

preferred. Apart from the decrease in luminescent signal, flow cytometric analysis 

confirmed more cell death in OGD-treated neurospheroids at day 7 post-OGD as 

compared to control conditions, both for 1- and 4-week-old neurospheroids. While 

considering the recovery of 1-week-old neurospheroids, one might expect to see no 

difference in viability between control and OGD neurospheroids at day 7. We here 

hypothesise that initially died cells remained trapped in the neurospheroids by the 

absence of an immune component able to clear them. A future solution for this will be 

the use of immune-competent brain organoids containing microglia. Whereas most of 

the currently used brain spheroids and organoids only contain cells of neuroectodermal 

lineage, different microglia-containing brain organoids are recently being developed 

[186, 265, 266], creating a model mimicking the human brain even more closely. 

Moreover, as microglia have been assigned a key role in the secondary injury after 

stroke, the use of this model would allow to study both direct and microglia-mediated 

neurotoxicity after OGD and to evaluate candidate neuroprotective agents based on 

immunomodulation in the future.  

Since the evaluation of candidate neuroprotective drugs is a major application of in 

vitro stroke models, we finally tested the potential neuroprotective pan-caspase 

inhibitor Z-VAD-FMK in the established luminescent neurospheroid model. As 

determined by the caspase-3 activity assay and western blot for cleaved caspase-3, Z-

VAD-FMK was able to selectively suppress caspase-mediated apoptosis in human 

neurospheroids. However, this protective effect was not reflected by the luminescence 

and flow cytometric analysis measuring overall viability, irrespective of treatment 

duration. The reason for this discrepancy might be explained by other more prominent 
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cell death mechanisms induced by OGD in this model that mask the attenuation of 

(ischemic) apoptosis by Z-VAD-FMK, as previously reported by Gottron et al. [256]. 

Moreover, as evident from the caspase-3 activity assay, corresponding western blot 

and quantification of cleaved caspase-3 staining, apoptosis present in OGD-treated 

neurospheroids is mainly the result of basal caspase-3 activity, as demonstrated for 

control neurospheroids. This suggests that other cell death mechanisms may be 

responsible for the OGD-mediated neurotoxicity observed by luminescence 

measurements and conventional analyses in this model. Further research is required to 

identify cell death types induced by OGD in this model.  

Interestingly, when administered to a 2D culture of undifferentiated eGFP/Luc hiPSC-

NSCs, Z-VAD-FMK did confer neuroprotection as demonstrated by a smaller decrease 

in luminescent signal after OGD. This exemplifies how increased complexity of spheroid 

or organoid models, in terms of cellular heterogeneity and/or dimensionality, may 

result in a different outcome when testing neuroprotective compounds. Further 

research is needed to identify the mechanisms, for instance changed susceptibility to 

neurotoxic stimuli or elicited types of cell death, accounting for this difference in 

response. Nevertheless, these findings underscore the importance of the introduction 

of human-based 3D models in the preclinical stage of drug discovery and development, 

complementing 2D in vitro models and in vivo models.  

 Conclusion 

We here present a luminescent human in vitro stroke model that can be applied to 

pathophysiological as well as therapeutic studies in the field of human stroke research. 

More specifically, the model enables both the study of OGD-associated neurotoxicity 

and the identification of potential neuroprotective agents by means of its easy read-

out of neural survival and health. The high level of reproducibility, the 96-well format 

development, the easy neurotoxicity read-out and downstream immunocytochemical 

processing all make this model readily applicable to high-throughput drug screening 

purposes, which hopefully will lead to the identification of new therapies for acute 

ischemic stroke patients in the future.  
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 Supplementary material 

 

Figure S1 - Map of the pCHMWS-eGFP-T2A-fluc-Ires-Puro transfer plasmid used for lentiviral vector 
production. 
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Figure S2 - Characterization of a hiPSC line derived from neonatal foreskin fibroblasts. (A) Immunofluorescence of hiPSC-specific markers. The hiPSC-
population derived from neonatal foreskin fibroblasts (HFF) expresses Oct3/4, SOX2, TRA-1-60, TRA-1-81 and Nanog. The original fibroblast culture served as 
negative control indicating absence of all markers tested. Scale bar 100µm. (B) hPSC ScoreCard analysis. The gene expression of a panel of self-renewal, 
mesendoderm, ectoderm, mesoderm and endoderm associated genes is represented as the fold change relative to a reference set. hiPSCs derived from 14-
day old EBs (d14) show downregulation of self-renewal genes (blue shading), while genes associated with the three germ layers are upregulated (red shading) 
when compared to undifferentiated hiPSCs at day 0 of EB formation (d0). Colors correlate to the fold change in expression of the indicated gene relative to 
the undifferentiated reference set. 
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Figure S3 -  Western blot for caspase-3. Top: 1-week old (1W) neurospheroids (A-B). Bottom: 4-week old 
(4W) neurospheroids (C-D). Western blot for caspase-3 (A, C) and β-actin (after a stripping step) (B, D) of 
lysates derived from neurospheroids under control, 6h OGD or 6h OGD + Z-VAD-FMK conditions at day 2 
after reoxygenation. Lysate derived from STS-treated neurospheroids was included as a positive control for 
cleaved caspase-3.  
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Table S1 - Statistical output of luminescence data of eGFP/Luc hiPSC-NSC-derived neurospheroids (n=30) 
over the course of five weeks by three independent experiments, including mean RLU difference, p-value 
and 95% confidence interval obtained after fitting a linear mixed-effects model. 

Age -age Mean RLU difference p-value Lower 95% Upper 95% 

Week 1 Week 2 -18691 <0.0001 -20961 -16420 

Week 2 Week 3 -21153 <0.0001 -23423 -18882 

Week 3 Week 4 -52 1.0000 -2323 -2217 

Week 4 Week 5 19364 <0.0001 17094 21635 

 

Table S2 - Statistical output of luminescence data of eGFP/Luc hiPSC-NSC-derived neurospheroids (n=12) in 
function of the mean diameter (µm) at week 1-5, including median RLU difference and p-value obtained by 
post-hoc analyses for Kruskal-Wallis. 

Mean 

diameter 

-Mean 

diameter 

Median RLU 

difference 

p-value Lower 

95% 

Upper 

95% 

Week 1 Week 2 -17019 0.0173 NA NA 

Week 2 Week 3 -25065 0.0070 NA NA 

Week 3 Week 4 17483 >0.9999 NA NA 

Week 4 Week 5 11945 0.0256 NA NA 

 

Table S3 - Statistical output of luminescence measurements of neurospheroids subjected to different 
durations of OGD. (A) Median difference in RLU fold change between the post-OGD measurement and pre-
OGD measurement for every condition with corresponding p-value obtained by Wilcoxon signed rank test. 
(B) Median difference (for 1W) or mean difference (for 4W) in ∆RLU fold change between different 
conditions with corresponding p-values and 95% confidence intervals (for 4W) obtained by post-hoc 
analyses for Kruskal-Wallis (1W) and One-way ANOVA (4W). (NA, not applicable; 1W, 1-week-old 
neurospheroids; 4W, 4-week-old neurospheroids) 

 

 Median difference  

(RLU foldPOST-RLU 

foldPRE) 

p-value Lower 95% Upper 95% 

1W 

Control  1.78 <0.0001 NA NA 

6h OGD 0.88 <0.0001 NA NA 

24h OGD -0.48 <0.0001 NA NA 

4W 

Control  -0.46 <0.0001 NA NA 

6h OGD -0.65 <0.0001 NA NA 

24h OGD -0.95 <0.0001 NA NA 

A 
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Table S4 - Statistical output of luminescence measurements of neurospheroids subjected to OGD by four 
(for 1W) and six (for 4W) independent experiments. (A) Mean difference in RLU fold change between the 
post-OGD measurement and pre-OGD measurement for every condition with corresponding p-value and 
95% confidence interval obtained after fitting a linear mixed-effects model. (B) Mean difference in ∆RLU 
fold change between 6h OGD and control neurospheroids, with corresponding p-value and 95% confidence 
interval obtained after fitting a linear mixed-effects model. (1W, 1-week-old neurospheroids; 4W, 4-week-
old neurospheroids) 

 

 Mean difference  

(RLU foldPOST-RLU foldPRE) 

p-value Lower 95% Upper 95% 

1W 

Control  2.56 <0.0001 2.42 2.70 

6h OGD 1.44 <0.0001 1.33 1.54 

4W 

Control  -0.30 <0.0001 -0.33 -0.27 

6h OGD -0.55 <0.0001 -0.58 -0.52 

 

 Mean difference  

(∆RLU fold change6h OGD-∆RLU 

fold changecontrol)  

p-value Lower 95% Upper 95% 

1W -1.13 <0.0001 -1.22 -1.04 

4W -0.26 <0.0001 -0.29 -0.22 

 

Condition -condition Median/mean difference 

∆RLU fold change 

between conditions 

p-value Lower 95% Upper 

95% 

1W 

Control 6h OGD 0.90 <0.0001 NA NA 

Control 24h OGD 2.26 <0.0001 NA NA 

6h OGD 24h OGD 1.36 <0.0001  NA NA 

4W 

Control 6h OGD 0.19 <0.0001 0.10 0.28 

Control 24h OGD 0.49 <0.0001 0.40 0.58 

6h OGD 24h OGD 0.30 <0.0001 0.20 0.39 

B 

 

A 

B 
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Table S5 - Statistical output of luminescence measurements of neurospheroids subjected to OGD with or 
without Z-VAD-FMK. (A) Median difference or mean difference (for 1W – continuous exposure and 4W – 
continuous exposure) in RLU fold change between the post-OGD measurement and pre-OGD measurement 
for every condition with corresponding p-value and 95%confidence interval (for 1W – continuous exposure 
and 4W – continuous exposure) obtained by Wilcoxon signed rank test, paired t-test (1W- continuous 
exposure) or by fitting a linear mixed-effects model. (B) Median difference or mean difference (for 1W – 
continuous exposure and 4W – continuous exposure)in ∆RLU fold change between different conditions with 
corresponding p-values and 95% confidence intervals (for 1W – continuous exposure and 4W – continuous 
exposure) obtained by post-hoc analyses for Kruskal-Wallis, one-way ANOVA (1W- continuous exposure) or 
linear mixed models (4W – continuous exposure). (NA, not applicable; 1W, 1-week-old neurospheroids; 4W, 
4-week-old neurospheroids) 

 

 Mean/Median difference  

(RLU foldPOST-RLU foldPRE) 

p-value Lower 95% Upper 

95% 

1W 

Control  2.15 <0.0001 NA NA 

6h OGD 0.99 <0.0001 NA NA 

6h OGD + Z-VAD-FMK 0.74 <0.0001 NA NA 

1W – continuous exposure 

Control  0.22 <0.0001 0.19 0.24 

6h OGD 0.01 0.4126 -0.02 0.04 

6h OGD + Z-VAD-FMK -0.15 <0.0001 -0.17 -0.12 

4W 

Control  -0.13 <0.0001 NA NA 

6h OGD -0.57 <0.0001 NA NA 

6h OGD + Z-VAD-FMK -0.65 <0.0001 NA NA 

4W – continuous exposure 

Control  -0.35 <0.0001 -0.40 -0.29 

6h OGD -0.58 <0.0001 -0.64 -0.53 

6h OGD + Z-VAD-FMK -0.61 <0.0001 -0.65 -0.57 

 

  

A 
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Condition -condition Mean/Median difference 

∆RLU fold change 

between conditions 

p-value Lower 

95% 

Upper 

95% 

1W 

Control 6h OGD 1.16 <0.0001 NA NA 

Control 6h OGD + Z-VAD-

FMK 

1.41 <0.0001 NA NA 

6h OGD 6h OGD + Z-VAD-

FMK 

0.25 0.0024 NA NA 

1W – continuous exposure 

Control 6h OGD 0.21 <0.0001 0.16 0.25 

Control 6h OGD + Z-VAD-

FMK 

0.36 <0.0001 0.32 0.41 

6h OGD 6h OGD + Z-VAD-

FMK 

0.16 <0.0001 0.11 0.20 

4W 

Control 6h OGD 0.44 <0.0001 NA NA 

Control 6h OGD + Z-VAD-

FMK 

0.51 <0.0001 NA NA 

6h OGD 6h OGD + Z-VAD-

FMK 

0.07 0.8982 NA NA 

4W – continuous exposure  

Control 6h OGD 0.24 <0.0001 0.18 0.29 

Control 6h OGD + Z-VAD-

FMK 

0.27 <0.0001 0.21 0.32 

6h OGD 6h OGD + Z-VAD-

FMK 

0.03 0.3896 -0.02 0.08 

 

  

B 
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Table S6 - Statistical output flow cytometric viability measurements of neurospheroids subjected to OGD 
with or without Z-VAD-FMK, including mean difference in percentage viable cells between conditions, p-
value and 95% confidence interval obtained by post-hoc analyses for one-way ANOVA  or linear mixed 
models (4W – continuous exposure). (NA, not applicable; 1W, 1-week-old neurospheroids; 4W, 4-week-old 
neurospheroids) 

Condition -condition Mean Difference % 

viable cells between 

conditions 

p-value Lower 

95% 

Upper 

95% 

1W 

Control 6h OGD 37.39 <0.0001 30.40 44.38 

Control 6h OGD + Z-VAD-

FMK 

40.95 <0.0001 33.96 47.94 

6h OGD 6h OGD + Z-VAD-

FMK 

3.56 0.4328 -3.427 10.55 

1W – continuous exposure 

Control 6h OGD 13.60 <0.0001 10.35 16.85 

Control 6h OGD + Z-VAD-

FMK 

11.97 <0.0001 8.72 15.22 

6h OGD 6h OGD + Z-VAD-

FMK 

-1.63 0.4424 -4.88 1.62 

4W 

Control 6h OGD 9.10 0.0178 1.414 16.79 

Control 6h OGD + Z-VAD-

FMK 

11.79 0.0080 2.833 20.74 

6h OGD 6h OGD + Z-VAD-

FMK 

2.69 0.7405 -6.267 11.64 

4W – continuous exposure  

Control 6h OGD 18.06 <0.0001 13.42 22.71 

Control 6h OGD + Z-VAD-

FMK 

14,25 <0.0001 9.45 19.05 

6h OGD 6h OGD + Z-VAD-

FMK 

-3.81 0.1282 -8.46 0.83 
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 Abstract  

An increasing body of evidence indicates an important role for astrocytes and microglia 

in the pathophysiology of ischemic stroke. These glial cells have been ascribed both 

neurotoxic as well as neuroprotective functions after an ischemic insult, resulting in 

either exacerbation or recovery of ischemia-induced brain damage. In this chapter, the 

foundation was laid to further increase the complexity and predictivity of the 

developed human neurospheroid model by generating more mature, multicellular 

neurospheroids. In a first set of explorative experiments, culture conditions were 

optimized in order to obtain neurospheroids with increased maturity and the presence 

of astrocytes. Hereby, increasing the culture time of the neurospheroids markedly 

increased neuronal maturity and supported the spontaneous development of 

astrocytes. It was also noted that culture of neurospheroids in selected differentiation 

media did not give rise to astrocytes for the evaluated time points, despite their ability 

to display faster neuronal differentiation and maturation. In a second set of explorative 

experiments, the integration of hematopoietic progenitors cells into neurospheroids 

was explored for the future creation of an immune-competent, microglia-enriched 

neurospheroid model for ischemic stroke. Comparison of different time points for the 

addition of hematopoietic progenitor cells to neurospheroids, showed higher 

integration efficiency when added to pre-established neurospheroids and suggest a 

role for CSF-1 herein.  
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 Introduction  

Ischemic stroke, accounting for ~62% of all stroke cases, is characterized by arterial 

occlusion due to an embolus or thrombus [1]. The obstructed blood flow gives rise to 

the formation of an ischemic core and the surrounding penumbra. While the brain 

tissue denoted as the ischemic core is irreversibly damaged and undergoes necrotic cell 

death within minutes, the ischemic penumbra contains cells that are less severely 

affected and that are potentially salvageable from a lethal fate. However, without 

improved perfusion or therapeutic intervention to improve resistance of cells to injury, 

the ischemic cascade occurring in the penumbra will result in secondary cerebral 

damage thereby expanding the infarct core after several hours to days after stroke 

onset [4-6, 50]. Processes of this ischemic cascade include excitotoxicity, oxidative 

stress, blood-brain barrier (BBB) dysfunction, inflammation and cell death of neurons, 

glia and endothelial cells which are triggered by the initial cellular bioenergetic failure 

as a result of hypoperfusion [5, 50]. It is becoming clear that apart from neurons, other 

cell types and cell-cell interactions are implicated in aforementioned mechanisms. For 

instance, with the development of brain injury after ischemia, astrocytes and microglia 

may acquire a neurotoxic phenotype producing pro-inflammatory factors and 

chemokines, additionally leading to the infiltration and activation of peripheral immune 

cells further aggravating brain damage [3, 6, 267]. Furthermore, an important role in 

the induction of excitotoxicity has been ascribed to astrocytes. While under 

physiological conditions astrocytes remove excess glutamate from the synaptic cleft, 

preventing cytotoxic overactivation of glutamatergic neuronal receptors, ischemic 

conditions impair astrocyte function, contributing to excitotoxic death of neurons [6, 

267]. 

Besides the detrimental role glial cells can play in the pathophysiology of ischemic 

stroke, astrocytes and microglia have also been ascribed neuroprotective functions 

aimed at protecting and restoring brain damage. Following ischemic stroke, astrocytes 

and microglia become activated and release various anti-inflammatory cytokines and 

neurotrophic factors aimed at protecting the central nervous system (CNS) [3, 6, 267]. 

Moreover, astrocytes have been shown to alleviate oxidative stress by synthesizing and 

releasing gluthatione, i.e. an important antioxidant and free radical scavenger, thereby 

protecting neurons [267]. These examples illustrate the dualistic role of glial and 

immune cells in the fate of the ischemic penumbra. 

Despite the potential role of glial cells, such as astrocytes and microglia, in the 

exacerbation or recovery of ischemia-induced brain damage, the most commonly used 
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cellular platform in in vitro stroke research consist of neuronal monocultures. 

Nevertheless, co-culture models consisting of neurons with astrocytes and/or microglia 

have been reported [56, 59, 151, 152, 156]. Also the recently emerging three-

dimensional (3D) models of the brain, such as neurospheroids or organoids, often 

contain multiple cell types. Next to neurons, astrocytes have demonstrated to 

spontaneously develop in brain spheroids and organoids generated by different 

protocols [162, 165, 268, 269]. In contrast to astrocytes, brain spheroids and organoids 

generally lack microglia due to the mesodermal origin from microglia, compared to 

neuroectoderm-derived neurons, astrocytes and oligodendrocytes [157, 160, 161, 178, 

179]. Recently developed differentiation protocols of iPSC-derived microglia [112-116] 

are paving the way for development of state-of-the-art immune-competent brain 

organoids and spheroids [184-186].  

Last-mentioned technologies enable the development of fully human multicellular 

models, which is of particular importance considering the increasing evidence of 

differences between rodent and human glial cells. For instance, human astrocytes have 

previously been shown to differ from rodent astrocytes in terms of morphology, 

diversity and velocity of calcium wave propagation [270]. Even though the astrocytic 

gene expression is largely conserved between human and mouse, some species-specific 

differences exist in the expression of genes involved in cytokine signaling [271]. 

Furthermore, human astrocytes have been shown to respond differently toward 

certain stimuli including glutamate, oxidative stress and even hypoxia [270-272]. With 

regard to the latter, hypoxia has been shown to induce a molecular program for neural 

repair in murine astrocytes, potentially underlying the greater functional recovery 

occurring in mouse models of ischemic stroke compared to human stroke patients 

[271]. Similarly, differences between human and rodent microglia have previously been 

reported [93]. Whereas human and rodent microglia have a highly similar expression 

profile, human microglia have been shown to express higher levels of immune genes as 

compared to their murine counterpart [273]. In addition, distinct transcriptional 

changes were demonstrated for human versus rodent microglia during aging and in 

response to amyloidosis [273, 274], which is of particular relevance in the context of 

neurodegenerative diseases. Hence, the species-specific intrinsic as well as behavioral 

differences of glial cells underscore the importance of studying ischemic stroke in fully 

human systems. 

The neurospheroid model described in chapter 3 already increases the complexity and 

physiological relevance by providing a 3D microenvironment for the neural cells 
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compared to traditional 2D cultures. However, the oldest neurospheroids of 4-week-

old only contain very few NeuN+ mature neurons and more importantly lack glial cells. 

In this chapter, I report on our latest developments in generating more mature, 

multicellular neurospheroids better resembling the human brain that are able to 

eventually improve predictivity of human ischemic responses and the efficacy of 

candidate neuroprotective agents. In a first part of this chapter, the culture conditions 

were optimized to increase the maturity and to allow the spontaneous development of 

astrocytes in these neurospheroids. In a second part of this chapter, avenues were 

explored to integrate hematopoietic progenitor cells into these neurospheroids for the 

future creation of an immune-competent, microglia-enriched neurospheroid model for 

ischemic stroke research. 

 Methods  

4.3.1 Neurospheroid formation and culture 

HiPSC-NSCs were seeded at a density of 1.6 x 104 cells per well in an ULA 96-well plate 

(Corning) in cNEM. The third day after plating, fresh cNEM (i.e. control condition of 

chapter 3) or differentiation medium (i.e. new experimental condition) was added.  The 

selection of differentiation media (Table 1 and table S1) was based on the different 

media types previously used for differentiation of the brain organoids and spheroids in 

different studies. The main components of the different differentiation media are given 

in Table 1. For a more detailed overview of the composition, we refer to table S1. 

Cultures were maintained at 37°C with 5% CO2 and from day 3 post-seeding onwards 

under constant orbital shaking (88 rpm). A half to two-third medium change was 

performed every other day. To allow continuous growth of the neurospheroids over 

time, the neurospheroids were transferred to an ULA 6-well plate (Corning) containing 

a higher volume of medium, after 2 or 5 weeks of culture for cNEM or the 

differentiation media, respectively.  
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Table 1 – Medium composition of different media types evaluated in this chapter. (BDNF, brain-derived 
growth factor; GDNF, glial-derived neurotrophic factor) 

 Neuro- 

basal 

medium 

Advanced 

DMEM/ 

F12 

Neuro- 

basal 

Electro  

medium 

BrainPhys 

medium 

B2

7 

N

2 

BDNF GDNF Neural  

induction  

suppleme

nt 

Medium 1 X X   X X    

Medium 2 X X   X X X X  

Medium 3   X  X     

Medium 4   X  X  X X  

Medium 5    X X X    

Medium 6    X X X X X  

Medium 7 

(cNEM) 
X X       X 

 

4.3.2 Spheroid size measurements 

The size of the neurospheroids was determined every week for 8 consecutive weeks. 

To this end, brightfield images were taken using a Zeiss microscope with 5x (NA 0.15) 

objective lens or a Fluovert Leitz microscope with 4x (NA 0.12) objective lens. Fiji image 

analysis freeware (http://fiji.sc) was used for image analysis. The size of the 

neurospheroids was determined using an ImageJ macro for automated spheroid size 

determination developed by Ivanov et al. [275, 276]. In brief, a specific threshold was 

used to discriminate between the neurospheroids and the background. From the 

selected region of the neurospheroid, the area (μm2) was determined.  

4.3.3 Immunofluorescence of neurospheroids 

Neurospheroids were fixed with 4% paraformaldehyde (PFA) for 150 min at RT. 

Following a washing step with phosphate-buffered saline (PBS), neurospheroids were 

incubated with 20% sucrose in distilled water overnight. Next, neurospheroids were 

embedded in TissueTek-OCT (VWR) to generate cryosections of multiple 

neurospheroids arranged in a micro-array according to the protocol described in detail 

in chapter 3. Cryosections of parallel-mounted neurospheroids were subjected to a 

permeabilization step of 30 min using 0.1% (v/v) Triton X-100 (Sigma) in Tris-buffered 

saline (TBS) and blocked with blocking solution consisting of TBS with 20% serum of the 

corresponding secondary antibody host species for 1h on a shaker. Slices were 

http://fiji.sc/
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incubated (4°C) overnight with the primary antibodies diluted in 10% (m/v) milk 

solution (Sigma) in TBS (Table 1). After a washing step and a subsequent 1h incubation 

with the secondary antibodies in milk solution on a shaker (Table 2), slices were again 

washed and counterstained with DAPI (1µg/ml, Sigma) or TOPRO (5µM, Life 

Technologies) for 10 min or 20 min at 4°C, respectively. After a final washing step with 

distilled water, the slices were mounted using ProLong® Gold antifade reagent 

(ThermoFisher).  

Table 2 - List of primary antibodies used for immunocytochemistry. (NA, not available) 

 Antibody Host Source Final 

concentration  

A SOX2 Rabbit Merck Millipore (AB5603) 2 µg/ml 

B Tuj1 Mouse R&D systems (MAB1195) 2 µg/ml 

C GFAP Rabbit Abcam (ab7260) 1-10 µg/ml 

D NeuN Guinea pig Merck Millipore (ABN90P) 5 µg/ml 

E S100β Rabbit Abcam (ab52642) 3.1 µg/ml 

F CD45-PE Mouse BD (560975) NA – 1/10 dilution  

G Iba-1 Rabbit Wako (019-19741) 1-1.4 µg/ml 

 

Table 3 - List of secondary antibodies used for immunocytochemistry. 

Antibody Host Conjuga

tion 

Source Final 

concentration 

In 

combination 

with 

Anti-rabbit Donkey AF488 Invitrogen 

(A21206) 

2 µg/ml A 

Anti-mouse Goat  AF555 Invitrogen 

(A21425) 

0.5 µg/ml B 

Anti-rabbit Goat FITC Jackson 

ImmunoResearch  

(111-096-045) 

7.5 µg/ml C, E, G 

Anti-guinea 

pig 

Donkey Cy3 Jackson 

ImmunoResearch  

(706-165-148) 

7.5 µg/ml D 

Anti-rabbit Donkey AF555 Invitrogen 

(A31572) 

2 µg/ml G 
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4.3.4 Microscopy and image processing 

Microscopic imaging was performed using a BX51 fluorescence microscope equipped 

with an Olympus DP71 digital camera using a 10 x (NA 0.30) and 20 x (NA 0.50) dry 

objective lens. Images were further processed using Fiji image analysis freeware 

(http://fiji.sc).  

4.3.5 CSF-1 ELISA  

The supernatant of neurospheroid cultures (n=3) grown in cNEM for 48h was collected 

every week for eight weeks and analysed by a CSF-1 ELISA kit (Sigma), according to the 

manufacturer’s instructions. 

4.3.6 Supplementation of neurospheroids with hematopoietic progenitor cells 

Hematopoietic progenitor cells or hematopoietic progenitor cells pre-directed towards 

microglia differentiation, resuspended in 100µl cNEM (medium 7) or Brainphys 

medium (medium 5), were either added to an equal number of NSCs or to single 

neurospheroids cultured in cNEM or Brainphys medium in an ULA 96-well plate at 

different timepoints. Hematopoietic progenitor cells were differentiated from hiPSC 

using STEMdiff™ Hematopoietic Kit (STEMCELL Technologies), according to 

manufacturer’s instructions (for experiments shown in figure 8A, C and D), or were 

kindly provided by Johanna Van den Daele (Laboratory of Cell biology and Histology, 

University of Antwerp) [113] (for experiment shown in figure 7). In some of the 

experiments (Fig. 8C and D), the establishment of hematopoietic progenitor cells was 

followed by an 8-day pre-direction period. For the latter, the generated hematopoietic 

progenitor cells were cultured on ULA-plates in medium (DMEM/F12 (Gibco), 0,5% N2 

(Gibco), 0,5% B27 (Gibco)) supplemented with 100ng/ml IL-34 (PeproTech), 5ng/ml M-

CSF (Immunotools), 5µg/ml insulin (Sigma) for the first 2 days and with 10ng/ml IL-34 

and 10ng/ml M-CSF, for the remaining days, based on the protocol of Konttinen et al. 

[115]. 

4.3.7 Data Representation and Statistical Analyses 

Graphs representing quantitative data were obtained using GraphPad Prism v.8.2.1 

software. Statistical analyses were carried out using GraphPad Prism. For the size 

http://fiji.sc/


CHAPTER 4 

98 
 

measurement data, a non-parametric Kruskal-Wallis test was used, followed by a 

Mann-Whitney U test for the pairwise comparisons of interest. The obtained p-values 

were adjusted for multiple testing using the post-hoc Bonferroni correction. To 

compare the size of neurospheroids grown in differentiation media to the original 

medium, a Bonferroni correction of 48 was used, to correct for the number of pairwise 

comparisons of interest and the number of time points (6 and 8, resp.). To compare the 

size of 1-week-old and 8-week-old neurospheroids for each medium type, a Mann-

Whitney U test was used with a Bonferroni correction of 7, i.e. the number of medium 

types. A p-value <0.05 was considered statistically significant. 

 Results 

4.4.1 Neurospheroids show increased maturation and spontaneous 

development of astrocytes over time 

With the aim of developing more mature, multicellular neurospheroids, we first 

evaluated neurospheroids grown under the same conditions, i.e. cNEM, as in chapter 3 

for their maturity and the presence of astrocytes at 2, 4, 6 and 8 weeks of culture. 
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Figure 1 - Representative immunofluorescent images of 2, 4, 6 and 8-week-old neurospheroids 
immunostained for the NSC markers SOX1 and SOX2, the proliferation marker Ki67, the neuronal markers 
Tuj1 and NeuN, and for the astrocyte marker GFAP. For each staining, an overview image at 10x 
magnification (upper row), and a more detailed image at 40x (lower row) are represented. Representative 
images chosen from 12 individual neurospheroids obtained over 3-4 independent experiments. Scale bar 
upper row 200µm, lower row 50µm. (2-8W, 2-8-week-old neurospheroid)  
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By means of immunocytochemistry, it became clear that the results obtained in chapter 

3 for the comparison of 2- and 4-week-old neurospheroids could be extended to the 

data collected here, including 6- and 8-week-old neurospheroids. While 2-week-old 

neurospheroids showed a high proportion of SOX1+ SOX2+ NSCs, the number of NSCs 

reduced with increasing age of the neurospheroids (Fig. 1). Likewise, the number of 

proliferative cells decreased over time, as can be deduced from the sporadic presence 

of Ki67+ cells in 8-week-old neurospheroids as compared to the high abundance of this 

marker in 2-week-old neurospheroids (Fig. 1). Furthermore, starting from 4 weeks 

onward, undifferentiated and proliferative NSCs increasingly assembled in neural 

rosettes (Fig. 1).  

In agreement with earlier results, neurospheroids spontaneously developed neurons 

as shown by the appearance of Tuj1+ and NeuN+ cells. Although cells in the 

neurospheroids spontaneously developed neurons within 2 weeks of culture, the 

number and intensity of mature NeuN+ cells was only markedly present in 8-week-old 

neurospheroids (Fig. 1).  

Next to the increased maturation of neurons, at 8 weeks of age, neurospheroids also 

showed GFAP positive cells, indicative for the spontaneous generation of astrocytes in 

these neurospheroids (Fig. 1). This differentiation pattern, in which first neurons are 

formed and at later age astrocytes, recapitulates the in vivo embryonic brain 

development. 

4.4.2 Testing different media compositions for balanced proliferation and 

differentiation of neurospheroids  

As can be concluded from abovementioned results, neurospheroids grown in cNEM 

show increased maturation and spontaneous development of astrocytes over time. 

However, as cNEM is medium primarily optimized for the expansion of neural stem and 

progenitor cells, we here investigated whether other media compositions can 

accelerate the differentiation into neurons and astrocytes and thereby reduce the 

proliferation of neural stem and progenitor cells, minimizing the formation of a hypoxic, 

necrotic core. To this end, neurospheroids were grown in different media types without 

(medium 1, 3, 5) and with (medium 2, 4, 6) the supplementation of neurotrophic factors 

BDNF and GDNF and subsequently characterized for their size at a weekly interval and 

their cellular composition at weeks 2, 4, 6 and 8-weeks of age. 
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At first, the size of the neurospheroids was measured weekly (Fig. 2). For the original 

medium 7, the size of the neurospheroids significantly increased until week 8 (p = 

0.0014, table S2), where the neurospheroids eventually reached a size of 3319036 μm2 

or a theoretical diameter of 2056 μm, as derived from the formula of the area of a 

circle. Also for the differentiation media, a significant increase in size can be observed 

over a 8-week growth period (for all p ≤ 0.0014, table S2). Nevertheless, 

neurospheroids grown in differentiation media remain smaller than those cultured in 

medium 7, with a significant difference in size detected from week 2 onwards (for all p 

< 0.0048, table S2). For example, at week 8 the biggest neurospheroids of medium 4 

and the smallest neurospheroids of medium 5 only reached a median size of 1067893 

μm2 or 562222 μm2 (i.e. theoretical diameter of 1166 μm or 846 μm), respectively. 

Although not visible on the provided images, the neurospheroids cultured in the 

differentiation media still potentially develop a hypoxic, necrotic core, despite their 

significant smaller sizes. Indeed, already at week 1, the median theoretical diameters 

of the neurospheroids grown in the different differentiation media (media 1-6) exceed 

diameters of 400µm, which is the maximum diameter before neurospheroids start to 

develop a hypoxic core, considering the diffusion limit of oxygen (i.e. 200µm) [277].  

Next, we assessed whether these differentiation media were able to accelerate the 

differentiation of cells in the neurospheroids. When compared to cNEM (medium 7), 2-

week-old neurospheroids grown in the various differentiation media (media 1-6) 

appear to display a much higher relative number of NeuN-expressing mature neurons 

(Fig. 3). These results suggest that neurospheroids grown in differentiation media 

differentiated and matured relatively faster compared to medium 7 where a 

widespread, high proportion of NeuN positive cells is only established at 8 weeks of 

age. In agreement with these results, neurospheroids grown in medium 7 appear to 

retain a larger number of SOX2-expressing NSCs between weeks 2 and 6 as compared 

to the other 6 types of differentiation media (Fig. 3). Interestingly, together with the 

lower number of NSCs, the typical neural rosette structures which are present in 

neurospheroids of medium 7 from week 4 onwards, are completely absent in the 

neurospheroids grown in the differentiation media (media 1-6). 

Furthermore, the Tuj1 staining, indicating neurons including those with a more 

immature phenotype, is for all media types (medium 1-7) present from 2 weeks 

onwards and shows a widely dispersed pattern (Fig. 4). Of note, the various types of 

differentiation media (media 1-6) displayed a slightly brighter staining for Tuj1 at weeks 
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2 and 4, compared to medium 7, possibly reflecting a higher number of neurons at 

these early time points in the neurospheroids cultured in differentiation media (Fig. 4).  

Finally, the neurospheroids cultured in the different media types were also stained for 

GFAP, a marker representative for astrocytes. As can be appreciated from figure 5, 

GFAP staining is almost exclusively present in 8-week-old neurospheroids grown in 

medium 7, except for the sporadically present GFAP positive cells occurring at the 

periphery of neurospheroids cultured in differentiation medium 1 and 2. Upon longer 

term culture of neurospheroids in medium 7, the GFAP staining expands, suggesting a 

wide spread distribution of an increasing population of astrocytes (Fig. 6A). Confirming 

these results, s100β positive cells, reflecting more mature astrocytes, are present at 8-

weeks of age and increase over time (Fig. 6B).  
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Figure 2 – Size measurements of neurospheroids over the course  of 8 weeks. (A) Representative brightfield 
images (i.e. image with measured area closest to the median value shown in B) of neurospheroids grown 
in various types of differentiation media (medium 1-6) and cNEM (medium 7). Scale bar 200µm. (B) The 
median area of the neurospheroids grown in different media types over the course of 8 weeks (n= 6-10 per 
medium type). Error bars represent the interquartile range. Note that for medium type 1 two subsets of 
neurospheroids were used for these weekly measurements, shown by two individual curves. The horizontal 
black dotted line represents the threshold area for the development of a hypoxic core and corresponds to 
a theoretical diameter of 400µm. ** p < 0.01 
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Figure 3 - Representative immunofluorescent images of 2, 4, 6 and 8-week-old neurospheroids immunostained for the NSC marker SOX2 and mature neuron 
marker NeuN. For each medium condition, an overview image at 10x magnification (left) and a more detailed image at 20x (right) are represented per time 
point. Representative images chosen from 3 individual neurospheroids. Scale bar left image 200 µm (10x), scale bar right image 100 µm (20x). An inset shows 
higher level of detail at the selected region (white square) from right images (20x). (2-8W, 2-8-week-old neurospheroid)  
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Figure 4 - Representative immunofluorescent images of 2, 4, 6 and 8-week-old neurospheroids immunostained for the neuronal marker Tuj1. For each medium 
condition, an overview image at 10x magnification (left) and a more detailed image at 20x (right) are represented per time point. Representative images 
chosen from 3 individual neurospheroids. Scale bar left image 200 µm (10x), scale bar right image 100 µm (20x). (2-8W, 2-8-week-old neurospheroid) 
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Figure 5 - Representative immunofluorescent images of 2, 4, 6 and 8-week-old neurospheroids immunostained for the astrocyte marker GFAP. For each 
medium condition, an overview image at 10x magnification (left) and a more detailed image at 20x (right) are represented per time point. Representative 
images chosen from 3 individual neurospheroids. Scale bar left image 200 µm (10x), scale bar right image 100 µm (20x). An inset shows higher level of detail 
at the selected region (white square) from right images (20x). (2-8W, 2-8-week-old neurospheroid) 
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Figure 6 - Representative immunofluorescent images of neurospheroids grown in medium 7 immunostained 
for astrocyte markers. (A) Neurospheroid of 13-weeks-old immunostained for the astrocyte marker GFAP. 
An overview image at 10x magnification (left) and a more detailed image at 20x (right) are depicted. 
Representative image chosen from 3 individual neurospheroids. Scale bar left image 200 µm (10x), scale 
bar right image 100 µm (20x). An inset shows higher level of detail at the selected region (white square) 
from right images (20x). (B) Neurospheroid of 8- and 10-weeks-old immunostained for the more mature 
astrocyte marker s100β. An overview image at 10x magnification (left) and a more detailed image at 20x 
(right) are depicted. Representative images chosen from 2 individual neurospheroids.  Scale bar left image 
200 µm (10x), scale bar right image 100 µm (20x). An inset shows higher level of detail at the selected 
region (white square) from right images (20x). (8-13W, 8-13-week-old neurospheroids) 

4.4.3 Integration of hematopoietic progenitor cells in neurospheroids for the 

creation of microglia-enriched neurospheroids 

Besides astrocytes, the presence of microglia in the neurospheroids would greatly 

improve the resemblance of the model to human brain tissue and would allow to more 

accurately mimic the secondary cerebral damage occurring after stroke. To this end, 

we conducted explorative studies aiming at the integration of hematopoietic 

progenitor cells in these neurospheroids, which is a critical step for the development 

of microglia-containing neurospheroids.  

In a first experiment, we added hematopoietic progenitor cells to 1-week-old 

neurospheroids in medium based on the Brainphys medium (medium 5). After a co-

culture period of 2 weeks, a CD45 staining, indicative of hematopoietic cells, shows the 

integration of the hematopoietic progenitor cells in these neurospheroids (Fig. 7). 

Although, integration of hematopoietic progenitor cells was successful, the 

consideration that this medium type does not give rise to the spontaneous 
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development of astrocytes in a short time frame of 8 weeks, a similar strategy was 

applied for neurospheroids continuously grown in cNEM (medium 7).  

Multiple explorative experiments were performed to estimate the preferred timing for 

the addition of hematopoietic progenitor cells. In a first experiment, hematopoietic 

progenitor cells were directly mixed with neural stem cells from the beginning before 

the formation of a neurospheroid. As can be concluded from the Iba-1 staining, defining 

microglia and macrophages, this strategy is associated with a very low integration 

efficiency of these hematopoietic progenitor cells after 1 week in co-culture. Indeed, 

figure 8A shows only the sporadic presence of Iba-1 positive cells within these 

spheroids. Moreover, a lot of hematopoietic progenitor cells surrounded the 

neurospheroid and eventually detached upon further processing for embedding and 

staining, as can be seen by the Iba-1 positive patch at the right side of the image. One 

hypothesis for the failure of this particular strategy might be the absence of 

environmental cues that normally are provided by neural tissue. One such cue is the 

cytokine CSF-1, which is considered to be implicated in the development, steady state 

maintenance and migration of microglia in the CNS [278, 279]. By means of a CSF-1 

ELISA we show increasing endogenous production of this factor by the neurospheroids 

over time (Fig. 8B). Taking into account this observation, we conducted a second 

experiment where we added hematopoietic progenitor cells to 10-week-old 

neurospheroids. After 2 weeks of culture, the marked presence of Iba-1 positive cells 

confirmed that the hematopoietic progenitor cells integrated into the neurospheroid. 

Interestingly, the progenitors are more located at the periphery of the neurospheroid 

(Fig. 8C). In an attempt to more evenly distribute the hematopoietic progenitors in the 

neurospheroid, we added the hematopoietic progenitors at an earlier time point of 4 

weeks in a final experiment. Although some Iba-1 positive cells localize more in the 

center of the neurospheroid, the large majority of hematopoietic progenitor cells is still 

located at the periphery of the neurospheroid at 4 weeks of co-culture (Fig. 8D).  
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Figure 7 - Representative immunofluorescent image of neurospheroid after the addition of hematopoietic 
progenitor cells in Brainphys medium. 3-week-old neurospheroid stained for the hematopoietic cell marker 
CD45 after the addition of 1.2 x104 hematopoietic progenitor cells at week 1. Representative image chosen 
from 4 individual neurospheroids. Inset shows higher level of detail at the selected region (white square). 
Scale bar 100µm.  
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Figure 8 - Representative immunofluorescent image of neurospheroid after the addition of hematopoietic 
progenitors in cNEM medium at different time points. (A) 1-week-old neurospheroid stained for the 
microglia/macrophage marker Iba-1 after the addition of 1.6 x104 hematopoietic progenitor cells at week 
0, i.e. time point of seeding the neural stem cells. Representative image chosen from 2 individual 
neurospheroids. Scale bar 100µm. (B) The concentration of CSF-1 measured in the supernatant of 
neurospheroids at different timepoints (week 0-8) (n=3 per timepoint). Each dot is an independent 
observation. A curve of best fit was plotted on the graph. (C) 12-week-old neurospheroid stained for the 
microglia/macrophage marker Iba-1 after the addition of 2.0 x105 hematopoietic progenitor cells at week 
10. An overview image at 10x magnification (left) and a more detailed image at 20x (right) are depicted. 
Representative image chosen from 2 individual neurospheroids. Scale bar left image 200 µm (10x), scale 
bar right image 100 µm (20x). An inset shows higher level of detail at the selected region (white square) 
from right images (20x). (D) 8-week-old neurospheroid, sliced at two different depths, stained for the 
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microglia/macrophage marker Iba-1 after the addition of 1.2 x105 hematopoietic progenitor cells at week 
4. An overview image at 10x magnification (left) and a more detailed image at 40x (right) are depicted. 
Representative image chosen from 3 individual neurospheroids obtained over 2 independent experiments. 
Scale bar left image 200 µm (10x), scale bar right image 50 µm (40x). 

 Discussion 

To model human ischemic responses more accurately in vitro, the ischemic stroke field 

would greatly benefit from more mature neurospheroids containing multiple cell types, 

including astrocytes and microglia next to neurons and its progenitors. The general lack 

of astrocytes and microglia in neurospheroid or organoid models for ischemic stroke 

research not only ignores the contribution of these glial cells in the progression of 

ischemia-induced brain damage, but also excludes the possibility to evaluate 

neuroprotective strategies based on immunomodulation. In this chapter we aimed to 

add another level of complexity to the neurospheroid model described in  chapter 3, 

by exploring ways to introduce astrocytes and microglia to this model as well as to 

increase its maturity. 

In the first part of this chapter, we examined whether increasing the culture time of the 

neurospheroids under the same conditions as described in chapter 3, could increase 

maturation and spontaneous development of astrocytes over an 8-week period. 

Although no histological quantification was performed, one could appreciate the 

increased maturation of neurons and the presence of astrocytes at an 8-week time 

point. The latter is in line with embryonic brain development, where glial differentiation 

is initiated later than neuronal differentiation. Clearly, whether the neurons are 

functionally mature remains to be determined by means of electrophysiological 

measurements, for example through the use of multi-electrode arrays (MEAs), a 

project which will be actively pursued in our future research. Though, given the 

increased proportion of mature neurons and the presence of astrocytes – which have 

previously demonstrated to improve the functional maturation of neurons in 2D 

cultures [139-142] - at the 8-week time point, the presence of neuronal activity is 

conceivable. Also, the astrocytes still would need to be functionally characterized for 

its ability to produce cytokines and glutamate uptake.  

With the aim of accelerating the differentiation and maturation of the neurospheroids, 

we examined different media types that have previously been used for the culture of 

brain organoids and spheroids. As expected, these differentiation media appear to 

expedite the differentiation and maturation, as evidenced by the prominent 
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appearance of mature neurons at 2 weeks of age, compared to 8 weeks when using the 

original cNEM. This difference in differentiation dynamics between the different media 

types and cNEM was also reflected in their corresponding growth profiles. Whereas 

neurospheroids grown in the original medium kept on growing at a significant rate, the 

expedited differentiation of the neurospheroids in differentiation media caused the 

proliferation potential to be reduced already at earlier stages, overall resulting in 

smaller sized neurospheroids. Nonetheless, their acquired size still suggest the 

potential development of a hypoxic, necrotic core. With regard to astrocyte 

development, the selected media types have previously demonstrated to allow 

astrocyte differentiation in different studies [162, 165, 269, 280]. However, in our 

hands, besides medium 1 and 2, which are based on the neurobasal and DMEM/F12 

media type supplemented with N2 and B27, that showed sporadic appearance of 

astrocytes at the periphery of the neurospheroids, the majority of differentiation media 

in these preliminary experiments did not give rise to astrocytes, at least not in this short 

time frame of 8 weeks. Hence, for the generation of astrocyte-containing 

neurospheroids, the original medium, cNEM, is superior to the other media types. 

Moreover, despite the delay compared to specific differentiation media, a marked 

population of mature neurons is present at the time point of astrocyte appearance (i.e. 

8 weeks).  Nevertheless, neurospheroids grown in the original medium develop a 

relative larger necrotic core. In the future, this may be circumvented by using a 

combination of cNEM with one of the evaluated medium types above and/or by the 

use of bioreactors tailored for 3D cultures. Of note, the results obtained in these 

explorative experiments need to be confirmed by additional experiments further 

supplemented with data on the quantification of the different markers. Furthermore, 

to draw firm conclusions concerning the maturity level of the neurospheroids grown in 

the different media types, the electrophysiological activity of the neurospheroids 

should be measured.  

In the second part of this chapter, we tried to introduce hematopoietic progenitor cells 

into the neurospheroid model as a first step to develop state-of-the-art microglia-

enriched neurospheroids. In contrast to other CNS cell types that know a 

neuroectodermal origin, microglia are derived from the mesodermal lineage and 

eventually invade the developing brain. Therefore one of the biggest shortcomings of 

current brain organoids and spheroids has been the lack of microglia cells. Despite this 

general concept, protocols have recently been developed that support the innate 

development of microglia in brain organoids [266, 281]. However, these protocols 

compass cerebral organoids that are directly derived from human iPSCs and rely on the 
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spontaneous stochastic appearance of microglia, making it impossible to control the 

ratio of microglia in these organoids. Therefore, we here applied another strategy, 

similar to other studies that are recently are being published [112, 115, 116, 184-186, 

265, 282, 283], where we add hematopoietic progenitors cells to NSCs before the 

initiation of neurospheroid formation or to pre-established neurospheroids. This 

concept would mimic the in vivo migration of progenitors into the developing brain 

where they further develop into mature microglia. As can be concluded from the 

experiments conducted here, hematopoietic progenitor cells are able to successfully 

migrate in 1-week-old neurospheroids cultured in Brainphys-based medium. However, 

with the aim of developing multicellular neurospheroids containing neurons, microglia 

and astrocytes, further experiments were carried out it with cNEM. Different time 

points of addition of hematopoietic progenitor cells to the neurospheroids were 

evaluated. Addition to neural stem cells before the formation of neurospheroids 

resulted in a very low integration efficiency, which might be explained by the lack of 

the necessary neural environmental cues. Microglia development, but also migration 

and steady state maintenance of microglia, rely on the presence of certain factors 

provided by the neural environment. Supporting this hypothesis, hematopoietic 

progenitor cells added at later timepoints (i.e. weeks 10 and 4) show more successful 

integration possibly due to the CSF-1 gradient generated endogenously by neurons 

and/or astrocytes in the developing neurospheroids. Despite the successful integration, 

an important point of consideration is the continuous growth of the neurospheroid in 

cNEM, as shown by the size measurements (Fig. 2), eventually leading to the dilution 

of hematopoietic progenitor cells over time. Furthermore, the bigger the size of the 

neurospheroids the less hematopoietic progenitor cells are evenly distributed over the 

neurospheroid, for the same distance they migrate in smaller neurospheroids, as can 

noticed when comparing figures 7 and 8. To this end, key of future experiments would 

be to optimize the media composition, as suggested earlier, and to optimize the time 

point of addition to balance between the addition to young neurospheroids, which are 

smaller and older neurospheroids that are capable of providing the necessary 

environmental signals. A second step towards the development of microglia-enriched 

neurospheroids would be to increase the co-culture time and subsequently validate the 

development of mature microglia by means of immunocytochemistry for microglia-

specific markers (e.g. TMEM119 and P2RY12) and single cell RNA sequencing, combined 

with assessments of their functionality to secrete cytokines and their phagocytic 

capacity upon stimulation. 
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Of note, future experiments aimed at confirming the integration of microglia-like cells 

and the distribution of CNS cell types in the neurospheroids in general, would greatly 

benefit from 3D imaging. Whereas here, slices of neurospheroids at various depths are 

used to conclude something about the distribution of cells, 3D imaging would allow to 

capture the complete distribution in the neurospheroid, providing more accurate data. 

Altogether, the preliminary data presented in this chapter demonstrate the feasibility 

of generating astrocyte- and microglia-progenitor-containing neurospheroids and 

represent an important first step towards the development of multicellular 

neurospheroids that when subjected to hypoxic and hypoglycemic stimuli may model 

human ischemic stroke with greater accuracy.
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 Supplementary material 

Table S1 – Detailed overview of all components of the different differentiation media (medium 1-6) and 
cNEM (medium 7) for a total volume of 50ml per medium type. For medium types 2,4 and 6 additionally 
BDNF and GDNF are added at a final concentration of 2 ng/ml. (BDNF, brain-derived growth factor; GDNF, 
glial-derived neurotrophic factor) 

  Components Volume 
(μl) 

Source  

MEDIUM 1-2 Neurobasal medium (1:1) 24000 Gibco 

Advanced DMEM/F12 (1:1) 24000 Gibco 

N2 (1/100) 500 Gibco 

B27 (1/50) 1000 Gibco 

L-glutamine (1/100 = 1%) 500 Gibco 

MEDIUM 3-4 Neurobasal Electro Medium 48500 Gibco 

B27 (Electro, 1/50) 1000 Gibco 

L-glutamine (1/100 = 1%) 500 Gibco 

MEDIUM 5-6 BrainPhys Medium 48000 Stemcell Technologies 

N2 (1/100) 500 Gibco 

B27 (1/50) 1000 Gibco 

L-glutamine (1/100 = 1%) 500 Gibco 

MEDIUM 7 Neurobasal medium 24500 Gibco 

Advanced DMEM/F12  24500 Gibco 

Neural Induction Supplement 1000 Gibco 
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Table S2 – Statistical output of size measurements of neurospheroids grown in different differentiation 
media types (medium 1-6) or cNEM (medium 7). (A) Adjusted p-values for comparison of the size of 
neurospheroids grown in differentiation media to the original medium 7 obtained by Mann Withney U test 
for the pairwise comparisons of interest and Bonferroni correction. (B) Adjusted p-values for comparison of 
1-week-old and 8-week-old neurospheroids for each medium type obtained by Mann Withney U test for 
the pairwise comparisons of interest and Bonferroni correction. 

 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 

Medium  
1-7 

0,1056 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 

Medium 
2-7  

3,1152 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 

Medium 
3-7 

0,1056 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 

Medium 
4-7 

0,1056 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 

Medium 
5-7 

3,1152 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 

Medium 
6-7 

0,1056 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 < 0,0048 

 

 Medium 1 Medium 2 Medium 3 Medium 4 Medium 5 Medium 6 Medium 7 

Week 
1-8 

0,0014 0,0007 0,0007 0,0014 0,0007 0,0007 0,0014 
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 Enhancing clinical translation of neuroprotective therapies for 

ischemic stroke  

Decades of research resulted in over a thousand of candidate neuroprotective agents 

of which none have led to an effective therapy for ischemic patients to date. Despite 

being considered promising in preclinical setting, many neuroprotective agents failed 

when translated to the clinic. Apart from possible reasons with regard to clinical trial 

design, deficiencies in animal studies have also been identified. With the purpose of 

increasing the chance of success of clinical translation of neuroprotective agents, 

specific guidelines were hereto formulated [9, 284-287]. For instance, researchers are 

strongly encouraged to conduct short- as well as long-term functional assessments of 

the animals, next to measurements of the infarct volume which has long been used as 

the main readout [9, 284, 287]. More recently, also the animal models themselves are 

being improved. From all different rodent ischemic stroke models, the middle cerebral 

artery occlusion (MCAO) rodent model is most often used as it is able to closely 

simulate human ischemic stroke, that often originates from occlusion of this artery [54]. 

While highly relevant, studies are mostly conducted in young animals without 

comorbidities. To increase translatability, it is recommended to include assessment of 

the candidate neuroprotective agent in experimental models of stroke with co-

morbidities and advanced age in both sexes before moving to clinical trials [9]. In this 

regard, the preclinical evaluation of statins for instance, included the use of rodent 

models of ischemic stroke with hypertension [288]. Despite the improvements in 

animal studies, failures as a result of species-specific differences cannot be ruled out 

by means of these measures. It would therefore be of equal importance to validate the 

neuroprotective agents also in a human in vitro context before initiating clinical trials. 

At current, the use of human-based models in preclinical ischemic stroke research is 

rare because of the ignorance of species-specific differences, the difficult access of 

primary brain tissue and the lack of physiological relevance of easy accessible 

transformed cell lines. The field of ischemic stroke would greatly benefit from the 

implementation of more complex in vitro models with improved physiological 

relevance to model human-ischemic responses and thus clinical outcomes with greater 

accuracy. To this end, in this doctoral dissertation, I developed and characterized a 

human neurospheroid model, generated by the spontaneous self-assembling capacity 

of hiPSC-derived NSCs. In what follows, I will briefly summarize the main technological 
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and scientific findings during my PhD research, as well as provide important future 

follow-up research directions. 

 Technological achievements  

Data presented in this thesis demonstrate that the established neurospheroid culture 

protocol results in neurospheroids with reproducible size, growth and differentiation 

pattern (see Chapter 3). Heterogeneity in terms of size, shape and composition, have 

often been considered a limitation of organoids [179, 187, 188]. Most of the 3D 

neurospheroid and organoid models are directly derived from iPSCs that self-assemble 

into embryoid bodies and are embedded in martigel droplets as part of the applied 

differentiation protocol [164]. Although protocols based on this approach give rise to 

neural organoids with high level of complexity, which is of particular relevance in 

neurodevelopment research, they are often associated with high variability [158, 165, 

257, 289]. Here, neurospheroids were developed starting from NSCs that were 

previously derived from hiPSC, without the use of Matrigel to support 3D culture. This 

approach allows to surpass potential sources of variability, by ensuring the exclusive 

development of cells of neuroectodermal origin and avoiding undefined factors present 

in natural hydrogels [157, 169, 187, 289]. 

Furthermore, the neurospheroid model was equipped with intrinsic bioluminescence 

that allows for an easy and longitudinal follow-up of the viability after OGD (see Chapter 

3). Most in vitro stroke studies determine the viability and/or cytotoxicity after OGD by 

techniques such as MTT assay, LDH assay, flow cytometric or microscopic detection of 

living and/or apoptotic cells, that require a single endpoint and/or disruption of the 

neurospheroids. Bioluminescence overcomes aforementioned limitations, thereby 

enabling to monitor the dynamics in viability and cytotoxicity of the same (OGD-

treated) culture over time, possibly providing more insight into the pathophysiology of 

ischemic stroke and/or the effectiveness of candidate neuroprotective compounds. 

However, given the decrease in luminescent signal over time under control conditions 

in our study, the genetic engineering strategy and the promoter type may need to be 

modified for future experiments. 

In addition, the neurospheroid generation protocol and analysis tools set out in this 

thesis support the high-throughput potential of the described neurospheroids (see 

Chapter 3). As mentioned earlier, protocols for generating cerebral organoids often 

contain cumbersome matrix-embedding steps and result in complex, non-uniform 



 General discussion and future perspectives 

123 
 

organoids, rendering them less suitable for applications such as drug screening [158, 

165, 257]. However, the rather simple protocol, the 96-well format development and 

the reproducibility of the neurospheroids, together with easy read-out of viability of 

single neurospheroids by means of bioluminescence, presented in this thesis, make this 

model compatible with high-throughput screening applications in the future. In 

addition, the spheroid microarray technology, adapted from Ivanov et al. [250], further 

supports the histological processing and microscopic imaging to be carried out in (semi-

)high-throughput.  

 Scientific findings 

In chapter 3, the applicability of the luminescence-based read-out to detect OGD-

induced neurotoxicity within neurospheroids was demonstrated. Using this approach, 

distinct dynamics of 1-week-old and 4-week-old neurospheroids after OGD were 

observed. By comparing 1-week-old with 4-week-old neurospheroids, containing 

relatively more undifferentiated NSCs or intermediate progenitors/immature neurons, 

respectively, it was demonstrated that 1-week-old neurospheroids were able to 

completely and spontaneously recover from the initial OGD-induced damage over the 

course of one week, unlike 4-week-old neurospheroids. This is in line with other 

studies, also using human brain organoids, where NSCs have demonstrated to be 

relative resilient to hypoxic injury, as compared to other neuroprogenitor cell subtypes, 

and even maintain their proliferation potential [189, 190]. Moreover, one of these 

studies observed the induction of a compensatory mechanism in these NSCs to 

replenish the stem cell pool after hypoxia [190]. Considering that the adult human brain 

mainly consists of mature neurons and glial cells and displays limited spontaneous 

recovery after ischemic stroke, underscores the need for older, more mature 

neurospheroids for in vitro stroke research. Besides, this would at the same time 

facilitate the evaluation of neuroprotective compounds, where any recovery or 

stabilization of deterioration could be solely attributed to the neuroprotective 

compound, enabling to draw firm conclusions.  

A second important scientific finding obtained in this thesis was the different 

behavioral response of NSCs cultured in 2D versus NSC-derived neurospheroids 

towards treatment with the pan-caspase inhibitor Z-VAD-FMK during and after OGD 

(see Chapter 3). In 2D, Z-VAD-FMK conferred neuroprotection, in agreement with other 

publications [33-35]. Though significant, the effect of Z-VAD-FMK was rather limited. It 

is plausible that besides apoptosis other cell death mechanisms are underlying OGD-
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induced neurotoxicity [7]. Whether changes in concentration and/or administration 

time may influence the magnitude of neuroprotection by Z-VAD-FMK, remains to be 

further investigated. Nevertheless, concentrations as low as 20 µM Z-VAD-FMK 

administered during and after OGD have previously demonstrated to be 

neuroprotective in mouse neuronal cultures [290]. In contrast to 2D, Z-VAD-FMK failed 

to improve the overall viability of neurospheroids under OGD. This exemplifies how 

increased complexity of spheroid or organoid models, in terms of cellular heterogeneity 

and/or dimensionality, may result in a different outcome when evaluating 

neuroprotective compounds. The concept that dimensionality can affect the cell’s 

behavior is in line with other studies demonstrating that cells cultured in a 3D 

environment can show changes in morphology, survival, proliferation, differentiation, 

gene expression and even function (e.g. electrophysiological network properties) when 

compared to cells cultured in 2D on plastic surfaces  [74, 157]. Likewise, differences in 

response to pathological stimuli and/or therapeutic compounds have been observed in 

different fields of research. For instance, in hepatoxicity research, 3D hepatocyte 

cultures have been shown to be less susceptible to cell death when exposed to 

cytotoxins in comparison with 2D cultures [195]. Similar findings are emerging in the 

field of in vitro stroke research. For instance, Vagaska et al. demonstrated the lower 

susceptibility to OGD-mediated damage for human NSCs grown in 3D, when compared 

to their 2D counterpart. The same could be concluded when thapsigargin was used as 

stimulus, after eliminating the possibility of reduced drug accessibility as a confounding 

factor [74]. Additionally, Ko et al. confirmed that 3D cell culture models represent 

better normal brain models, since the neural cells in 3D maintained their healthy 

physiological morphology of a less activated state and suppressed mRNA expressions 

of pathological stroke markers S100B, IL1-β and MBP [193]. Nevertheless, it remains to 

be investigated how the increased complexity of the neurospheroid model in this thesis 

affected the difference in response, for instance by changing susceptibility to 

neurotoxic stimuli or elicited types of cell death. To this end, it may be of relevance to 

extend the experiments in this thesis with inhibitors of specific cell death mechanisms, 

such as autophagy or ferroptosis. Additionally, to confirm whether these cell death 

mechanisms are due to the OGD stimulus, a double staining could be performed for the 

hypoxic marker EF5 and a specific marker for cell death, for instance cleaved caspase-

3 or 4-hydroxynonenal (4-HNE) to identify apoptosis or ferroptosis, respectively. 

Altogether, these findings further underscore the importance of 3D models in basic as 

well as applied in vitro stroke research to complement conventional 2D cell cultures 

and in vivo animal studies. 
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 Opportunities for model improvement  

While the here described neurospheroid model already increased the complexity and 

physiological relevance by providing a 3D microenvironment for the neural cells, the 

presence of glial cells, such as astrocytes and microglia, and increased maturation 

would enable the model to mimic human ischemic responses with greater accuracy. 

Moreover, it would allow candidate neuroprotective agents targeting the inflammatory 

and excitotoxic component of ischemic stroke to be evaluated. Here, the foundation 

was laid for the development of more mature, multicellular neurospheroids (see 

Chapter 4). Obtained results demonstrate that longer term culture of neurospheroids 

in cNEM can give rise to more mature, astrocyte-containing neurospheroids. However, 

whether the neurons are functionally mature remains to be determined by means of 

electrophysiological measurements, for example through the use of multi-electrode 

arrays (MEAs). Likewise, the astrocytes still would need to be functionally characterized 

for its ability to produce cytokines and glutamate uptake. Furthermore, it was 

demonstrated in Chapter 4 that hematopoietic progenitor cells are able to successfully 

integrate into neurospheroids grown in cNEM and suggest a role of CSF-1 herein. 

However, further optimization of the protocol is needed to develop microglia-enriched 

neurospheroids, where microglia will be phenotypically and functionally characterized.  

Although the feasibility of developing more mature, multicellular neurospheroids is 

provided here, the protocol for development of this model still requires optimization 

and validation. The use of cNEM supports the growth of the neurospheroids to 

significant extent. This might not only imply that the eventual microglia number and 

distribution may be suboptimal, but also that the necrotic, ischemic core can take 

significant proportions. The latter is of particular importance when these immune cells 

are added, as it may potentially cause their activation prior to their subjection to OGD. 

Therefore, a combination of cNEM with one of the evaluated differentiation media may 

be considered, that would allow the development of astrocytes, while suppressing the 

proliferation by inducing neuronal differentiation and maturation. Together with the 

use of bioreactor systems, the multicellular model may be improved on short-term. 

On the long-term, vascularization of the neurospheroids would be an ideal approach, 

not only to prevent the necrotic core, but also to incorporate a blood-brain barrier 

(BBB) in this model. By this means the BBB dysfunction associated with ischemic stroke 

pathophysiology can be modelled, as well as the contribution of brain endothelial cells 

and neurovascular interactions in the exacerbation of ischemic damage can be 

investigated. For instance, brain endothelial cells have been indicated to be a potential 
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source of detrimental free radicals after reperfusion [132]. Efforts to vascularize brain 

organoids have been undertaken. Multiple studies report on the development of tube-

like vascular structures after co-culturing human brain organoids with vascular cells, 

such as iPSC-derived endothelial cells, HUVECs, or embryonic stem cells in which the 

ETV2 gene - known to directly convert fibroblasts to endothelial cells – was engineered 

to be expressed in the presence of doxycycline [180, 181, 291]. Despite the absence of 

perfusion of the vessel-like structures, the vascularized brain organoids showed 

improved growth, attenuated apoptosis and accelerated neuronal maturation in 

comparison to non-vascularized brain organoids [180, 181, 291]. Moreover, the 

endothelial cells in these organoids developed BBB-characteristics, as evidenced by 

their expression of BBB related markers, including P-glycoprotein, ZO-1 and occludin 

[180, 181]. One of the aforementioned studies even suggests the improvement of the 

hypoxic state in the human brain organoids upon this non-functional vascularization by 

the detected decrease in HIF-1 positive cells [181]. However, to take full advantage of 

vascularized brain organoids, the vessel like-structures need to be perfused, allowing 

the delivery of oxygen and nutrients to all cells of the brain organoid. To achieve this, 

several groups have transplanted these pre-vascularized brain organoids into highly 

vascular tissues in immunodeficient mice often resulting in successful functional 

perfusion with blood of the host (i.e. mouse) [180, 181, 291]. Although interesting, the 

required transplantation negates the benefits of (i) the in vitro identity of brain 

organoids and spheroids and thereby the controllability and potential scalability, and 

(ii) the pure human origin of those models, as the capillaries in the transplanted 

organoid are constituted of both mouse-derived endothelial cells and the human 

endothelial cells (e.g. HUVECs) and have murine blood flowing through them. 

A better approach to establish the neurospheroids with a functional vasculature in the 

future would rely on microfluidics technology. Microfluidic devices have been used 

before to perfuse lung fibroblast spheroids through HUVEC-derived vessels (Fig. 1) 

[292]. Hereto, spheroids containing HUVECs were cultivated in a central nonfluid 

channel filled with fibrin-collagen gel mimicking the extracellular matrix. HUVECs were 

also seeded in the channels adjacent and parallel to the central channel. Angiogenic 

sprouts were formed from HUVECs in the microchannels and reached the vessel-like 

structures in the spheroid to form a continuous lumen, enabling perfusion. Although 

this approach has not been applied yet to human brain organoids [292], this would be 

an appropriate strategy to allow in vitro perfusion of the here established luminescent 

neurospheroid model in the future. Besides the delivery of oxygen and nutrients to the 

interior of the neurospheroid, the increased maturation and the formation of a BBB, 
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this system would also allow to control the perfusion flow, enabling the interrupted 

blood flow and possible reperfusion associated with ischemic stroke to be 

recapitulated, allowing to mimic in vivo stroke even more closely. To take this even 

further, this model would open up new possibilities to study the infiltration of 

leukocytes and to investigate their dual role in the progression of ischemia-induced 

damage [3, 40].  

 

 

Figure 1 – Schematic overview to obtain vascularized, perfused spheroids/organoids using a microfluidic 
device. The spheroid/organoid containing endothelial cells is cultivated in a central channel filled with 
hydrogel. Adjacent to the central channel are two channels containing endothelial monolayers exposed to 
fluid flow. Endothelial cells generate angiogenic sprouts, induced by secreted VEGF from the 
spheroid/organoid, that eventually bridge the fluid channel and the spheroid/organoid enabling the 
establishment of a functional vascular network, perfusing the spheroid/organoid. The arrows indicate fluid 
flow. 

 Implications of human multicellular neurospheroids in 

ischemic stroke research  

The human neurospheroid model described here has the potential to complement 2D 

in vitro models and animal models, each having their own advantages and limitations, 

to gain more insight into the pathophysiology of ischemic stroke and even other 

neurological pathologies. Once optimized and after thorough phenotypic and 

functional validation, RNA-sequencing of the more mature, multicellular human 

neurospheroids – where cells are allowed to interact with other cells and cell types in 

a 3D manner (i.e. multicellularity and dimensionality) - will enable to uncover the main 

pathways up- or downregulated when subjected to OGD and reoxygenation. While 

RNA-sequencing of human cerebral organoids after OGD and subsequent 
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reoxygenation has already been reported, the rather young organoids used in this study 

lack microglia and probably also astrocytes, resulting in a rather restricted image of all 

transcriptional changes that occur in ischemic stroke [192]. Additionally, the optimized 

human neurospheroid model would allow to allocate the specific contribution of 

microglia in the secondary damage after stroke, by comparing the luminescent signal 

of neurospheroids with and without incorporated microglia.  

Furthermore, in general, the extension of the in vitro armamentarium for ischemic 

stroke research with 3D models will also entail the implementation and development 

of a new set of technologies tailored for 3D models. For example, application of tissue 

clearance and subsequent 3D imaging will become more important as it would allow to 

image the complete spheroid or organoid [289, 293], and thereby capture the complete 

distribution of particular cell types and/or specific markers across the spheroid or 

organoid. Furthermore, emerging 3D MEAs and 3D flexible bioelectronics, will enable 

the measurement of the activity of neurons located across the brain spheroids or 

organoids as compared to 2D MEAs, where the electrophysiological measurement is 

limited to the neurons at the bottom of the brain organoids [294]. With regard to 

multicellular spheroids or organoids, measurement of the cytokine response of 

individual spheroids may possibly require more sensitive detection methods than 

conventional ELISA, given the rather low number of glial cells present in a single 

spheroid. Development of such technologies would allow to take full advantage of 3D 

models. 

Ultimately, besides their future role in unraveling the pathophysiological mechanisms, 

the introduction of the human multicellular neurospheroid model in the preclinical 

phase of drug discovery and development, would allow to bridge the translational gap 

between preclinical studies and clinical trials, increasing chances of success for the 

agents to be effective in clinical setting. Nevertheless, as human PSC-derived 3D models 

in general are a rather recent development, it remains to be demonstrated whether 

these models are actually better at predicting human ischemic responses and clinical 

outcomes when evaluating new agents prior to their integration in the preclinical in 

vitro armamentarium. Therefore, a side-to-side evaluation of rodent neurospheroid 

models with their in vivo counterpart and a validation by means of ischemic stroke 

patient-derived blood and cerebral spinal fluid samples, may provide more insight on 

their translational value. In this regard, it may also be of interest to re-evaluate certain 

neuroprotective compounds in these models that have been tested before in clinical 

setting. The latter would also allow to investigate whether species-specific differences 
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are at the root of certain clinical failures. Nonetheless, still with much fundamental 

research ahead, all evidence points toward a clear future for advanced human PSC-

derived multicellular 3D models, such as the here developed neurospheroid model, in 

fundamental and translational ischemic stroke research. 
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