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Abstract 
Chemicals need to be tested for their potential to harm humans. Most of the guidelines 

for chemical risk assessment from the Organisation for Economic Co-operation and 

Development (OECD) include tests performed on animals, raising not only financial and ethical 

concerns but also scientific ones. Thus, the development and use of human-based models for 

toxicity testing is highly encouraged. Due to their few ethical constraints and ability to 

differentiate into all cell types, human induced pluripotent stem cells (hiPSC) have gained 

increasing scientific interest, and several hiPSC-derived neural and glial models have been 

proposed for neurotoxicity testing.  

BrainSpheres (BS) is a hiPSC-derived 3D cell culture system containing various brain cell 

types, allowing cell-to-cell interactions and recapitulating the main neurodevelopmental 

processes. Here, the ability of BS to respond to chemical exposure has been characterized. 

Within the Marie Curie international training network in3, BS were exposed to various 

compounds, such as valproic acid, paraquat, amiodarone, cadmium, lead and doxorubicin. 

Cytotoxicity concentration-response curves were established to determine sub-lethal 

concentrations for further testing. The toxicogenomics tool TempO-Seq with a list of curated 

genes covering known stress pathways and cell-type specific markers showed to be a valuable 

tool to detect the biological processes disturbed by the tested chemicals. Data revealed that BS 

replicate the described mechanisms of action of the chemicals, such as oxidative stress and 

unfolded protein response for paraquat and metal response for cadmium, but also showed for 

the first time in brain cells, the perturbation of lipid metabolism after amiodarone exposure. 

 Since the nominal concentration of a chemical may not reflect its bioavailable 

concentration, distribution kinetics studies were performed. Results indicate a cellular 

accumulation of amiodarone with time, supporting the stronger adverse effects on neurons and 

astrocytes detected after repeated exposure, and an inefficient cellular uptake of Valproic acid, 

corroborating the few adverse effects observed. 

Finally, to improve the ability of BS to mimic brain reactions to chemicals and therefore 

to better detect potential neurotoxicants, the possibility to reproduce the neuroinflammatory 

response was tested by adding hiPSC-derived microglia progenitors. In BS, the microglia 

progenitors gained microglia-like cells characteristics and, upon exposure to LPS and IFNγ, 

became reactive and had deleterious effects on oligodendrocytes. 

Overall, the work presented here emphasizes the interest of using BS for neurotoxicity 

testing and adds precious information on the way this system can be used for mechanistic 

neurotoxicity assessment. Furthermore, it shows the importance of associating toxicokinetics to 

toxicodynamics in order to make BS a useful tool for quantitative in vitro to in vivo extrapolations 

(QIVIVE). 
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Résumé 
Le potentiel toxique des produits chimiques présents dans l’environnement doit être 

évalué. Pour ce faire, la plupart des directives de l’Organisation de coopération et de 

développement économique (OCDE) incluent des tests à exécuter sur des animaux, ce qui 

soulève non seulement des questions financières et éthiques, mais aussi scientifiques. Le 

développement et l’utilisation de modèles basés sur des cellules humaines est donc fortement 

encouragé. Les cellules souches pluripotentes humaines induites (CSPhi) ont gagné un intérêt 

scientifique croissant étant donné le peu de contraintes éthiques qui leur sont liées, et leur 

capacité à se différencier dans tous les types de cellules de l’organisme. Ainsi, de nombreux 

modèles dérivés de CSPhis ont été proposés pour tester la neurotoxicité. 

Le terme BrainSpheres (BS) désigne un modèle de cultures de cellules dérivées de 

CSPhis, contenant divers types cellulaires du cerveau, permettant de nombreuses interactions 

cellulaires et récapitulant les principaux processus du développement cérébral. Ici, la capacité 

des BS à répondre à une exposition aux produits chimiques a été caractérisée. Au sein du projet 

“in3” financé par le réseau international Marie Curie, les BS ont été exposées à différents 

composés, tels que paraquat, amiodarone, acide valproïque, cadmium, plomb et doxorubicine. 

Leur cytotoxicité a été établie pour sélectionner les concentrations à la limite de la toxicité. 

L’outil toxicogénomique TempO-Seq, comprenant une liste de gènes recouvrant les voies de 

signalisation de stress et des marqueurs spécifiques pour les différents types cellulaires, s’est 

révélé être très bon pour détecter les processus biologiques modifiés par les composés 

chimiques. Les résultats montrent que les BS répliquent les mécanismes d’action des produits 

chimiques, comme le stress oxydatif et la réponse aux protéines non repliées pour le paraquat, 

et la réponse aux métaux pour le cadmium. Mais ils montrent aussi, pour la première fois dans 

les cellules cérébrales, la perturbation du métabolisme lipidique après exposition à 

l’amiodarone.  

Puisque la concentration nominale d’un composé chimique ne représente pas 

forcément sa concentration bio-disponible, la cinétique de distribution des composés a été 

déterminée. Les résultats indiquent une accumulation intracellulaire d’amiodarone qui supporte 

les effets délétères plus marqués détectés sur les neurones et les astrocytes après une 

exposition répétée, et une capture inefficace de l’acide valproïque corroborant l’observation de 

peu d’effets toxiques. 

Finalement, pour améliorer la capacité des BS à mimer les réactions des cellules 

cérébrales aux produits chimiques, et donc affiner sa détection des neurotoxines, la possibilité 

de reproduire la réponse neuro-inflammatoire a été testée en ajoutant des progéniteurs de 

microglies dérivés de CSPhi. Dans les BS, ces cellules ont développé des caractéristiques de 

microglies et, après activation, sont devenues délétères pour les oligodendrocytes. 

Dans l’ensemble, ce travail montre l’importance des BS pour la neurotoxicologie et 

ajoute de précieuses informations sur la manière d’utiliser ce système pour l’évaluation des 

mécanismes de neurotoxicité. De plus, il montre l’importance d’associer la toxicocinétique à la 

toxicodynamique dans le but de faire des BS un outil utile pour l’extrapolation in vitro-in vivo. 



viii 

 

General public abstract 
We are constantly exposed to chemicals in our daily life. Determining the harmful effects 

of chemicals is thus important for human safety. Safety assessment is currently performed 

mainly through expensive, time consuming, scientifically and ethically questionable tests in 

animals. Human induced pluripotent stem cells (hiPSC) have less ethical problems associated 

and can be differentiated into many different cell types. Thus, hiPSC-derived models have gained 

increasing interest for neurotoxicology testing. 

BrainSpheres (BS) is a hiPSC-derived 3D cell culture system containing various brain cell 

types, allowing cell-to-cell interactions and recapitulating the main developmental processes 

occurring in the brain. To be use for neurotoxicity testing, the ability of BS to replicate expected 

effects of chemical exposure should be evaluated. Within the Marie Curie training network in3, 

BS were exposed to very well-known chemicals, such as the herbicide paraquat, the heavy 

metals lead and cadmium and the drugs doxorubicin, amiodarone and valproic acid. Gene and 

protein expression techniques showed that BS can reproduce the previously described effects 

of these 6 different chemicals, suggesting that they can be used to assess the potentially toxic 

effects of unknown chemicals. Furthermore, in order to link the toxic effects detected in BS to 

the effects these chemicals could trigger in humans, the concentration of chemical that is 

available to interact with its targets should be defined. Therefore, tests were made to 

understand how the chemicals distribute in the BS system, between the medium, the cell 

fraction and the binding to plastic ware.  

Finally, to improve the ability of BS to mimic the reaction of brain cells to chemicals, and 

thus to refine its detection of neurotoxins, the possibility to reproduce the neuroinflammatory 

response was evaluated by adding microglia, the brain resident macrophages and key players of 

the neuroinflammatory process, lacking in BS. These cells proved to be able to reproduce 

neuroinflammation traits and to cause detrimental effects on oligodendrocytes upon activation.  

Overall, BS showed the possibility of being used to detect potentially detrimental 

chemicals and to be modified to evaluate the activation of neuroinflammation, in order to make 

the system even more powerful. Information on the effects of a given chemical together with 

its distribution in BS can be used to better associate the exposure to chemicals and its effects on 

human. 
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Résumé vulgarisé pour le grand public 
Nous sommes constamment exposés à des produits chimiques dans notre vie de tous 

les jours. Il est donc très important d’en déterminer les effets nocifs pour notre santé. 

L’évaluation de la toxicité des produits chimiques est actuellement réalisée sur des animaux, ce 

qui soulève non seulement des questions financières et éthiques, mais aussi scientifiques. Les 

cellules souches pluripotentes humaines induites (CSPhi) présentent moins de contraintes 

éthiques, et sont capables de se différencier dans tous les types de cellules de l’organisme. Elles 

sont ainsi devenues très intéressantes pour tester la neurotoxicité. 

Le terme BrainSpheres (BS) désigne un modèle de cultures de cellules dérivées de 

CSPhis, contenant divers types cellulaires du cerveau, permettant de nombreuses interactions 

cellulaires et récapitulant les principaux processus du développement cérébral. Ici, la capacité 

des BS à répondre à une exposition aux produits chimiques a été caractérisée. Au sein du projet 

«in3» financé par le réseau international Marie Curie, les BS ont été exposées à différents 

composés connus, tels que l’herbicide paraquat, les métaux lourds cadmium et plomb, ainsi que 

les médicaments doxorubicine et acide valproïque. Différentes techniques, telles que 

l’expression de gènes et de protéines, ont montré que les BS sont capables de reproduire les 

effets toxiques précédemment reportés pour ces 6 composés, suggérant que les BS pourraient 

être utilisées pour détecter le potentiel neurotoxique de produits encore non testés. De plus, 

afin de pouvoir relier les effets toxiques détectés dans les BS aux effets que pourraient 

déclencher ces composés chez l’homme, la concentration de composé ayant effectivement 

pénétré dans les cellules a été déterminée. 

Finalement, pour améliorer la capacité des BS à mimer les réactions des cellules 

cérébrales aux produits chimiques, et donc affiner sa détection des neurotoxines, la possibilité 

de reproduire la réponse neuro-inflammatoire a été testée en ajoutant des microglies, les 

macrophages résidents du cerveau et cellules clés du processus neuro-inflammatoire, manquant 

dans les BS. Ces cellules se sont montrées capables de reproduire certaines caractéristiques de 

la neuro-inflammation et de causer des effets délétères sur les oligodendrocytes. 

Dans l’ensemble, ce travail montre la possibilité d’utiliser les BS pour détecter des 

produits potentiellement neurotoxiques et décrit certaines améliorations qui pourraient être 

apportées à ce système afin de le rendre encore plus performant. De plus, il montre l’importance 

de combiner la distribution d’un produit chimique dans les BS aux effets toxiques qu’il y 

provoque, afin de rendre l’utilisation de ce système in vitro possible pour la prédiction des effets 

délétères des produits chimiques sur la santé humaine dans le futur.  



x 

 

List of abbreviations 
 
3Rs - Replacement, Reduction and Refinement of 
Animal Experiments 

7d - 7 days repeated exposure 

7dW - 7d followed by a week of wash-out 

AChE - acetylcholinesterase 

AMI - amiodarone  

AO - adverse outcome 

AOP - adverse outcome pathway 

BBB - Blood-brain barrier 

BDNF - brain derived neurotrophic factor 

BS - BrainSphere  

CdCl2 - cadmium chloride  

CRA - chemical risk assessment  

DEG - differentially expressed probe 

DNT - developmental neurotoxicity 

DOXO - doxorubicin hydrochloride  

ER - endoplasmic Reticulum 

ESCs - embryonic stem cells 

ESR - estrogen response 

GFAP - glial fibrillary acidic protein 

GRIN1 - glutamate ionotropic receptor NMDA type 
subunit 1 

hiPSC - human induced pluripotent stem cell  

HLC - hepatocyte-like cell 

HMOX - heme oxygenase 1 

Iba1 - allograft inflammatory factor 1 

IFNγ - Interferon γ  

in3 - in vitro, in silico and integration 

iPSC - induced pluripotent stem cells  

KEs - key events 

Ki67 - marker of proliferation Ki-67 

LD50 - median lethal dose  

LFC - log2 fold change  

LPS - Lipopolysaccharide 

MAP2 - microtubule associated protein 2 

MBP - myelin basic protein 

MIE - molecular initiating event 

MT1E - metallothionein 1E 

MT1F - metallothionein 1F 

MT1G - metallothionein 1G 

MT1M - metallothionein 1M 

MT1X - metallothionein 1X 

MT2A - metallothionein 2S 

NAM - new approach methodology 

NANOG - Nanog homeobox 

NEFL - neurofilament light chain 68kDa 

NF200 - neurofilament heavy chain 200kDa  

NPC - neural progenitor cells  

NQO1 - NAD(P)H quinone dehydrogenase 1 

NRC - US National Research Council  

NRF2 - nuclear factor, erythroid 2 Like 2 

NT - neurotoxicity testing  

O4 - oligodendrocyte marker 4 

OECD - organisation for economic co-operation 
and development 

Olig1 - oligodendrocyte transcription factor 1 

Olig2 - oligodendrocyte transcription factor 2 

Pb - lead (ii) chloride  

PBPK - physiologically-based pharmacokinetic 
modelling 

PCA - principal component analysis 

PQ - paraquat dichloride hydrate  

qAOP - quantification of AOPs 

QSAR - quantitative structure-activity relationship 

REACH - Registration, Evaluation and Authorization 
of Chemicals 

ROS - reactive oxygen species 

S100β - S100 calcium binding protein B 

Sox2 - SRY-Box transcription factor 2 

SYP - synaptophysin 

TH - tyrosine hydroxylase 

UPR - unfolded protein responses 

VPA - valproic acid sodium salt 

μBS - BS with microglia-like cells 

  



 

 

 

  



ii 

 

Table of Contents 
IMPRIMATUR .......................................................................................................................................... I 
ACKNOWLEDGEMENTS ......................................................................................................................... IV 
ABSTRACT ............................................................................................................................................. VI 
RÉSUMÉ ...............................................................................................................................................VII 
GENERAL PUBLIC ABSTRACT ...............................................................................................................VIII 
RESUME VULGARISE POUR LE GRAND PUBLIC ...................................................................................... IX 
LIST OF ABBREVIATIONS ........................................................................................................................ X 
TABLE OF CONTENTS .............................................................................................................................. II 

 

CHAPTER 1: INTRODUCTION .................................................................................................................. 1 

1.1 HOMO SAPIENS AND CHEMICALS, AN OLD TOXIC FRIENDSHIP ............................................................................ 2 
1.2. ANIMAL TESTING AND THE DAWN OF TOXICOLOGY ........................................................................................ 5 
1.3. THE WAY FORWARD: IN VITRO TESTING ..................................................................................................... 6 
1.4. NEUROTOXICOLOGY ................................................................................................................................ 8 
1.5. BRAIN SPHERES ...................................................................................................................................... 9 
1.6. REGULATORY TOXICOLOGY AND CHEMICAL RISK ASSESSMENT, THE PERFECT SYMBIOSIS FOR A SAFER WORLD .......... 10 
1.7. MARIE CURIE TRAINING NETWORK: IN3 ................................................................................................... 11 
1.8. RESEARCH AIMS OF THIS THESIS AND ITS OUTLINE ........................................................................................ 14 

 

CHAPTER 2: AN IN VITRO STRATEGY USING MULTIPLE HUMAN INDUCED PLURIPOTENT STEM CELL-
DERIVED MODELS TO ASSESS THE TOXICITY OF CHEMICALS ................................................................ 15 

2.1. INTRODUCTION .................................................................................................................................... 16 
2.2. CONTRIBUTION .................................................................................................................................... 16 
2.3. SUMMARY OF THE RESULTS .................................................................................................................... 16 

 

CHAPTER 3: IN VITRO DISTRIBUTION KINETICS AND NEUROTOXICITY OF THE CARDIAC DRUG 
AMIODARONE IN THE IPSC-DERIVED HUMAN 3D MODEL BRAINSPHERES ........................................... 33 

3.1. INTRODUCTION .................................................................................................................................... 34 
3.2. CONTRIBUTION .................................................................................................................................... 34 
3.3. SUMMARY OF THE RESULTS .................................................................................................................... 34 
1. INTRODUCTION ....................................................................................................................................... 37 
2. MATERIAL AND METHODS ........................................................................................................................ 39 
3. RESULTS ................................................................................................................................................ 44 
4. DISCUSSION ........................................................................................................................................... 57 
5. REFERENCES ........................................................................................................................................... 61 

 

CHAPTER 4:  ABILITY  OF  BRAINSPHERES  TO  DETECT  THE  NEUROTOXICITY  OF  VARIOUS  CLASSES  OF 
CHEMICALS .......................................................................................................................................... 65 

4.1. AIM ................................................................................................................................................... 66 
4.2. MATERIAL AND METHODS ..................................................................................................................... 66 
4.3. RESULTS ............................................................................................................................................. 68 
4.4. RESULTS OUTLINE ................................................................................................................................ 75 

 



iii 

 

 
 
 
CHAPTER 5: FURTHER CHARACTERIZATION OF THE MODEL ................................................................. 77 

5.1. AIM ................................................................................................................................................... 78 
5.2 MATERIAL AND METHODS ...................................................................................................................... 78 
5.3. RESULTS ............................................................................................................................................. 79 
5.4 RESULTS OUTLINE ................................................................................................................................. 81 

 

CHAPTER 6: ACTIVATION OF HUMAN MICROGLIA IS DELETERIOUS FOR OLIGODENDROCYTES IN A 
COMPLEX HUMAN IPSC-DERIVED 3D MODEL ....................................................................................... 83 

6.1. INTRODUCTION .................................................................................................................................... 84 
6.2. CONTRIBUTION .................................................................................................................................... 84 
6.3. SUMMARY OF THE RESULTS .................................................................................................................... 84 
1. INTRODUCTION ....................................................................................................................................... 87 
2. METHODS .............................................................................................................................................. 89 
3. RESULTS ................................................................................................................................................ 93 
4. DISCUSSION ........................................................................................................................................... 99 
5. CONCLUSIONS ...................................................................................................................................... 101 
6. REFERENCES ......................................................................................................................................... 101 

 

CHAPTER 7: PARTICIPATION ON THE DEVELOPMENT OF AOP17 BINDING TO SH/SELEN-PROTEINS CAN 
TRIGGER NEUROINFLAMMATION LEADING TO NEURODEGENERATION ............................................ 107 

7.1. ABSTRACT ......................................................................................................................................... 108 
7.2. CONTRIBUTION .................................................................................................................................. 108 

 

CHAPTER 8: DISCUSSION .................................................................................................................... 109 

8.1. SUCCESSFUL ESTABLISHMENT OF BRAINSPHERES USING A NEW HIPSC LINE .................................................... 111 
8.2. ESTABLISHMENT OF AN EXPOSURE WINDOW TO ASSESS EFFECTS ON CELL TYPES AND THEIR INTERACTIONS ............ 112 
8.3. EXPOSURE CONCENTRATION AND THEIR EPIDEMIOLOGICAL RELEVANCE ......................................................... 113 
8.4. BS CAN BE USED TO ASSESS CHEMICAL EFFECT ON DIFFERENT BIOLOGICAL PROCESSES ....................................... 114 
8.5. DISTRIBUTION KINETICS, AN IMPORTANT PLAYER IN NEUROTOXICITY ASSESSMENT ........................................... 116 
8.6. TEMPO-SEQ DATA ANALYSIS AS A SCREENING TOOL................................................................................... 117 
8.7. MICROGLIA ....................................................................................................................................... 118 
8.8. CONCLUDING REMARKS AND PERSPECTIVES ............................................................................................. 119 

 

REFERENCES ....................................................................................................................................... 122 
SUPPLEMENTARY DATA ..................................................................................................................... 133 
ANNEX 1.: CHAPTER 2 SUPPLEMENTARY DATA .................................................................................. 138 
ANNEX 2.: CHAPTER 3 SUPPLEMENTARY DATA .................................................................................. 141 
ANNEX 3.: AOP17 KER: OXIDATIVE STRESS LEADS TO CELL INJURY/DEATH ........................................ 146 
 

 



1 

 

 

 

 

 

 

 

 

 

 

 

1. Chapter 1: Introduction 
 

Section 1.1 to 1.4 are heavly based on the book chapter “Neurotoxicology and disease modelling” 

(Nunes and Zurich, 2020). 
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 1.1 Homo sapiens and chemicals, an old toxic friendship 

As a rather small and not so fast species, early Humans had to find creative ways to get 

food. When the other animal’s hunting leftovers were not enough, early humans started to hunt 

with sharp objects, traps and venoms extracted from animals and plants. Later, sources indicate 

that Greeks, Scythians, and Nubians used poisoned dipped arrows, javelins, and other weapons 

in battle (Mayor, 2003). The extracted substances were also used to help overcome health 

issues.  

The increasing knowledge of extracted substances and their effects on living organisms 

lead to a need to classify them. Although it is safe to assume that even pre-historic humans 

categorized some plants as harmful and other as safe, it is difficult to find evidence of such 

classification (Mayor, 2003). The Sumerians were the first making a written record of medicinal 

plants, they created a list of hundreds of plants in clay tablets (Sumner, 2000). Ancient Egyptians 

produced the Ebers Papyrus (1500 B.C.E.), a record containing mentions of over 700 substances 

and over 300 recipes detailing incantations and mixtures using poisonous or medicinal minerals 

and plants. Besides more medicinal records, it is possible to find references of venoms through 

several tales such as The Odyssey and The Elliad (850 B.C.E) where Homer describes the use of 

poisoned arrows.  

As more substances were used, the classification got more complex and extended. In 

ancient Greek literature numerous poisons and their use are described (Gallo, 2013). 

Interestingly, Greeks defined all drugs or potions as “pharmaka” or “pharmakon” without 

making any distinction between harmful and safe compounds, or compounds used for the 

treatment of diseases (Bailey, 2007; Hayes and Gilbert, 2009). Dioscorides (40-90 C.E.), a Greek 

physician in the court of the Roman emperor Nero, published In De Materia Medica with the 

classification of about 600 substances. Dioscorides classification remained in use till 1600s and 

became the basis for the modern pharmacopoeia (Gallo, 2013; Hayes and Gilbert, 2009). 

Quite early in society, murder became a way to escalate in the hierarchy, and venoms a 

clean way to reach this goal. Murder was so mainstream that around 81 B.C.E., Lucius Cornelius 

Sulla (138–78 B.C.E.) a Roman general, issued the law Lex Cornelia de Sicariis et Veneficiis. The 

law clearly stated that any person who makes, sells, possesses, or purchases a “venenum 

malum” (poisonous or noxious substance) with the intention of committing murder may be sent 

for trial (Hayes and Gilbert, 2009). However, despite these efforts, poisoning kept being common 

and socially accepted. In the Medieval and Renaissance periods there are several reports of 

influent people, like popes, being poisoned by their opponents. One could even learn the dark 

art of poisoning in specialized schools. Payment for poisoning people was quite common, as 
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testified by the price scale emitted for this type of services by the Venetian Council of Ten (1310-

1797), the most important governing body in the state of Venice (Hayes and Gilbert, 2009). 

Philippus Aureolus Theophrastus Bombastus von Hohenheim (1493–1541 C.E.), best 

known as Paracelsus, was a Swiss physician, alchemist, and astrologer. Paracelsus defined for 

the first time the importance of the dose by saying, ‘Alle Dinge sind Gift, und nichts istohne Gift; 

allein die Dosis machts, dass ein Ding kein Gift sei.’’ interpreted as, the dose makes the poison. 

Paracelsus also believed that diseases were primarily associated with a specific organ in the 

body, giving rise to the idea of “target organ toxicity”. He questioned the long-standing ideas of 

his time and tried to rationalize the treatment of diseases (Hayes and Gilbert, 2009). 

In the 19th century, following the birth of the synthetic chemical industry, the field of 

toxicology emerged in response to the need to understand how chemical substances might 

affect the health of workers and consumers. Bernardino Ramazzini (1633–1714), an Italian 

physician, published De Morbis Artificum Diatriba (Diseases of Workers) where he outlined the 

health hazards of chemicals in more than fifty occupations. Although he was not the first to 

correlate occupation and diseases, he gave rise to occupational medicine, advising physicians to 

relate their patients’ occupation to their symptoms. In 1775, Percival Potts (1714-1788), an 

English surgeon, became the first scientist to find an association between environmental 

chemicals and cancer. Potts established the occupational link between soot and scrotal cancer 

and can therefore be considered the founder of occupational toxicology (Pappas et al., 1999). 

At the same time, there was very little, if any, legislation to govern the production or distribution 

of chemicals. Poisons such as arsenic were still easily accessible, being sold at drugstores, and 

medicines for children contained opium against hyperactivity, teething or cramps, heroin was 

sold as sedative for cough, and cocaine against toothache (Fig:. 1.1). 

In 1906, one of the first laws regulating the marketing of drugs was released in the USA. 

From this date, manufacturers had to provide an accurate labelling of dosage and contents of 

their products. Prior to this, many drugs advertised benefits from secret ingredients. In 1937, 

more than 100 deaths by liver failure were linked to the consumption of a new formulation of 

the antibiotic Sulfanilamide produced in the USA, due to the toxicity of the diethylene glycol 

used as an excipient. This disaster emphasized the importance to regulate the commerce of 

chemicals and their safety. In consequence, in the USA the Federal Food, Drug and Cosmetic Act, 

which required Food and Drug Administration approval before the release of a new drug, was 

accepted in 1938. In Europe the conscience of the importance of this type of regulation only 

came after another tragic episode. Thalidomide was released as a sedative in 1957 and was 

prescribed to alleviate morning sickness in pregnant women. Malformations in more 
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than 10,000 children born in 46 different countries were linked to Thalidomide before it was 

withdrawn from the market in 1961. Nowadays, despite this tragedy, thalidomide is back for the 

treatment of skin lesions caused by leprosy and for multiple myeloma (Rehman et al., 2011). In 

this case, excluding the pregnant women, the benefits of Thalidomide treatment are higher than 

the risks. Unfortunately, in many developing countries, drug control is deficient and babies 

continue to be born with birth defects due to Thalidomide. 

 

 

 

Figure 1.1 Now known dangerous chemicals were freely commercialized and publicized. 
(A) A 19th century advertisement for arsenic wafers in the United States. (B) Cocaine Toothache drops 
from 1880’s. (C) Sears, Roebuck and Co. where marketing laudanum (a tincture of opium containing 
approximately 10% powdered opium by weight) as a sleep remedy for infants. (D) Heroin was originally 
marketed in the end of the 19th century as a cough medicine. 
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1.2. Animal testing and the dawn of toxicology 

The Society of Toxicology defines toxicology as the study of the adverse effects of 

chemical, physical or biological agents on living organisms and the ecosystem, including the 

prevention and amelioration of such adverse effects. After the start of toxicology studies in the 

19th century, there was a rapid development of analytical methods in the late 19th century and 

then an acceleration of both method and scientific development in the latter half of the 20th 

century (Pappas et al., 1999). The first scientific experimental determinations of the toxic effects 

of chemicals were performed on animals. 

In 1927 the British pharmacologist J.W Trevan proposed to determine the median lethal 

dose (LD50) of chemicals to evaluate and compare their toxicity (Trevan, 1927). LD50 is the single 

dose of a given chemical required to kill half of the members of a tested population after a 

certain exposure time. This measurement appealed to governments and regulators since it 

provides one simple, generalized indicator of the toxicity of a chemical (Morris-Schaffer and 

McCoy, 2020).  

Other animal tests were established during the 20th century. The standardized Draize 

test was developed by John Draize in 1944 to assess eye and skin irritation caused by chemicals. 

It consists in applying the test substance in the eye or skin of a restrained, conscious animal, 

usually albino rabbits, and to assess the effects until 14 days after exposure (Draize et al., 1944). 

Animals that did not exhibit any permanent effects could be used for other tests. In the 1950s 

decade, a test was developed to identify carcinogenic chemicals through the daily dosing of rats 

and mice for 2 years (Parasuraman, 2011). After the Thalidomide incident, reproductive and 

developmental toxicity studies were introduced where the animals are exposed to chemicals at 

different steps of reproduction to assess the effects on the development of the offspring. 

Animal experimentation allowed the establishment of dose-response relationships, the 

importance of the duration of the exposure and of the route of exposure. Soon it was recognized 

that industrial chemicals and even drugs could cause a wide range of diseases and/or disabilities, 

such as, birth defects, impairment of development, cancer, and impairment of learning and 

memory. As we stand today, regulatory toxicologists rely almost exclusively on animal in vivo 

experimentation for human safety assessment. In absence of other techniques and with very 

limited understanding of toxicological mechanism, animal in vivo studies were probably the only 

way to best ensure human safety (Jennings, 2015a). However, a deeper understanding of 

biology, species differences in xenobiotic handling and toxic mechanisms made clear the need 

for a paradigm shift in toxicology. Furthermore, the huge financial cost of animal testing and the 

burden on non-human mammals speak also in favour of a radical change in our way to assess 
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human safety. This shift was proposed by the US National Research Council (NRC) in 2007, in a 

report entitled “Toxicity Testing in the 21st Century: A Vision and a Strategy” (NRC, 2007). The 

basic proposal was to re-orient testing to the molecular level, rather than observing phenotypic 

responses at the level of whole organisms together with a strong encouragement for the 

development of human based models for toxicology. 

 

1.3. The Way Forward: In Vitro Testing 

In the report Toxicity Testing in the 21st Century: A Vision and a Strategy, experts 

highlighted the concept of “toxicity pathways”, as the way forward to understand and interpret 

the toxicant-induced mode of action (NRC, 2007). Pathway responses are dose-dependent. At 

some low dose, a pathway may begin to be disrupted by a toxicant exposure, but, due to a 

homeostatic response, also called an “adaptive” behaviour, the pathway will continue to 

function. Increasing the dose, the adaptive and reparative response is eventually overcome, and 

an adverse effect takes place. Molecular pathways are better studied in vitro than in vivo, 

therefore, the implementation of this new strategy required the development of new in vitro 

tests. Due to metabolization differences between species, the new methods should preferably 

be based on human cells. 

In 1959 Russell and Burch have delineated the “replace, reduce and refine” (3Rs) 

principle for animal testing in their book entitled, ‘‘The principles of humane experimental 

technique’’ (Russell and Burch, 1959). The 3Rs principle can be explained as follows: “Replace” 

the animal experimentation by methods which permit a given purpose to be achieved without 

conducting experiment or other scientific procedures on animals; “Reduce” by methods for 

obtaining comparable levels of information from the use of fewer animals in scientific 

procedures, or for obtaining more information from the same number of animals; and “Refine” 

by using methods which alleviate or minimise potential pain, suffering and distress, and which 

enhance animal well-being. 

During his PhD, Björn Ekwall (1940-2000) proposed to predict human acute systemic 

toxicity of chemicals by using cell-culture tests instead of animal LD50 determinations. Ekwall 

also defined the “basal cytotoxicity concept” (Ekwall, 1983, 1980; Ekwall and Johansson, 1980) 

and classified the effect of chemicals into three categories: (i) basal cytotoxicity resulting from 

interference with structures and/or properties essential for cell survival, proliferation and/or 

functions; (ii) organ-specific toxicity, which affects organ-specific structures or functions; (iv) 

toxicity at the organizational level (Bernson et al., 1986; Ekwall, 1983).  
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Since then, the field of in vitro toxicology progressed tremendously with the 

development of very performant organ-specific cell culture systems and of high throughput and 

high content analytical techniques. Yet, most of the cell cultures were derived from animals but, 

as already pointed out by Russel and Burch (1959), similar species do not necessarily represent 

good models for each other. They called this the “high fidelity fallacy”, which is well illustrated 

in the high rate of drug candidate failures during clinical testing, due to both a lack of efficacy in 

humans and the identification of unacceptable toxicities not previously identified in pre-clinical 

animal testing (Jennings, 2015a). Following the paradigm shift and the raised concerns about 

using animals-based studies for chemical safety assessment, there has been an effort to develop 

new tools based on human cell lines and primary cells. However, in order to keep their viability 

in culture, most of the established human cell lines exhibit cancerous phenotypes and thus have, 

by definition, an abnormal cell physiology. On the other hand, although primary cells tend to 

recapitulate largely normal cell physiology, it is difficult to keep them in culture for long periods 

maintaining the high-quality standards required to assure reproducible results. Furthermore, it 

is very difficult, technically and ethically, to obtain primary cells from certain organs, such as the 

brain. 

The ultimate progress in the field of in vitro toxicology was made possible by the ground-

breaking discovery by Takahashi and Yamanaka in 2007 of the technique allowing the derivation 

of induced pluripotent stem cells (iPSC) from human somatic cells (Takahashi et al., 2007). At 

the time, they described how to derive iPSCs from human cultured fibroblasts by over-

expressing the transcription factors Oct3/4, Klf4, Sox2 and c-Myc. While iPSCs share capacity for 

self-renewal and pluripotent potential of embryonic stem cells (ESCs), its generation from adult 

somatic cells come with a range of advantages while avoiding some controversies associated to 

ESCs (Liu et al., 2017). The Nobel Prize in Physiology and Medicine 2012 was jointly awarded to 

John B. Gurdon and Shinya Yamanaka for this discovery highlighting the potential impact of this 

methodology. One of the biggest advantages of human iPSCs (hiPSC) is that they can be 

specifically differentiated in almost all human cell types which can be used, among other 

potential applications, for toxicity testing and disease modelling. Another advantage is the 

possibility of deriving hiPSCs from any living donor with a detailed health record and the 

possibility of being further followed. The methods to induce stemness have improved over the 

years using non-integrating techniques such as self-replicating RNA or Sendai virus. Also a lot of 

progress has been made in developing protocols to differentiate hiPSCs into specific cell types 

including neural, lung, liver, kidney, endothelial and vasculature lineages (Boon et al., 2020; 

Stuart M Chambers et al., 2009; Chandrasekaran et al., 2021; Fransen and Leonard, 2021; 
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Gholami et al., 2021; Lo Giudice et al., 2019; Murphy et al., 2019; Nunes and Zurich, 2020; 

Pamies et al., 2017b; Wellens et al., 2021). Due to the interest of hiPSCs for different fields, 

efforts have been made on the creation of cell banks for standardised, quality assured iPSCs 

(Morrison, 2018).  

 

   

1.4. Neurotoxicology  

Neurotoxicity or a neurotoxic effect is an adverse change in the structure or function of 

the nervous system following exposure to a chemical agent (Congress Office of Technology, 

1990). 

Nowadays guidelines for neurotoxicity (NT) testing and developmental neurotoxicity 

(DNT) testing are based exclusively on animal experimentation (OECD test guideline 418, 419, 

424, 426) (Fritsche et al., 2015; Masjosthusmann et al., 2018). These guidelines are, in most 

cases, followed for chemicals that produced detectable adverse effects on the nervous system 

in the mandatory in vivo based standard single dose or repeated dose toxicity studies. The 

described in vivo tests are raising ethical, financial and scientific concerns. Indeed, while such 

guideline studies are currently necessary for consumer safety, it is already known that these 

animal tests might have limited prediction for human neurotoxicity due to inter-species 

variation (Leist and Hartung, 2013). Therefore, although decades of work on neuronal and glial 

cellular systems derived from several animal species has delivered a range of reliable in vitro 

assays highly valuable for neurotoxicity testing (Forsby et al., 2009; Gabriel et al., 2017; Schmidt 

et al., 2017; Tiffany-Castiglioni, 1993; Veronesi, 1992; Zurich et al., 2013, 2000), there is a 

growing need for human-based in vitro models. 

Even with the constraints of getting neural human cells, there are various human 

neuronal-like immortalized cell lines available. However, as the expression of tumour growth-

related genes expressed in these cell lines may affect the cellular responses to a chemical 

exposure, the use of human stem cells and their progeny is strongly advised (Bal-Price et al., 

2018, 2012). Due to their few ethical constraints, hiPSCs derived neuronal and glial models are 

currently gaining increasing scientific interest. Not surprisingly, it has been shown in the past 

that a given brain cell type reacts differently to a toxic substance when grown in a single cell-

type culture than in a mixed-cell types culture (Eskes et al., 2003, 2002; Zurich et al., 1998). 

Therefore, complex 3D cell culture systems containing many brain cell types, allowing a 

maximum of cell-to-cell interactions and recapitulating the main neurodevelopmental processes 

are also of the utmost importance for the evaluation of the adverse effects of chemicals. Pamies 
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et al. (2017) recently described such a model derived from hiPSCs that was easily adapted for 

different studies related to toxicology, viral infection and cancer (see section 1.5 of this 

manuscript). A Human Cortical Organoids model derived from hiPSCs demonstrated the 

potential neurodevelopmental negative effects of methadone (Wu et al., 2020). Another 3D 

model containing several brain cell types derived from human embryonic stem cells was also 

shown to be able to detect the toxicity of trimethyltin and paraquat, two known environmental 

neurotoxicants (Sandström et al., 2017). Lancaster and colleagues (2014) reached an even 

higher level of biological complexity, by developing a hiPSC-derived 3D organoid culture system; 

however this model has not been yet used for neurotoxicity testing (Lancaster and Knoblich, 

2014). In order to ensure the establishment of robust test systems, it is important to stress that 

growing stem cells and delivering reliable and well-characterized cultures for toxicity assessment 

require a high level of standardization of both undifferentiated and differentiated cell cultures. 

It is therefore of pivotal importance to define a set of quality control parameters suitable to 

properly characterize stem cell-derived models before using them for toxicity testing, especially 

those derived from hiPSCs (Coecke et al., 2005; Pamies et al., 2018a; Pistollato et al., 2012).  

Based on the current knowledge it can be stated that in vitro models of human brain 

cells, such as those derived from hiPSCs, can recapitulate a sequence of neurodevelopmental 

processes starting from neural progenitor cells (NPC) proliferation until an advanced stage of 

neuronal and glial differentiation and maturation. Quantitative evaluation of the impairment of 

these processes due to chemical exposure can serve as reliable readouts for in vitro 

neurotoxicology evaluation.  

 

1.5. Brain Spheres 

In this thesis, the BrainSpheres (BS) model was used as a representative of the brain to 

test the neurotoxic potential of chemicals. The protocol was developed by Pamies et al. and 

published in 2017 (Pamies et al., 2017b). The iPSC-derived human 3D brain microphysiological 

system was presented as a reproducible in terms of size, shape, and cell composition. Along 8 

weeks in culture, NPCs differentiate into mature neurons and glial cells (astrocytes and 

oligodendrocytes). Indicating strong cell-to-cell interactions, BS show indication of the presence 

of active synapses (e.g., spontaneous electric field potentials) and neuronal-glial interactions 

(e.g., myelination).  

Since its development, BS have been showed to be an interesting model to be used for 

different purposes. BS proven to be able to reproduce the developmental neurotoxicity of the 

pesticide rotenone and paroxetine (Pamies et al., 2018b; Zhong et al., 2020b) and the potential 
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neurotoxicity of the gold and poly-lactic acid nanoparticle (Leite et al., 2019). Regarding disease 

modelling, BS were used to show that SARS-CoV-2 can infect neurons (Bullen et al., 2020), test 

different treatment options for a given patient (Plummer et al., 2019) and the synergy between 

an environmental exposure to the pesticide chlorpyrifos and autism specific mutations 

(Modafferi et al., 2021).  

Damage to the central nervous system (CNS) is associated with neuroinflammation, a 

pathophysiological process characterized by the activation of microglia cells and astrocytes, that 

constitutes a very sensitive indicator of neurotoxicity. To fully study the process of 

neuroinflammation in BS, besides neurons, astrocytes and oligodendrocytes, the model needs 

another cell type. Microglia cells, the immune resident cells of the brain, are missing in BS as 

their progenitors differentiate from another germ layer in the yolk sack and invade the brain 

during development (Sierra et al., 2019). Abreu et al. have tried to add this cell type to the model 

by using a commercial available cell line (Abreu et al., 2018). To improve the BS model, efforts 

are being made in the direction of adding hiPSC-derived microglia like cells to BS. 

  

 

1.6. Regulatory Toxicology and chemical risk assessment, the perfect symbiosis for a 
safer world 

Humans may be exposed to chemicals, at the workplace (occupational exposure), from 

use of consumer products (consumer exposure) and indirectly via the environment. Regulatory 

toxicology aims to decrease the chance of human exposure to hazardous chemicals (Greim, 

2020). To put in place regulatory actions, correct chemical risk assessment (CRA), with sufficient 

information on the hazardous properties of the chemical, relevance to human and 

environmental exposure, has to be assessed. The main CRA steps are: (1) problem formulation, 

(2) hazard assessment with identification and characterisation and (3) exposure assessment 

leading to risk characterisation (Greim, 2020; Wittwehr et al., 2020). CRA process requires 

differentiation between reversible and irreversible effects. In case of irreversibility, the risk of 

the adverse effect should be estimated for each exposure scenario (Greim, 2020).  

After the risk is well identified, characterised, assessed and estimated/quantified, risk 

management should be able to provide an answer as to how much risk is likely and which 

measures should be applied to reduce the chances of adverse effects on human health or the 

environment (Greim and Snyder, 2018; Leeuwen and Vermeire, 2007). Risk management has to 

take in account that effects on human health will depend on duration and route of exposure, 
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the toxicokinetics of the chemical, the dose–response relationship, and the susceptibility of the 

individual (Leeuwen and Vermeire, 2007). 

As we stand today, strict testing guidelines are in place to understand the human and 

environmental effects of drugs, cosmetics and pesticides. For the new chemicals, that don’t 

necessarily fit into these categories, several organizations developed programs to help collect 

and evaluate information about the ones that have high production rates (Greim and Snyder, 

2018). In Europe, the implementation of the Registration, Evaluation and Authorization of 

Chemicals (REACH) regulation started in 2007. It was developed to identify potential hazardous 

substances and evaluate the risks associated with their exposure. Importantly, REACH places the 

burden of safety assessment of workers, users and environment on the producer or importer 

(Petry et al., 2006; Williams et al., 2009). Companies manufacturing or importing at least 1 tonne 

per year of a given compound, have to register all uses of chemical substances, either used on 

their own or in preparations. For quantities over 10 tonnes per year, the intrinsic properties and 

hazards of each substance have to be evaluated and a Chemical Safety Report has to be 

submitted for evaluation by the European Chemicals Agency and by the competent authorities 

from the member states. The tests to evaluate acute systemic toxicity, repeated dose toxicity 

and reproductive and developmental toxicity needed for the regulatory requirements keep 

relying mostly on animal studies (Pistollato et al., 2021). 

Since 2013 EU banned the marketing of cosmetics tested on animal for user safety (EC, 

2013). This ban means that the consumers safety data of the commercialized formulation or 

individually used molecules cannot be acquired in animals. Even if a cosmetic proven to be safe 

for humans through non-animal methodologies, animal studies required for REACH continue to 

apply to assess risks for workers and environment (Pistollato et al., 2021). 

 

 

1.7. Marie Curie Training Network: in3  

Governmental agencies worldwide have been pushing towards the development of 

human-based assays for human safety assessment recognizing the need to develop new non-

animal methodologies providing mechanistic understanding for toxicology testing (EUR-Lex, 

2010; National Research Council, 2007; Oredsson et al., 2019; Sewell et al., 2017). The “in3” 

project (in vitro, in silico and integration) was funded by the EU's Marie Skłodowska-Curie Action 

- Innovative Training Network and aimed to drive the synergistic development and use of in vitro 

and in silico tools for human chemical and nanomaterial safety assessment by creating a 

multidisciplinary network with specific academic and industry expertise (Fig. x – in3 resume). 
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Figure 1.2 – Graphical summary of the research carried by the in3 Project 
Adapted from the official website of the in3 Project (https://www.estiv.org/in3/about.html, accessed on 
September 07, 2021). 

 

A number of selected 10 compounds (Doxorubicin hydrochloride, Pamidronate, 

Gentamicin sulphate, Paraquat dichloride, Cerium dioxide nanoparticles, Busulfan, Lead (II) 

chloride, Valproic acid, Amiodarone and Cyclosporine A) were tested in different tissue-

representative models for the impact on cell viability, cell stress and inflammation. This data 

together with compound exposure kinetics was used to create tissue and organism-level models 

to predict adverse effects at human relevant doses. The approach required the integration of 

cell culture biology, mechanistic toxicology, cheminformatics, biokinetics, systems 

biology/toxicology and physiologically-based pharmacokinetic modelling (PBPK). The produced 

biological and mechanistic quality data for the 10 model compounds in different organ 

representatives meant to be used for the further development of read-across and quantitative 

structure-activity relationship (QSAR) already in place. Read-across is used to predict data gaps 

for chemical substances using a similar chemical with associated high quality toxicological data 

(Cronin, 2013; Gajewicz et al., 2014). QSAR methods allow the identification of potential concern 

physicochemical properties.  

One of the challenges shared by the in silico and in vitro side of the project was how to 

integrate all the new acquired information. From its establishment in 2010, the Adverse 

Outcome Pathway (AOP) framework allows the description of the evolution of an adverse event, 

from its molecular initiating event (MIE), to secondary, tertiary and downstream cascading key 

events (KEs) at the cellular, tissue or organism level leading eventually to a pathology or adverse 

outcome (AO). To the mechanism knowledge, a quantification of AOPs (qAOP) would make 
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possible to define the threshold underlining the transition of upstream KEs to downstream KEs 

describing the probability and severity of an AO for a given activation of a MIE (Conolly et al., 

2017; LaLone et al., 2017). One of the goals of the in3 project was to develop and optimize qAOP 

models by exploit and integrating the existing and in house produced data and mechanistic 

knowledge.  

In a world where multi-background teams are very valorised, the in3 consortium stays 

as an example of integration between in silico and in vitro towards a more animal free human 

risk assessment. Along the duration of the project and beyond, different teams in different 

countries and from different backgrounds worked daily to develop and improve new 

methodologies that will potentially allow a better hazard identification. The different final 

products created, from new human based in vitro models to read-across and PBK models, can 

be a valuable asset for regulation porpoises and be adapted for disease modelling and drug 

screening and pre-clinical testing. 
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1.8. Research aims of this thesis and its outline 

At the current time, there is a raising interest of regulatory authorities and society for 

the development of human based models for toxicology. Due to its very complex developmental 

process and final intricate structure, the brain is a challenging organ to fully model in vitro. The 

hiPSC-derived 3D model BrainSpheres (BS) containing neurons, astrocytes and oligodendrocytes 

strongly interacting was used in this thesis. The work here presented aimed to characterize the 

ability of BS to be used for neurotoxicity testing by allowing to study chemical’s effects on 

different biological processes and add microglia-like cells to assess activation of 

neuroinflammation. The specific objectives to achieve this aim were: 

I. Evaluate the ability of BrainSpheres to assess the mechanisms of action of a chemical: 

In order to characterize the ability to reproduce known mechanism of action, BS were 

exposed to several model chemicals. The work developed on exposed BS is presented in 

chapter 3 with the study based on amiodarone, chapter 4 with the preliminary evaluation 

of effects produced by the acute and repeated exposure to valproic acid, doxorubicin, 

lead and paraquat. Additional characterization of the model is outlined in chapter 5 with 

TempO-Seq analysis of the developmental time course of BS and cadmium exposed 

samples.  

 

II. Demonstrate the importance of distribution kinetics studies to better assess 

neurotoxicity: For efficient and reliable QIVIVE of the neurotoxic effects is of the upmost 

importance to define the in vitro distribution kinetics of a chemical. For the BS system this 

meant to define the concentration of chemical in the medium, on the cell and in the plastic 

fractions. Distribution kinetics data on BS for amiodarone are presented on chapter 3 and 

on chapter 4 for valproic acid. 

 

 

III. Investigate the application of toxicogenomics strategy as a technique to screen the 

mechanisms of action of chemicals: To identify toxicity related pathways induced by 

chemical exposure, transcriptomic analysis was performed using the targeted gene 

expression TempO-Seq. Analysis of PQ exposed different organ/structure hiPSC-derived 

models acquired data can be found in chapter 1. Chapter 3 to 5 show other examples 

where TempO-Seq analysis was used as a chemical mechanism of action screening. 

 

IV. Improve BrainSpheres ability to reproduce neuroinflammation: As one of the processes 

involved in neurotoxicity, it is important to characterize the potential chemical induced 

neuroinflammation. Astrocytes and microglia are the key players cells in neurotoxicity. 

Since microglia derive from a different germ layer of the NPC used to produce BS, we 

attempted to add hiPSC-derived microglia progenitors to the model.  
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2. Chapter 2: An in vitro strategy using 
multiple human induced pluripotent 

stem cell-derived models to assess the 
toxicity of chemicals 

 

This manuscript has been published in Toxicology in Vitro.  

 

DOI.: 10.1016/j.tiv.2022.105333 

 

Supplementary data is in Annex 1. 
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2.1. Introduction 

In this study, submitted to In Vitro Toxicology and currently under revision, we propose 

an in vitro multi-organ strategy to assess the toxicity of chemicals. Human induced pluripotent 

stem cells (hiPSCs)-derived models of the brain (2D and 3D mixed-cell cultures), blood-brain 

barrier (endothelial cells based), kidney (podocytes and proximal tubular cells), liver 

(hepatocyte-like cell) and vasculature (endothelial cells) were generated and exposed to 

paraquat (PQ), a widely used herbicide with known toxic effects in lungs, kidneys and brain. The 

main advantages of this strategy are to assess chemical toxicity on multiple organs in parallel, 

exclusively in human cells, and on cell-type- or organ-specific models derived from the same 

donors, eliminating the interspecies and genetic background biases, and allowing a better 

evaluation of the differential sensibility of the diverse organs, and increasing the chance to 

identify toxic compounds. 

 

2.2. Contribution 

I participated in the study design and performed all the experiments concerning the BS 

(cell cultures, assessment of PQ-induced cytotoxicity and preparation of samples for TempO-Seq 

analysis). Regarding the in silico part, together with the other first authors, I collected the 

TempO-Seq raw data coming from all the models used, developed the analysis pipeline and 

performed the analyses. I participated in the writing of the first draft and was heavily involved 

in the construction of the final figures. 

 

2.3. Summary of the results 

The models showed differential cytotoxic sensitivity to PQ after acute exposure. TempO-

Seq analysis with a set of 3565 probes revealed the deregulation of oxidative stress, unfolded 

protein response and Estrogen Receptor-mediated signalling pathways, in line with the existing 

knowledge on PQ mechanisms of action. We focused on the mechanisms of action of PQ shared 

by the different models, but this strategy has also the potential to be used for evaluation of 

organ-specific response to chemical exposure.  

 

The published manuscript in Toxicology in Vitro can be found is the following pages. 
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3. Chapter 3: In vitro distribution 
kinetics and neurotoxicity of the cardiac 

drug amiodarone in the iPSC-derived 
human 3D model BrainSpheres 

 

The following results are presented in the form of an article, that was submitted to ALTEX. 

 

 

Supplementary data is in Annex 2. 
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3.1. Introduction 

Patients taking amiodarone (AMI), a broadly used class III antiarrhythmic drug, describe 

side effects such as headache, dizziness, tremor and ataxia, suggesting neurotoxicity. Clinical 

effects generally require serum concentration >0.5 µM, whereas increased risk of toxicity is 

associated with a serum concentration >3µM. Here, the neurotoxicity and distribution kinetics 

of AMI were evaluated, using the hiPSC-derived 3D model BrainSpheres. BS were exposed to 

AMI for 24h, 48h or repeatedly between week 6 and 7 in vitro. Samples were collected at the 

end of each exposure scenario and after one week of washout following the full week of 

exposure. This study will be submitted to ALTEX. 

 

3.2. Contribution 

For this study, I performed all the in vitro experiments (cell cultures including the 

derivation of NPCs from hiPSCs, and their characterization). I participated in the experimental 

design, and after assessing the cytotoxicity of AMI in BrainSpheres, I performed all RT-qPCR and 

immunohistochemical analyses (including confocal microscopy and ImageJ analyses). I also 

performed the HPLC analyses for distribution kinetics during my secondment in Prof. Nynke 

Kramer’s lab, Utrecht, Netherlands. Finally, I analysed the raw data obtained from BioClavis for 

TempO-Seq analysis and I contributed to the first draft of the manuscript. I prepared all figures 

except the ones produced for the in silico prediction models.  

 

3.3. Summary of the results 

Cytotoxicity evaluated by MTT showed an IC50 3.8µM after 24h of exposure, 3.9 µM 

after 48h and 1.8 µM after 7d of exposure and the same 7d of exposure plus a week of washout. 

At concentrations under IC50, RT-qPCR analysis showed strong decrease of astrocytic markers 

after 48h of exposure and of neuronal markers after repeated exposure. TempO-Seq analysis 

revealed that AMI targets several Gene Ontology biological processes linked to lipid metabolism. 

These results were confirmed by RT-qPCR showing increase in the expression of markers for de 

novo lipogenesis and decrease in genes involved in the formation of lipid droplets. Evaluation of 

in vitro distribution kinetics of AMI by HPLC-UV/fluorescence show a dose- and time-dependent 

intracellular accumulation of AMI. In silico modelling of the acquired data proved to be able to 

predict the distribution kinetics profile. 

 

The submitted manuscript can be found is the following pages. 
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Abstract  

The importance to evaluate the potential neurotoxicity of chemicals before their release 

on the market is increasingly recognized. However, the current procedures based on animal 

experimentation need to be replaced by a combination of in silico and in vitro approaches, as 

evidenced by ethical, economic and scientific arguments. Here, we assessed the neurotoxicity 

of acute (48 h) and repeated exposure (7 days) to amiodarone, an antiarrhytmic drug, using the 

human induced pluripotent stem cells (hiPSCs)-derived 3D model BrainSpheres. The in vitro 

distribution kinetics, essential for the extrapolation of in vitro effect concentrations to human 

equivalent doses was quantified. We report a time- and concentration-dependent accumulation 

of amiodarone in brain cells coupled with increased neurotoxic effects, evidenced by 

immunostaining, TempO-Seq and qRT-PCR analyses. Astrocytes were highly sensitive to 

amiodarone. For the first time, lipid metabolism perturbation was found to occur in human brain 

cells, as previously reported in various other cell types. Furthermore, a compartmental model 

developed and parametrized in this study, allowed to predict the change in cell-associated 

concentrations in BrainSpheres, with time and for different exposure scenarios. Finally, our 

results suggest that human BrainSpheres are intrinsically slightly more sensitive to amiodarone 

exposure than in vitro rodent cells. In conclusion, we believe that determining the in vitro 

distribution kinetics, a key step for in vitro-in vivo extrapolation (IVIVE), together with the 

neurotoxicity of chemicals, in human-based complex models such as the human iPSC-derived 

BrainSpheres, will contribute to the refinement of chemical risk assessment for human health 

and help regulatory decision-making. 
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1. Introduction 

The brain is a structurally and functionally very complex organ, particularly susceptible to 

toxic insults due to very low regeneration abilities after damage. However, in spite of this 

vulnerability, neurotoxicity is not systematically assessed in the safety evaluation of chemicals, 

potentially leading to the exposure of the general public to chemicals hazardous to the brain. If 

neurotoxicity is evaluated, it is generally on rodents. However, the structure and function of 

their brain is so notably different from ours that the relevance of these tests to assess chemical 

safety in humans is questioned (Bal-Price et al., 2010). In addition, the increasing onset of 

neuronal disorders and neurodegenerative diseases, linked to the aging of the population, 

represents a clear demand for drugs active on the nervous system for which safety has to be 

assessed in the early phases of drug development. 

There is nowadays a large consensus that animal testing needs to be replaced by a 

combination of in silico and in vitro approaches, as evidenced by ethical and economic 

arguments, besides scientific ones (Bal-Price et al., 2010). The discovery of human induced 

Pluripotent Stem Cells (hiPSC) (Takahashi et al., 2007) allowed to produce promising test models 

for reducing, refining and replacing (3Rs) animal-based toxicity tests. These cells of human 

origin, can be differentiated into almost all cell types, and be obtained from specific patient 

populations, to assess interindividual sensitivities to toxic insults. Thus, the various models 

recently derived from hiPSCs fit well in the vision of the National Research Council, Toxicity 

Testing in the Twenty-first Century  (NRC, 2007). Neurotoxic potencies of chemicals have already 

been assessed in human iPSC-differentiated neuroprogenitor cells (NPCs), neurons and glial cells 

(Pistollato et al., 2017; Pei et al., 2016; Ryan et al., 2016; Druwe et al., 2015). However, not 

surprisingly, it has been previously shown that a given brain cell type reacts differently to a toxic 

substance when grown in single cell type cultures than in mixed-cell type cultures (Eskes et al., 

2003; Eskes et al., 2002). Therefore, complex 3D cell culture systems containing the main brain 

cell types, allowing for maximum cell-to-cell interactions and recapitulating relevant 

neurodevelopmental processes, are promising tools for the evaluation of the adverse effects of 

chemicals on the nervous system (NS). The BrainSphere (BS) model is one such complex 3D cell 

culture system meeting these requirement (Pamies et al., 2017). This model consists of 

electrophysiologically active neurons, astrocytes, and oligodendrocytes, which are able to form 

compact myelin sheaths around axons. BS already proved to be a reliable tool for in vitro 

neurotoxicity testing (Modafferi et al., 2021; Zhong et al., 2020; Pamies et al., 2018; Nunes et 

al., 2022; Chesnut et al., 2021). They were recently used to decipher the interactions between 

genes and environment in developmental neurotoxicity (Modafferi et al., 2021).  
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However, to compare BrainSphere model sensitivity to neurotoxic insults with other in vitro 

models, rank effect concentrations of different neurotoxicants, and extrapolate in vitro effect 

concentrations to human equivalent neurotoxic doses, the in vitro distribution kinetics of test 

chemicals should be determined (Groothuis et al., 2015; Kramer et al., 2015; Proenca et al., 

2021; Honda et al., 2019). Traditionally, the nominal effect concentration (EC) has been used as 

a surrogate for biologically effective concentration and for quantitative in vitro to in vivo 

extrapolation (QIVIVE). However, the nominal concentration may not be a suitable proxy for the 

freely available concentration of chemicals, especially for lipophilic, volatile and instable 

chemicals. Test chemicals differentially evaporate and bind to microtiter plate plastic and cells 

(Groothuis et al., 2019; Heringa et al., 2004; Gulden et al., 2001; Jager et al., 2011). The cell-

associated dose will increase with every repeat dosing for chemicals that significantly 

accumulate in cells (Kramer et al., 2015; Wilmes et al., 2013). Uncertainties in dose extrapolation 

are exacerbated in repeat dose toxicity tests, since in it is difficult to determine if increased 

toxicity observed over time is due to the accumulation of the test chemical in the model system 

or “accumulation” of toxic effects (i.e., increase in damage accrual in time). The lack of 

regulatory acceptance of in vitro methods for repeated exposure scenarios may partially be 

explained by these uncertainties (Mahony et al., 2020). 

Here we assessed the neurotoxicity and distribution kinetics of the very lipophilic drug, 

amiodarone (AMI), in BrainSphere cultures and used different in vitro dose metrics to calculate 

concentration-effect relationships. AMI is an effective antiarrhythmic drug frequently used in 

clinical practice (Marcus et al., 1981; Hamilton et al., 2020). It inhibits sodium and calcium L-type 

channels, modulates potassium outward current, and has antagonistic effects on adrenergic 

receptors in the heart (Varro et al., 1996; Polster and Broekhuysen, 1976). The long-term use of 

amiodarone has many unwanted side effects, including cardiac, pulmonary, hepatic, and 

neurological toxicities, the most common being tremor, ataxia and peripheral neuropathy 

(Jafari-Fesharaki and Scheinman, 1998; Hindle et al., 2008; Niimi et al., 2019). In addition, some 

cases of parkinsonism have also been reported (Ishida et al., 2010). However, the mechanisms 

of neurotoxicity remain obscure and research on this area is scarce. We report a time- and 

concentration-dependent accumulation of amiodarone in brain cells coupled to increased 

neurotoxic effects. Furthermore, we show that astrocytes are extremely sensitive to 

amiodarone, and that lipid metabolism perturbation occurs in brain cells, as previously reported 

in hepatocytes, alveolar epithelial cells, proximal tubule cells and macrophages (Antherieu et al., 

2011; Pedro and Rudewicz, 2020; Kapatou et al., 2010). 
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2. Material and Methods 

2.1. Cell culture 

The hiPSC cell line SBAD3 was generated from fibroblasts purchased from Lonza using Sendai 

transfection in the IMI-funded StemBANCC project (http://stembancc.org) (Morrison et al., 

2015), as previously described. Cells were cultured in serum-free mTeSR™1 medium (STEMCELL 

Technologies) in petri dishes coated with Corning® Matrigel® hESC-Qualified Matrix, LDEV-free 

~18μg/cm2 (Corning¬), at 37°C in an atmosphere of 5% CO2. Medium was replaced every day. 

Cells were passaged every 4-5 days using Versene® (Life Technologies). All the experiments were 

made following good cell culture practice guidelines 2.0 (Pamies et al., 2022). 

The Ad3G2 neuroprogenitor cells (NPC) were generated from the hiPSC SBAD3 clone 1 (Fig. 

1A), following the protocol “Induction of Neural Stem Cells from Human Pluripotent Stem Cells 

Using Gibco PSC Neural Induction Medium”(Nunes and Zurich, 2020). Shortly, non-confluent 

cultures of hiPSCs in a 6well plate format were grown in PSC Neural Induction Medium (NIM, 

10% Neural Induction Supplement in Neurobasal® Medium) (Gibco), leading to differentiation 

into NPCs in 7 days. For expansion, Ad3G2 were kept in Geltrex (Gibco) coated flasks in Neural 

Expansion Medium (NEM) containing 45% Neurobasal® Medium (Gibco), 45% Advanced™ 

DMEM/F-12 Medium (Gibco) and 10% Neural Induction Supplement (Gibco). They were 

passaged once per week with StemPro® Accutase® (Gibco) at 70-90% confluency. Medium was 

changed every other day. Cultures were maintained at 37°C in an atmosphere of 5% CO2. 

BrainSpheres (BS) were prepared from the NPC line Ad3G2 (Fig. 1A) as previously described 

(Pamies et al., 2017). In short, NPCs were plated in non-coated 6-well plates (2x106 cells/well) 

in 2 mL of NEM. Over the following two days, the medium was gradually replaced with Neuronal 

Differentiation Medium (NDM, Neurobasal® Electro Medium (GIBCO) supplemented with 5% B-

27® Electrophysiology (GIBCO), 1% glutamax (GIBCO), 1% Penincilin-Streptomycin (Gibco) 0.01 

μg/mL human recombinant GDNF (PeproTech), 0.01 μg/mL Human/Murine/Rat recombinant 

BDNF (PeproTech). Medium was replaced three times a week. Cultures were maintained at 37°C 

in an atmosphere of 5% CO2, under constant gyratory shaking (86 rpm). 

 

2.2. Amiodarone exposure 

Amiodarone (AMI) (purity ≥98%; Sigma–Aldrich, catalogue No A8423-1G, lot #SLBW3654V) 

was dissolved in dimethylsulfoxide (DMSO) (purity ≥99.9%; Sigma–Aldrich, catalogue No D2650). 

Stock solutions (1000 X) were freshly prepared for each experiment and were further diluted in 

NDM to reach the final concentration. Six-week-old BS were exposed acutely (1-48h), or 
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repeatedly (7 days, referred to as 7d) to AMI. The repeated exposure was also followed by a 

week in absence of amiodarone, called washout period (referred to as 7dW). Concentrations of 

AMI and time points are given in results section and in figure captions. Numbers of samples per 

group are indicated in figure captions. 

 

2.3. Cytotoxicity Assay 

BS were exposed to a range of AMI concentrations (0-15 μM), either one time and collected 

after 24h and 48h, or repeatedly (at each medium change) and collected immediately at the end 

of one-week treatment (7d) or after another week in absence of amiodarone (7dW) (Fig. 2A). 

After each exposure scenario, the medium was replaced by 1 mL of resazurin solution (44 μM), 

and BS were incubated for 3h at 37°C. The fluorescent product resorufin was measured at 540 

nm excitation and 590 nm emission using a Synergy plate reader (BioTek). After subtraction of 

the background (resazurin solution only), results were expressed as % of control (DMSO) 

cultures. A non-linear regression (log (inhibitor) vs response - variable slope (four parameters)) 

was performed in order to calculate the inhibitory concentration (IC) and derive exposure-

dependent curves, using GraphPad Prism®. 

 

2.4. Real-time RT-PCR analyses 

At collection, samples were washed twice with Dulbecco's phosphate-buffered saline 

(DPBS) and dry pellets were kept at -80°C. Total RNA was extracted automatically (QIAcube 

instrument from Qiagen) using QIAshredder (Qiagen) and RNeasy columns (Qiagen). RNA 

concentration was determined by spectrophotometry (Nanodrop ND-100). Reverse 

transcription was performed using 0.5-1 µg total RNA with the high-capacity cDNA reverse 

transcription kit (Life Technologies) on a 2720 Thermo Cycler (Applied Biosystems). Semi-

quantitative real-time PCR analyses were performed with SYBR Green® (ThermoFisher) or 

TaqMan® (ThermoFisher) technology in a total volume of 10 µl. Sequences of primers, 

references for TaqMan® probes and cDNA input are given in Suppl. Table 1 and Suppl. Table 2. 

Each sample is analyzed in triplicates. The ΔΔCt method (Livak and Schmittgen, 2001) was used 

to calculate the relative mRNA expression. Data was accepted at < 40 cycles of amplification. 

Results are expressed as fold change to DMSO control cultures maintained under normal 

medium conditions, set at 1 baseline. RLP13A was used as reference gene, except for the 

developmental-dependent analyses where the ΔCt (Schmittgen and Livak, 2008) method was 

used since no satisfying internal control gene was found. Acquisition was performed using 

7900HT Fast Real-Time PCR System (Applied Biosystems). 
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2.5. Immunohistochemistry 

A At collection, BS were washed twice with DPBS, fixed for 1 h with 4% paraformaldehyde 

(PFA) and then kept in DPBS at 4°C until further processing. Fixed BS were incubated for 2 h in 

blocking solution (10% Normal Goat Serum (NGS) (Thermofisher) in DPBS with 4% Triton-X100 

at 4°C. BS were then incubated for 48h at 4°C with the primary antibodies (Suppl. Table 3) diluted 

1:200 in DPBS containing 10% NGS and 1% Triton-X100. BS were then washed 3 times for 5 

minutes in DPBS and incubated 1 hour at room temperature (RT) with the correspondent 

secondary antibody (Suppl. Table 3) diluted 1:200 in DPBS containing 10% NGS. BS were washed 

again 3 times for 5 minutes in DPBS, and the nuclei were stained with Hoechst 33342 (1:10,000 

in PBS, ThermoFisher) for 5 min. Finally, BS were mounted on glass slides and coverslips with 

ProLong™ Gold antifade reagent (ThermoFisher). For BS characterization, one picture per 

sphere, at the plan with the highest fluorescence intensity was taken, using a Zeiss LSM 900. For 

the effects of AMI, Z stacks were acquired with a Leica Thunder Imaging System. Images were 

adjusted and quantified for “mean gray value” of a z-stack projection for “maximum intensity” 

using ImageJ® Fiji. 

 

2.6. Statistical analyses 

Prism (Version 9.01, GraphPad Software) was used for statistical analysis and graphical 

representation for gene expression, cell viability, distribution kinetics and 

immunocytochemistry quantifications. Statistical analysis was performed using the mixed-

effects models with Geisser-Greenhouse correction followed by Dunnett’s multiple comparisons 

test. Statistically significant different comparisons are presented in figures as * p < 0.05, ** p < 

0.01, *** p < 0.001 or **** p < 0.0001. Data are shown as mean ± SD.  

 

2.7. In vitro distribution Kinetics 

2.7.1. Sample collection and HPLC analysis 

AMI was extracted from medium, cells and well plate plastic and levels were analytically 

quantified. This allowed to determine how AMI distributed within the in vitro system in this 

study and follow levels of AMI associated with each in vitro compartment over time. AMI was 

extracted from medium, cells and well plate plastic at time-points 1, 3, 6, 24 and 48 h after a 

single exposure to 1, 2 and 3 µM AMI. Medium was collected and centrifugated at 300 rpm for 

5 min at 4°C, then supernatant was diluted 1:1 with methanol (purity ≥ 99.92%; Sigma–Aldrich, 

catalogue No 900688, EUA). For cell collection, BS were washed twice with DPBS and transferred 
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to Eppendorf tubes containing 250 μL methanol. Cell extracts were stored at -80°C before 

chemical analysis. On the day of the chemical analysis, BS were sonicated to homogenize the 

sample and centrifugated at 1200 g for 10 min. Supernatant was collected and analysed using 

HPLC-UV. To extract AMI from well plate plastic, wells were washed with DPBS after BS removal 

and then incubated with 1 mL of methanol (Sigma) for 2 h, at RT on an orbital shaker. AMI was 

also extracted from well plate plastic and medium from exposed in vitro systems without cells. 

All extracts were stored at -20°C prior to chemical analysis. Before HPLC analysis, extracts were 

vortexed. 

HPLC was used to quantify AMI concentration in each extract. The HPLC system consisted 

of several modules: two Shimazu LC-20AD XR liquid chromatograph pumps, a Shimazu SIL-20A 

XR autosampler, a Shimazu CTO-20A column oven, a Shimazu SPD-20AV UV-VIS detector, RF-

20A XS fluorescence detector, and a Shimazu CBM-20A communication bus module. A Dr Maisch 

Great Smart RP column (18.5 µm 150 x 2 mm) was used as a stationary phase. MilliQ water 

(eluent A) and acetonitrile with 0.1 % formic acid (eluent B) were used as mobile phase with a 

flow rate of 0.2 mL/min. AMI was trapped in the stationary phase with 5 % eluent B. Then Eluent 

B rose to 95 % throughout 0.5 minutes, being kept constant till 7 minutes of run, after which it 

decreased back to 5 %. Amiodarone peaks were detected after 6.3 min at 242 nm UV 

wavelength. Mass of AMI was quantified using calibration standards prepared in the respective 

matrix (medium/methanol 1:1 or 100 % methanol). 

 

2.8.2. In silico modelling of AMI in vitro distribution kinetics  

 In silico modelling of AMI in vitro distribution kinetics  

To model the distribution of AMI in BS systems after repeat dosing, three model compartments 

were defined: medium, cells and plastic (Suppl. Fig. 1A). In the case of cell-free assays, the model 

compartments are plastic and medium. The change in AMI mass in each compartment was 

defined using rate constants in and out of each compartment. The ratio of AMI concentrations 

on plastic (amount AMI per exposed surface area of plastic) and in medium was not consistent 

across exposure levels, which suggests sorption to plastic is saturable. Therefore, besides the 

sorption and desorption rate constants (kaplastic, kdplastic), the model included a maximum 

number of binding sites (Nmax) on plastic. The profile of AMI distribution in the in vitro system 

throughout time seems to indicate there is a slow irreversible loss of AMI from the system. This 

process was herein considered to be abiotic degradation (Kdeg) from medium.   

The rate constants, Nmax and Kdeg were fit by minimizing the error between the predictions of 

AMI amount in the different compartments throughout the repeated exposure, and the 
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equivalent experimental data (Fig. 3). The error between prediction and experimental values 

were normalized to the respective experimental value, but also to the timepoint, to make sure 

the prediction errors for the different nominal concentrations, compartments and timepoints 

was balanced. Plots of the different residuals are presented in Suppl. Fig. 2. Minimization was 

obtained through Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm implemented using 

optim function in R. The conceptual model and differential equations used to simulate the wells 

with cells are illustrated in Suppl. Fig.1 B. The model was then used to calculate different dose 

metrics for dose-response modelling. To calculate maximum concentration (Cmax) and (AUC) in 

cells, we assumed the cell number was the same after the exposure as at the time of seeding 

(two million cells/well). The model assumes that a dead cell has the same accumulation potential 

as a live cell (i.e., lipid and protein are still in the testing system) (Proenca et al., 2021). The model 

was written and simulated in R (version 3.63), using the RStudio interface. 

 

2.9. TempO-Seq analysis 

2.9.1. TempO-Seq sample collection 

 At the end of exposure to AMI, cells were collected and lysed with 1X TempO-Seq Lysis 

Buffer (BioClavis) in a ratio of 0.25 to 2 million cells/mL. Lysates were frozen at −80 °C and 

shipped to BioClavis Technologies Ltd. (Glasgow) on dry ice where the TempO-Seq assay using 

the EU-ToxRisk v2.1 panel (3565 probes representing 3257 genes) was conducted with standard 

attenuators. The service also included primary processing to derive gene-annotated raw read 

counts and quality control, following a previously described procedure (Limonciel et al., 2018; 

Mav et al., 2018). Each sample FASTQ file was aligned against the TempO-Seq transcriptome 

using the Bowtie aligner (Li and Durbin, 2009). The output of this analysis generated a table of 

counts per gene per sample. 

 

2.9.2. Differential Expression Analysis 

Differential gene expression analyses were performed in R using DESeq2 v1.32.0 built-in 

functions (Love et al., 2014). Unsupervised clustering of the samples was performed after a r-

log transformation using standard DeSeq2 suggested settings to visualize the variance within 

and between treatment and control groups. To normalize for sequencing depth and RNA 

composition, DESeq2 uses the median of ratios method. To identify differentially expressed 

genes (DEGs) or probes, DESeq2 uses by default the Wald test. Differentially expressed probes 

were selected based on their multiple testing corrected adjusted P value (<0.05).  

  



44 

 

2.9.3. Gene Ontology analysis 

Over-representation (or enrichment) analysis was performed on the differentially 

expressed probes using the enricher function in ClusterProfiler v4.0 (Yu et al., 2012) from 

Bioconductor v4.1.0 and the GO biological process gene sets from MSigDB at Broad Institute v7 

(Liberzon et al., 2011; Subramanian et al., 2005). The lipid metabolism linked genes heatmap 

was generated using the heatmap package in R 

 

 

3. Results 

3.1. BrainSpheres (BS) reach a high level of cellular differentiation and maturation 

 Ad3G2 NPCs were differentiated from the hiPSC line SBAd3 and used to prepare BS (Fig. 

1A). To characterize the 3D cultures, time-dependent expression of several markers for CNS cell 

populations was assessed using gene expression and immunohistochemistry. Quantitative real 

time RT-PCR (qRT-PCR) analysis showed a time-dependent decrease of proliferation- and stem 

cells-specific ((Marker Of Proliferation Ki-67 (Ki67), Nestin (NES), SRY-Box Transcription Factor 2 

(SOX2), Nanog Homeobox (NANOG)) (Fig. 1B). In parallel, a time-dependent increase in the 

mRNA levels of neuronal- ((Microtubule-associated protein 2 (MAP2), Tyrosine Hydroxylase 

(TH), Synaptophysin (SYP), Acetylcholinesterase (ACHE and Glutamate Ionotropic Receptor 

NMDA Type Subunit 1 (GRIN1)), astrocyte- ((S100 Calcium Binding Protein B (S100B), Vimentin, 

and Glial fibrillary acidic protein (GFAP)) and oligodendrocyte-specific (Oligodendrocyte 

Transcription Factor 2 (Olig2)) markers (Fig. 1B) was observed. Whole mount 

immunohistochemistry at 2, 4, 6 and 8 weeks of differentiation confirmed the presence of 

neurons (neurofilament heavy chain (NF200) and SYP), astrocytes (S100B and GFAP), and 

oligodendrocytes (Oligodendrocyte Marker O4 (O4)) (Fig. 1C). NF200 immunostaining is already 

present at week 2 and shows an increased number of processes and a higher complexity of 

axonal network over time. In parallel, increased immunolabelling of the pre-synaptic protein SYP 

is observed from week 6. S100B staining is also stronger from week 6 and shows mostly cell 

bodies. On the other hand, GFAP immunostaining shows a network of processes, already at 

week 4, and becoming denser with time, particularly between week 4 and week 6. 

Oligodendrocyte 4 (O4) labelling follows a quite different pattern. It is stronger at week 2 and 4 

than at later time-points.  

 Altogether, these data show that with time in culture cells are losing their stem cells 

properties while differentiating into neurons, astrocytes and oligodendrocytes. The presence of 

SYP suggests that neurons are forming synapses.  
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Figure 1. BrainSpheres (BS) preparation and characterization (A) Schematic description of the 3D 
culturing process. (B) Developmental-dependent gene expression of various markers (Neuronal: right y-
axis relative quantification of GRIN1; astrocytes and oligodendrocytes: right y-axis relative quantification 
of S100B and Olig2). Each point represents the mean (±SD) of 6 samples obtained in 2 independent 
experiments. (C) Representative immunostaining images of different markers for neurons (high molecular 
weight neurofilament (NF200), synaptophysin (SYP)), Astrocytes (S100 calcium binding protein (S100B), 
glial fibrillary acidic protein (GFAP)) and oligodendrocytes (O4), at 2, 4, 6 and 8 weeks of differentiation. 
Scale bar = 50μm. 
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3.2. Bioaccumulation of amiodarone leads to increased neurotoxicity 

BS were exposed to AMI after 6 weeks of differentiation, when neurons, astrocytes and 

oligodendrocytes clearly express specific cell-type markers. Fig. 2A describes the different 

exposure scenarios. 

 

Figure 2. AMI-induced cytotoxicity in BS (A) Schematic description of the exposure and sample collection 
scenario. Spheres were exposed to AMI after 6 weeks of differentiation. Samples were collected (yellow 
circles) 1, 3, 6, 24 and 48 h after the first exposure (red arrows), after 1 week of repeated exposure (168h 
= 7d) and after a washout period (336h = 7dW). (B) Cytotoxicity concentration-dependent curves 
established after 1 single (24 h, 48 h) or repeated (7d and 7dW) exposure to AMI (0 - 15 μM). Results are 
expressed as % of control cultures (DMSO). Each point is the mean ± SD of 3-9 samples obtained in 3 
independent experiments. A non-linear regression (log (inhibitor) vs response - variable slope (four 
parameters)) was performed in order to calculate the inhibitory concentration (IC) using GraphPad 
Prism®. 

 

Time-dependent cytotoxicity was first evaluated. BS were exposed to AMI concentrations 

ranging from 1 to 15 µM, and samples were collected after a single treatment (24 h or 48 h), 

repeated treatments (7d), and repeated treatments followed by a wash-out period (7dW). 

Resazurin assay showed (Fig. 2 B) higher cytotoxicity after 1 week of repeated exposure, with an 

IC50 of 1.8 µM at 7d, than after acute exposure (IC50 at 24h = 3.8 µM). No difference was 

observed between 24 h and 48 h of exposure (IC50 3.8 vs 3.9 µM, respectively) nor between 

repeated exposure and repeated exposure followed by a wash out period (1.8 µM in both cases). 

The slopes of the curves are steep, particularly after 7d of treatment (Fig. 2B, 7d and 7dW).  

The kinetic behaviour of AMI in our in vitro system was then assessed to help explain the 

changes in cytotoxic potency in time. AMI was quantified in cell lysates, in medium, and in 

methanol extract of plastic plates, after a single exposure to 1, 2 or 3 µM for 1 to 48h, or after a 

repeated exposure to 1 or 2 µM for 7days (7d), and repeated treatments followed by a wash-

out period (7dW).  
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Overall full mass balance (90-110% recovery) was recovered after the first timepoints (1-

24 hours) (Fig. 3 A). A quick and continuous loss of AMI from medium was observed (12, 28 and 

31 % of the nominal amount after 24 hours exposure to AMI 1, 2 and 3 µM, respectively; Fig. 3 

A and B orange line), that was compensated by uptake into cells and binding to plastic till 24 h. 

However, after 48 h of exposure, a consistently lower total recovery of AMI (losses up to 23% of 

mass balance) in presence (Fig. 3 A) or absence of cells (Suppl. Fig. 3) was observed. On the other 

hand, due to the retention of AMI in cells and on plastic when refreshing medium, the mass 

balance after 7d showed a higher amount of AMI in the system than dosed (Fig. 3 A 168 h, 1 and 

2 µM). After 7dW the total mass of AMI was decreased, but it could still be detected in the cell 

lysates. Finally, the main oxidative AMI metabolite, mono-N-desethylamiodarone (MDEA) was 

not found in the cell lysates, nor in medium (not shown). 

AMI showed slow cell uptake kinetics, with 12, 16 and 17% of the mass accumulated in cells 

after one 1 h-exposure to 1, 2 and 3 µM (Fig. 3 and Suppl. Fig. 4; Suppl. Fig. 5 is added to better 

appreciate the experimental values at short time-points). This uptake led to a continuous 

increase to 45, 44 and 32% after 24 hours of exposure to 1, 2 and 3 µM, followed by a slight 

decrease at 48 h, possibly related to the decrease found in medium in conditions with and 

without cells (Fig. 3A and Suppl. Fig. 3). A peak of AMI in cells was reached after 7d (168h), 

decreasing with the washout period to 48 and 30 % of the maximum mass reached in cells, after 

1 and 2 µM, respectively (Fig. 3A, 3B, red circles, and Suppl. Fig. 4A, red circles). Binding to plastic 

was quicker that sorption to cells with 35, 27 and 23 % of total mass found in plastic already 

after 1 h of exposure to 1, 2 and 3 µM, respectively. The amount of chemical in plastic increased 

up until 48 hours of exposure, reaching 29-40 % of total mass (Fig. 3A, 3B, blue circles and Suppl. 

Fig 4, blue circles). Similar to cells, the amount of AMI sorbed into plastic also reached its 

maximum after 7d, followed by very slow desorption during the wash-out phase. The mass of 

chemical decreased to 60 and 68 % of the peaked mass after exposure to 1 and 2 µM AMI (Fig. 

3A, 3B blue circles and Suppl. Fig 4, blue circles). Plastic binding was still observed at the end of 

the washout period (7dW). Finally, AMI levels decreased in time in medium (Fig. 3A and B, 

orange circles and Suppl. Fig. 4, orange circles) up to 48h. Levels of AMI in medium after the 

washout period were undetectable.  

Rate constants of AMI from exposure medium into and from cells as well as onto and off 

plastic were fit using a three compartmental model for each nominal concentration tested (1, 2 

and 3 µM). Concentration-time profiles in medium and plastic of systems free of cells were used 

to correct for abiotic degradation of AMI. The best fit values for sorption and desorption rate 

constants into cells and plastic are given in Suppl. Fig. 1C. 
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The concentration of AMI in medium was well predicted for acute exposure to 2 and 3 µM 

(80-120% of experimental value (Fig. 3B and Suppl. Fig. 4B), whereas the medium concentration-

time profile in systems dosed with 1 µM AMI in medium was overpredicted (Suppl. Fig. 4A). On 

the other hand, predicted concentration-time profiles for AMI in cells were between 70-160 % 

of the experimental values, with an average of 106 % and without an obvious bias in predictions 

(Fig. 3B and Suppl. Fig. 4). Similar observations are true for binding to plastic (71-141% of the 

experimental values) with an average 100% of the experimental value (Fig. 3B and Suppl. Fig. 4). 

 

 
Figure 3. AMI distribution kinetic: in vitro experimental values and in silico prediction. (A) Relative 
distribution of AMI quantified in the different compartments of the model: medium (black bars), cell 
lysates (grey bars) and plastic binding (light grey bars) after acute (1 - 48 h) and repeated treatment (168 
h = 7d and 336 h = 7dW). Results are reported as mean ± SD of three replicates. (B) Kinetic profiles of AMI 
experimentally measured in cell lysates (red circles), in medium (orange circles) and in plastic bound 
fraction (blue circles) of BS exposed to AMI 2 µM. Each value is the mean (±SD) of 3 replicates. Predicted 
curves are superimposed on experimentally measured values, cells (red line), medium (orange line), 
plastic binding (blue line). Dotted line represents the quantification of AMI in the medium at time = 0. 

 

Altogether, these data show an increased cytotoxicity of AMI with repeated exposure and 

suggest it to be due to its bioaccumulation in cells.  
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3.3. Cmax in cells is a setup-independent dose metric for dose response modeling 

The compartmental model was applied to simulate the distribution and accumulation of 

amiodarone in the different in vitro compartments for all nominal test concentrations and 

exposure scenarios. This simulation allowed us to calculate the Cmax in medium and cells and 

the AUC of the amount in medium and cells. Fig. 4 (A to D) shows how plotting the Cmax in cells 

against viability causes concentration-effect curves for each exposure scenario to cluster 

together. EC50s as Cmax in cells ranged from 0.1559 (7d) to 0.1626 (7dW) nmol per 100,000 

cells. The concentration-effect curves using AUC medium and AUC cells as dose metric clustered 

less closely together than the curves using Cmax in medium as dose metric. When using AUC in 

medium as a dose metric, 24 h single exposure gave the lowest EC50 (58.0 nmol·h) and 7dW the 

highest EC50 (410.2 nmol·h) (Table 1). When using AUC in cells as dose metric, 24 h single 

exposure resulted in the lowest EC50 (73.9 nmol·h) and 7dW-exposures gave the highest EC50 

(604.1 nmol·h) (Table 1). 

 

 

Figure 4. Dose metrics representing concentration-dependent cytotoxicity curves for AMI. The dose-
responses after 1 single (24 h, 48 h) or repeated (7d and 7dW) exposure to AMI (0 - 15 μM) are illustrated 
for the different calculated dose metrics: (A) Cmax in medium, (B) Cmax in cells, (C) AUC of the amount 
in medium and (D) AUC of the amount in cells. All results are expressed as % of control cultures (DMSO). 
Each point is the mean ± SD of 3-9 samples obtained in 3 independent experiments. 
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Table 1. EC50s for the different dose metrics calculated through [Inhibitor] vs. normalized response -- 
Variable slope Least squares fit regression using GraphPad Prism®. 

 
Cmax 

medium 

(µM) 

Cmax cells 

(nmoles/100,000 

cells) 

AUC medium 

(nmoles·h) 

AUC cells 

(nmoles·h) 

EC50 EC50 EC50 EC50 

24h 3.63 0.1583 58.02 73.87 

48h 3.70 0.1624 104.9 144 

7d 1.79 0.1559 252.4 363.1 

7dW 1.8 0.1626 410.2 604.1 

 

3.4. Amiodarone has a deleterious effect on neurons and astrocytes 

To assess neurotoxicity, BS were treated with various concentrations of AMI (1, 1.5 and 2 

µM) and were collected after an acute (48h; all concentrations tested were < IC10 for 

cytotoxicity) or a repeated (1 week; 1 µM < IC10; 1.5 µM <IC20; 2 µM > IC50) exposure. mRNA 

levels of cell-specific markers were determined by real-time RT-PCR. 

After 1 week of exposure, AMI induced a concentration-dependent significant decrease in 

the mRNA levels of the neuronal markers Tubulin Beta-3 chain (TBB3), MAP2 and SYP (Fig. 5A). 

Markers of neuronal subtypes showed that AMI also significantly decreased the expression of 

ACHE, GRIN1 and GABBR1, after 7 days of exposure. ACHE expression was already reduced after 

48h of treatment, whereas the level of TH mRNA was not modified at any time-point. Results 

after the washout period (7dW) were very similar to those observed at the end of the 7d-

treatment, with only a slightly stronger decrease observed after the highest concentration (2 

µM). Immunostaining (Fig. 5B) showed a decreased network of fibers stained for TBB3 after one 

week of exposure to AMI and after the washout period. Image quantification confirmed this 

decrease, although it was statistically significant only after the washout period (Fig. 5C). 

AMI significantly decreased the mRNA levels of S100B and GFAP in a concentration-

dependent way, already after 48 h of exposure (Fig. 6A), with a slightly stronger effect on GFAP. 

Results were very similar after the repeated exposure (7d) and the washout period (7dW). On 

the opposite, an increased immunostaining for S100B was observed after AMI repeated 

exposure (7d) (Fig. 6B and D). At that time point, astrocytic processes appeared thicker than in 

the control cultures (Fig. 6B, 7d), and quantification showed a significant increase (Fig. 6D). 

These changes in immunolabelling were not present anymore after the washout period (7dW), 

and a significant decrease was quantified. Ki67, a marker of proliferation, was slightly but 

significantly downregulated 48h after the first treatment, more strongly after 1 week, and a 
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slight recovery of the mRNA level was observed after the washout period (Fig. 6A). Finally, AMI 

did not produce any change in the expression of Oligodendrocyte transcription factor 2 (Olig2) 

and Myelin Basic Protein (MBP) gene (Fig. 7A), nor in the immunostaining for O4 protein (Fig. 7B 

and C). 

 

 
Figure 5. Neurons are affected by amiodarone (A) Relative gene expression of neuronal- (TBB3) and 
MAP2), pre-synaptic- (SYP) markers, cholinergic- (ACHE), glutamatergic- (GRIN1), GABAergic- (GABBR1), 
and dopaminergic- (TH) markers. Data are expressed as fold change to control. Each value is the mean (± 
SD) of = 3-9 samples coming from 3 independent experiments. (B) Immunostaining for TBB3 (green) in BS 
control and treated with 1.5 µM AMI at 48h, 7d, and 7dW; nuclei are stained with Hoechst (blue). Scale 
bars indicate 50 μm. (C) Quantification of maximum intensity of TBB3 immunostaining. Each value is the 
mean (± SD) of 3-5 spheres. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

 

These results suggest that brain cells are susceptible to AMI, with astrocytes affected 

earlier and in a stronger way than neurons.  

 

3.5. TempO-Seq analysis highlights lipid metabolism as an important target of AMI action 

To understand how the cellular program is altered in response to AMI exposure, we 

collected and analyzed exposed and control samples with the new, cost-effective technique, 

TempO-Seq for the expression of a set of genes (3257) selected for their representation in 

pathways involved in toxicity.   
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Figure 6. Astrocytes are strongly affected by amiodarone (A) Relative gene expression of astrocytic 
markers (GFAP, S100B) and PSM8. Data are expressed as fold change to control. Each value is the mean 
(± SD) of 3 to 9 samples coming from 3 independent experiments. (B) Immunostaining for S100B (red) and 
(C) GFAP (red) in BS control and treated with AMI; nuclei are stained with Hoechst (blue). Scale bars 
indicate 50 μm. (D) Quantification of maximum intensity of S100B immunostaining and (E) GFAP. Each 
value is the mean (± SD) of 3 to 5 spheres. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

 

The unsupervised PCA of the samples exposed to AMI (1, 2 and 3 µM) for 48h or one week 

of repeated exposure showed that samples cluster along the x axis (PC1) in accordance with the 

concentration of AMI they were exposed to (Fig. 8A). After differential expression analysis 

(usingDSEq2), we detected 24 differentially expressed genes (DEGs) after 48h of acute exposure 

to AMI 1 µM, 46 DEGs for 2 µM and 116 for 3 µM (Fig. 8B). Repeated exposure showed 1 and 20 

DEGs after exposure to AMI 1 µM and 2 µM, respectively, that is less than after acute exposure. 

The highest concentration (3 µM) was not used for repeated exposure, due to its very high 

cytotoxicity. 

Gene set overrepresentation analysis was performed based on hallmark gene sets from 

MsigDB at Broad Institute using the enricher function from the clusterProfiler R package. 

Biological processes (BPs) were distributed in 3 categories: lipid metabolism, neural function, 
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differentiation and development (Table 2). BPs associated to neural function were only detected 

after 48h exposure to 3 µM, whereas BPs associated to differentiation and development were 

also detected after 2 µM (48h and 168h), and BPs associated to lipid metabolism were found in 

all conditions, except after the repeated exposure (168h) to 1 µM (Table 2). 

 

 

Figure 7. Amiodarone does not seem to affect oligodendrocytes (A) Relative gene expression of 
oligodentrocyte- (Olig2) and myelin- (MBP) markers. Data are expressed as fold change to control. Each 
value is the mean (± SD) of 3 to 9 samples coming from 3 independent experiments. (B) Immunostaining 
for O4 in BS control and treated with AMI, at 48h, 7d, and 7dW; nuclei are stained with Hoechst (blue). 
Scale bars indicate 50μm. (C) Quantification of maximum intensity of O4 immunostaining images. Each 
value is the mean (± SD) of 3 to 5 spheres. * p < 0.05. 

 

 
Table 2. List of the number of Biological Processes (BP) from Gene Ontology (p.adj < 0.05) potentially 
affected by AMI, for all exposure. 

µM h Total BP Neural Diff/Dev Lipids 

1 
48 31 - - 8 

168 13 - - - 

2 
48 57 - 18 12 

168 33 - 1 13 

3 48 292 38 91 15 

 

 

3.6. Amiodarone disrupts lipid metabolism  

A total of 20 different BPs associated to lipid metabolism were affected by AMI (Table 3). 

A rapid and transient deregulation of the genes associated to these BPs was observed. Indeed, 
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more DEGs are detected at 48h than after 1 week of repeated exposure (Fig. 8B). Some of these 

BPs present a concentration-dependent increase of the number of DEGs after 48h of exposure. 

Among them, “regulation of lipid metabolic process”, “regulation of steroid metabolic process”, 

“steroid metabolic process”, and “sterol metabolic process”. These two last BPs were associated 

with the highest number of DEGs after 168 h. At that time-point, no DEGs were observed at 1 

µM. 

A heatmap shows the list of DEGs associated with lipid metabolism BPs extracted from the 

different conditions (Fig. 8C). The expression of 2 genes is modified only at 48h, carboxyl ester 

lipase (CEL) is strongly up-regulated (LFC > 4), whereas nuclear receptor subfamily 2 group F 

member 1 (NR2F1) is downregulated (LFC < -0.4). The differential expression of some genes was 

clearly more affected after 1 week of repeated exposure than after 48h, such as DNA damage 

inducible transcript 3 (DDIT3), methylsterol monooxygenase 1 (MSMO1), transmembrane 

protein 97 (TMEM97), CCAAT enhancer binding protein alpha (CEBPA), thyroid hormone 

receptor beta (THRB), isopentenyl-diphosphate delta isomerase 1 (IDI1), lanosterol synthase 

(LSS) and Niemann-Pick type C disease intracellular cholesterol transporter 1 (NPC1). 

The quantification by real-time RT-PCR showed a concentration-dependent increase in 

fatty acid synthase (FASN) expression after 48h and 1 week (Fig. 8D), whereas after the washout 

period FASN expression went back to control levels, except for a significant decrease at 2 µM, a 

concentration above IC50 for cytotoxicity (Fig. 2B). The mRNA levels of peroxisome proliferator 

activated receptor gamma coactivator 1 alpha (PPARGC1) and glycerophosphodiester 

phosphodiesterase domain containing 3 (GDPD3) were significantly reduced at 2 µM after the 

washout period, whereas solute carrier family 27 member 4 (SLC27A4) was also decreased at 

the end of the 7-days repeated exposure. Lipoprotein lipase (LPL) expression was not statistically 

significant changed after AMI exposure. Finally, the expression of perilipin (PLINs) 2-5 was more 

strongly and significantly diminished after one week of exposure and after the wash-out period, 

whereas PLIN1 showed only slight changes after the washout period.  

All together these data indicate that profound changes in different lipid metabolism-

related processes occur in BS exposed to AMI. 
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Figure 8. TempO-Seq analysis of BS exposed to AMI. (A) PCA of all control and AMI treated samples Each 
dot represents a sample and each colour represents a group (control or treated). (B) Number of DEGs per 
condition. (C) Heatmap of the log2 fold changes compared to control of genes linked to lipid biological 
processes, in all treated groups. Red: upregulation, blue: downregulation; (D) Relative gene expression of 
markers of fatty acid transport (SLC27A4), mitochondrial biogenesis (PPARGC1), de novo lipogenesis 
(FASN), degradation of phospholipids (GDPD3), lipid hydrolysis (LPL) and formation of lipid droplets 
(PLIN1-5). Data are reported as fold change to control and each value is the mean (± SD) of 3-9 samples 
coming from 3 independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Table 3. List of genes involved in the Biological Processes from Gene Ontology (p.adj < 0.05) potentially 
affected by AMI, for all exposures. 

 
 
 
 
 
 
 

Biological Processes 

Number of 
DEGs per 
exposure 
time and 

concentratio
n (µM) 

Genes 

48h             7d  

1 2 3 1 2  

C21 steroid hormone metabolic process   3   STAT5B/EGR1/SRD5A1 

Cellular response to steroid hormone 
stimulus 

  6   THRB/NPC1/CALR/SRD5A1/NR2F1/GSTP1 

Fat cell differentiation  4    INSIG1/CEBPA/CCDC85B/ID2 

Gterol biosynthetic process     4 IDI1/HMGCR/MSMO1/INSIG1 

Lipid homeostasis     4 NPC1/INSIG1/TMEM97/RBP1 

Negative regulation of fat cell 
differentiation 

    2 INSIG1/DDIT3 

Regulation of cholesterol biosynthetic 
process 

2 4 4  2 IDI1/FASN/LSS/HMGCR 

Regulation of cholesterol metabolic process  4 4  2 IDI1/FASN/LSS/HMGCR 

Regulation of fat cell differentiation  4 5   INSIG1/CEBPA/CCDC85B/ID2/CEBPB/DDIT3 

Regulation of lipid biosynthetic process 3 5 6  3 IDI1/INSIG1/FASN/LSS/HMGCR/EGR1 

Regulation of lipid metabolic process  6 
1
0 

 4 
INSIG1/IDI1/STAT5B/HMGCR/LSS/STUB1/EGR1
/ FASN/TNFRSF21/ ID2 

Regulation of steroid biosynthetic process 3 5 6  3 INSIG1/IDI1/HMGCR/LSS/EGR1/FASN 

Regulation of steroid metabolic process 3 5 8  3 
INSIG1/IDI1/STAT5B/HMGCR/LSS/STUB1/EGR1
/ FASN 

Response to corticosteroid   5   SRD5A1/NEFL/MDK/GSTP1/NTRK3 

Response to steroid hormone   9   THRB/NPC1/CALR/SRD5A1/NR2F1/NEFL/MDK/  
GSTP1/NTRK3 

Steroid biosynthetic process 3 6 9  4 
INSIG1/IDI1/HMGCR/LSS/EGR1/FASN/MSMO1
/ G6PD/SRD5A1 

Steroid metabolic process 4 8 
1
4 

 5 
INSIG1/IDI1/CEL/STAT5B/HMGCR/CEBPA/LSS/ 
STUB1/NPC1/EGR1/FASN/MSMO1/G6PD/SRD
5A1/CYP2C19 

Sterol biosynthetic process 3 6 7   INSIG1/IDI1/HMGCR/LSS/FASN/MSMO1/G6PD 

Sterol homeostasis     3 NPC1/INSIG1/TMEM97 

Sterol metabolic process 3 8 
1
0 

 5 
INSIG1/IDI1/CEL/HMGCR/CEBPA/LSS/NPC1/FA
SN/MSMO1/G6PD 
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4. Discussion 

The characterization of BrainSpheres (BS) generated from the iPSC line SBAD3 showing 

the decrease of stem cells properties paralleled by the differentiation and maturation of the 

various brain cell types, is very similar to what was observed in the original publication (Pamies 

et al., 2017), although here we used an alternative way to derive the NPCs (Nunes and Zurich, 

2020), skipping the formation of rosettes (Wen et al., 2014). After two weeks in cultures, neuron- 

and oligodendrocyte-markers were already clearly present, whereas at that time the markers 

for astrocytes were very low. Then, the evolution in time of the various brain cell populations 

differed. Indeed, we observed a strong development of neuronal and astrocytic processes, as 

well as the appearance of synaptophysin, suggesting the formation of synapses from 6 weeks 

onwards, whereas the number of oligodendrocytes seem to reduce between the fourth and the 

sixth week of culture. The latter result is in line with the decrease in the number of 

oligodendrocytes observed during brain development (for review, Casaccia-Bonnefil, 2000). 

Nominal median effect concentrations after seven days of exposure to AMI and after 

the washout period were similar, indicating that no further progression of cell death or 

proliferation occurred after removal of AMI. The absence of proliferation was confirmed by the 

observation of a decreased gene expression of the proliferation marker Ki67 after the washout 

period. The nominal effect concentration also did not change between 24 hour and 48 hours 

single exposure. These results point to AMI accumulation in cells after repeat dosing driving the 

difference in effect concentrations after single and repeat dosing, rather than longer exposures 

to AMI. This explains why concentration-effect relationships based on the Cmax in cells, a 

threshold concentration rather than cumulative concentration (AUC), cluster. The EC50 based 

on Cmax in cells suggests that amiodarone is a baseline toxicant in this assay and the that the 

mechanism of toxicity is reversible (Escher et al., 2011). Prediction of the dose range for adverse 

neurological effects of AMI in humans was previously performed by quantitative in vitro-in vivo 

extrapolation (QIVIVE) (Algharably et al., 2021), from results of choline acetyltransferase 

inhibition, used as a marker of neurotoxicity, obtained with a 3D rat brain cell model (Pomponio 

et al., 2015b). To this end, the authors used the AUC in cells measured on the last day of 14 days 

of repeated exposure to 1.25 µM of AMI. However, in light of the results obtained in the present 

study using 3D human BS, Cmax in cells appeared to be the dose metric most independent to 

the exposure scenario for AMI, when considering the cytotoxicity. For this reason, the Cmax in 

cells, as opposed to the AUC in cells, may be a more robust dose metric to use in concentration-

response modelling and as a point of departure for quantitative in vitro to in vivo extrapolation 

(QIVIVE), when using the human BS model.  
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In the present study, two brain cell populations were clearly affected by AMI. The 

network of neuronal processes was reduced after 1 week of exposure as seen not only at the 

gene expression level for TBB3 and MAP2, but also at the protein level for TBB3. The absence of 

AMI during one week did not allow these neuronal processes to recover, suggesting a loss of 

neurons. Among them, cholinergic, glutamatergic and GABAergic neurons seemed to be more 

sensitive to AMI than dopaminergic ones. These deleterious effects on neurons are in line with 

studies showing modifications of the release of neurotransmitters after injection of AMI in the 

rat medulla oblongata (Turovaya et al., 2005) and reduction of the depolarization-evoked 

glutamate release from rat synaptosomes (Chang et al., 2017). On the other hand, astrocytes 

seemed to be more affected than neurons, and also at an earlier time-point. Gene expression 

for S100B and GFAP were strongly and rapidly reduced after exposure to AMI and mRNA levels 

did not recover after one week of washout, suggesting a loss of astrocytes. However, a 

modification of S100B immunolabelling was observed after one week of repeated exposure, 

suggesting a reactivity of the remaining astrocytes, that was transient, since the modification in 

S100B labelling disappeared after the washout period. These results differ from a previous 

report on the effects of AMI on rat mixed brain cell cultures showing a slightly higher sensitivity 

of neurons (Pomponio et al., 2015b). Also, in rat brain cell cultures, the astrocytes increased 

their level of GFAP mRNA after 10 days of exposure to AMI, suggesting astrocyte reaction, 

whereas in the human model used in this study, GFAP was strongly diminished, already after 48 

hours. In human BS, the modifications observed in S100B immunostaining also suggest astrocyte 

reaction of the remaining astrocytes, however, the strong decrease of mRNA and protein 

content, together with a decrease of the proliferation marker Ki67, suggest a loss of astrocytes. 

It has to be noted that human BS were more sensitive to AMI, with 70% cell death observed 

after 7 days of exposure to 2 µM, than the rat 3D model that showed 25% of cell death after 14 

days of exposure to 2.5 µM (Pomponio et al., 2015b). The differences observed in these two 

studies may be explained by the species, and/or by differences in the proportion of the diverse 

cell types, the rat model comprising an estimated higher proportion of glial cells (50 %) vs 30 % 

in BS (Zurich et al., 1998; Pamies et al., 2017). Alternatively, the higher sensitivity of human 

astrocytes vs rat ones, may also be due to the state of maturation, human BS being probably 

less mature than rat 3D cultures, given the differences in the duration of the developmental 

processes between the two species. Finally, due to the intense relationship between the various 

glial cell types, we may hypothesize that the absence of microglial cells in the human BS render 

the astrocytes more vulnerable to AMI.  
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To quantitatively assess differences in sensitivity to AMI between the BS herein used 

and other cell models, variations in the in vitro setup has to be accounted for (Proenca et al., 

2021). AMI, a highly lipophilic chemical, will differentially bind to various cell culture containers, 

causing concentration-time profiles at the cellular targets to vary despite similar nominal 

concentrations added. As already mentioned here, AMI concentration-effect relationships and 

mode of action were already examined before in single and repeated-dose assays in the EU 

project Predict-IV. One study focused on 2 models of human hepatic cells, the sandwich cultures 

of primary human hepatocytes and monolayers of HepaRG cells (Pomponio et al., 2015a). The 

other study focused on two models of brain cells, 2D mouse brain cultures and 3D rat brain 

cultures (Pomponio et al., 2015b). Both studies also determined the distribution kinetics.  In 

these studies, the mass of AMI in the systems decreased after a single exposure, similarly to the 

depletion observed in the present study in human BS after 24 and especially after 48 hours. In 

the Predict-IV study, the depletion of AMI from both 2D mouse and 3D rat brain in vitro systems 

was partly attributed to the biotransformation of AMI into desethylamiodarone (DEA). This is 

not possible in the present study, since no DEA was found and the same degradation rate 

constants were estimated in systems with and without BS. The ratio of exposed plastic surface 

area to exposure medium in the mouse 2D model and liver Predict-IV studies and this study are 

the same, yet the amount of AMI found in plastic after 24h exposure was higher in this study. 

This suggests that higher nominal concentrations, higher cell densities, as well as the presence 

of extracellular matrix and 2% serum in the exposure medium in the Predict-IV studies limited 

the extent to which AMI bound to plastic.  

AMI differentially accumulated in cells (as a fraction of total AMI added to the system) 

of the various culture systems. Whereas cellular accumulation in BS reached 32 - 44 % of the 

total added AMI dose after 24 hours, 2D mouse brain cells accumulated 60 % and the 3D rat 

aggregating brain cell model accumulated the totality (100 %). Since AMI has not yet been 

described as substrate of any specific membrane transporter, differences in cell accumulation 

may be attributed to variations in lipid content and lysosome numbers between the cell systems. 

These results suggest that small variations in cell density, ratio of exposed surface plastic area 

to exposure medium, and frequency of exposure medium replacement may significantly affect 

the maximum concentration of AMI at the cellular target. The compartmental model developed 

and parametrized in this study allowed us to predict the change in cell-associated concentrations 

in BS in time for different exposures scenarios. Ideally the model can be used to simulate the 

Cmax in cells for different assays set ups (e.g. volume of medium and surface of plastic exposed) 

and different number of cells, allowing a more direct comparison. The EC50 based on the Cmax 
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in cells is lower in this study with BS than in the in vitro toxicity assay with rodent cells in the 

study by Pomponio et al. (2015b). This suggests that human BS are intrinsically slightly more 

sensitive to AMI exposure. However, this species difference needs to be confirmed with BS 

prepared from other human donors. 

Numerous biological processes related to lipid and cholesterol metabolism were found 

in this study after gene set overrepresentation analysis of TempO-Seq data. In particular, the 

upregulation of the genes MSMO1, IDI1, LSS and HMGCR suggested enhanced synthesis of 

cholesterol, and the upregulation of FASN an increased synthesis of fatty acids, that may in turn 

induce phospholipidosis (Sawada et al., 2005; Antherieu et al., 2011). This would be in 

agreement with the reported induction of phospholipidosis by AMI, in various cell types, such 

as macrophages, alveolar epithelial cells and hepatocytes (Lewis et al., 1990; Nonoyama and 

Fukuda, 2008; Ohlinger et al., 2020; Kapatou et al., 2010). However, this upregulation of 

lipogenic genes was not accompanied by the upregulation of PLINs, that are essential for lipid 

droplets building and therefore lipid storage. Therefore, these results suggest that the newly 

produced lipids could not be stored in droplets, but in another cellular structure or immediately 

consumed. Astrocytes produce lipids more efficiently than neurons, and it has recently been 

shown that astrocyte lipid metabolism is critical for the development and function of synapses 

in mice (van Deijk et al., 2017). The highest toxicity observed in astrocytes may derive from their 

higher ability to oxidize fatty acids, as compared to neurons, that may generate harmful 

products, for review (Schonfeld and Reiser, 2021). Contrarily to the other cell types present in 

the BrainSpheres, oligodendrocytes did not seem to be affected by AMI, although this drug has 

been shown to induce demyelination in the peripheral nervous system (Niimi et al., 2016; Niimi 

et al., 2019; Pulipaka et al., 2002). Further investigations are needed to determine the exact 

status of the oligodendrocytes and of the myelin sheath after exposure of BS to AMI. 

In conclusion, our study provides for the first time in vitro the evidence that AMI induces 

lipid metabolism perturbation in human brain cells, that seems associated to a strong 

deleterious effect on astrocytes. When correcting for differences in in vitro distribution kinetics, 

our study indicates that human brain cells are intrinsically more sensitive to AMI exposure than 

rodent brain cultures. This study illustrates the benefit of assessing the accumulation of test 

chemicals in cells of in vitro toxicity tests to explain variation in effect concentrations between 

in vitro assays differing in setup. We believe that in vitro determination of neurotoxicity using 

human-based complex models, such as the human iPSC-derived BrainSpheres, coupled to in 

vitro distribution kinetics, as a key step for IVIVE, will contribute to the refinement of chemical 

risk assessment for human health. 
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4.1. Aim 

Within the in3 consortium, 10 chemicals, chosen based on their known specific toxicity 

for the various organs or cell types represented in this project, were used as reference 

chemicals. They were tested in the models used in the different labs for their impact on cell 

viability and cell stress responses, as well as to determine their distribution kinetics. The testing 

of the 10 chemicals should allow defining if the model present the expected biological 

responses. This will ultimately help to establish the limits of human response extrapolation 

abilities of the models. 

In this chapter the preliminary analysis performed on acute and repeated exposure of 

BS to lead, doxorubicin, valproic acid and paraquat is presented. 

 

 

4.2. Material and Methods  

All procedures not described here (cell cultures, cytotoxicity assay, statistical analysis 

and TempO-Seq sample collection) can be found in chapter 2 and 3. 

 

4.2.1 Exposure to chemicals 

Lead (II) chloride (Pb - Sigma–Aldrich, catalogue No 268690-5G, lot # BCBT2452), 

doxorubicin hydrochloride (DOXO - jk-scientific, catalogue No 113424-50MG), valproic acid 

sodium salt (VPA- Sigma–Aldrich, catalogue No P4543-10G, lot #MKCF4674) and paraquat 

dichloride hydrate (PQ - Sigma–Aldrich, catalogue No 36541-100MG, lot #BCBW5264) were 

dissolved in ultrapure water. Stock solutions of 100x of final concentration were prepared for 

each experiment and further diluted to final concentration in neural differentiation medium. For 

the different experiments, BS were exposed to each chemical after 6 weeks in culture for 1-48h 

(acute exposure), one week (repeated exposure- 7d) and one week plus a further week of 

washout period (7dW). Concentrations and time points used in each experiment are described 

in the technique description. Samples per group are indicated in figure captions. 

 

4.2.2. TempO-Seq analysis 

Analysis of samples exposed to VPA, Pb and DOXO and their controls was performed as 

described in chapter 3.  

To allow comparison with the results obtained in the PQ study presented in chapter 2, 

PQ exposed samples were analysed as described in chapter 2.  
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4.2.3. Real-time RT-PCR analyses  

As previously described. Sequences of RT-qPCR SYBR Green® primers and references for 

RT-qPCR TaqMan® probes are listed in Table 4.1 together with the needed cDNA amount.  

 

Table 4.1.: Sequences of semi-quantitative real time PCR SYBR Green® primer, reference of semi-
quantitative real time PCR TaqMan® probes and the needed cDNA concentration per analysed well. 

Technology Gene name Sequence (3'-5') / Reference cDNA (ng/well) 

SYBR Green® 

HMOX 
F’ GAGTGTAAGGACCCATCGGA 
R’ GCCAGCAACAAAGTGCAAG 

1 

TH 
F’ GGTGGATTTTGGCTTCAAAC 
R’ CTGTGGCCTTTGAGGAGAAG 

1 

MAP2 
F’ GGGTCTACTGCCATCACTCC 
R’ GATGGCGACCTTCTTCTCAC 

1 

S100b 
F’ ATGTCTGAGCTGGAGAAGGC 
R’ TTCAAAGAACTCGTGGCAGG 

1 

OLIG2 
F’ TGGCTTCAAGTCATCCTCGTC 
R’ ATGGCGATGTTGAGGTCGTG 

1 

TaqMan® GFAP Thermo Fischer Hs00909233_m1 20 

 

 

4.2.4. VPA Distribution Biokinetics 

Samples of medium, cells and fraction bound to plastic were collected after exposure to 

VPA for 0-336h to 250, 500 and 1000 μM. Medium was collected and centrifugated at 300rpm 

for 5 min at 4 °C. Supernatant was diluted in 1:1 methanol (Sigma). BS were collected, washed 

two times with DPBS and kept with 250 μL of methanol. Before HPLC analyses, BS were sonicated 

in a Soniprep 150 (MSE) ultrasonic desitegrator, maximum 25 microns amplitude, three 10 secs 

cycles and supernatant was collected after centrifugation at 1200 G for 10 min for reading. 

Plastic fraction (in methanol) of each well was collected after washing with DPBS and incubation 

with 1mL of methanol (Sigma) for 2h at RT in constant see-saw rocking. Plastic and medium 

samples were collected from wells without the presence of cells in the same conditions. All 

samples in methanol were kept at -20 °C till analysis and vortexed prior to performing HPLC 

analyses 

To quantify chemical mass in each sample, Liquid Chromatograph-Mass Spectrometry 

was used. The MS system was configured for negative mode (143.1-143.1 (m/z)), Q1 pre bias 

(17 V), CE prebias (12 V) and Q3 Bias (15 V). A Reverse phase Grace smart column (150 mm x 2.1 

mm) was used as a stationary phase. MilliQ water with 5 mM ammonium acetate and methanol 

with 5 mM ammonium acetate were used as mobile phase with a flow rate of 0.2 ml/min (Table 

4.2). 
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Table 4.2.: Mobile phase gradient used for liquid chromatography separation of VPA   

Time (min) Action Values (%) 

1 Pump B  5 

2.5 Controller change valve to MS   

3 Pump B   95 

6 Pump B  95 

6.5 Pump B  5 

7.5 Controller change valve to waste   

8 Controller stop   

 

4.3. Results 

4.3.1. Lead (II) chloride 

The heavy metal lead (Pb) is used in fuel, chemical industries, batteries, paint, drinking 

water infrastructure and roadways (JJ et al., 2019). Regulatory interventions have resulted in a 

significant decreased Pb exposure by paint, gasoline and in occupational Pb usage. Depending 

on the amount and  route of exposure, Pb can affect the nervous system, kidneys, the immune, 

reproductive and the cardiovascular system (Gillis et al., 2012). Its toxic effects vary from subtle 

changes in neurocognitive function in low-level exposures to a potentially fatal encephalopathy 

in acute Pb poisoning (Needleman, 2004). From all the different studies done to date, oxidative 

stress seems to be the most unifying factor in pathogenesis of various harmful manifestations 

of Pb exposure (Mitra et al., 2017).  

To assess the sensitivity of BS to Pb and to define concentrations for additional testing, 

BS were exposed to a wide range of Pb concentrations (1-500μM) for one week (7d) and one 

week followed by a wash-out period of one more week (7dW). The concentration-dependent 

curves for cytotoxicity showed that the IC50 for the two exposure scenarios are similar (7d = 

11.4 μM; 7dW = 12.1 μM) (Fig. 4.1 A).  

Analysis performed with RT-qPCR showed an increased expression of the neuron-

specific marker Microtubule Associated Protein 2 (MAP2) after 7d that goes back to control 

levels after the wash-out period (Fig 3.1B). The oxidative stress marker Heme Oxygenase 1 

(HMOX1) expression was also increased by repeated exposure to Pb. HMOX1 levels decreased 

after wash-out period. No effects were detected on the astrocytes (Glial Fibrillary Acidic Protein 

(GFAP)) and oligodendrocytes (Oligodendrocyte Transcription Factor 2 (OLIG2)) markers.  

With TempO-Seq analysis, it was possible to detect more differentially expressed genes 

(DEG) and associated biological processes after the acute exposure of 48h than after the 7d to 

10 and 15 μM of Pb (Fig 4.1 C and D). Confirming effects on neurons, decreased expression was 

detected for the probes Neurotrophic Receptor Tyrosine Kinase 3 (NTRK3_13217) after 48h and 

after 7d Neurofilament Light Chain (NEFL_27577) and Glutamate-Ammonia Ligase 
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(GLUL_19900) with 10 μM of Pb (Table 4.3). Two oxidative stress markers appeared upregulated. 

The NAD(P)H Quinone Dehydrogenase 1 (NQO1_26473) was upregulated after 48h and 7d, 

while the HMOX1_3041 probe was upregulated only after the repeated exposure of one week 

(7d). 

 

 

 

 
 
Figure 4.1.: Pb induces cytotoxicity and differential gene expression on BS  
(A) Cytotoxicity concentration-dependent curves established after repeated (7d and 7dW) exposure to Pb 
(0 - 500 μM). Results are expressed as % of control cultures. Each point is the mean ± SD of 3-6 samples 
obtained in 2 independent experiments. A non-linear regression (log (inhibitor) vs response - variable 
slope (four parameters)) was performed in order to calculate the inhibitory concentration (IC) using 
GraphPad Prism®. (B) Relative gene expression of neuronal- (MAP2), oligodentrocyte- (OLIG2), astrocytic 
(GFAP) and oxidative stress (HMOX1) markers. Data are expressed as fold change to control. Each value is 
the mean (± SD) of 3-6 samples coming from 2 independent experiments. (C) Number of DEG (p.adj <0.05) 
per condition after DSeq2 analysis. (D) Number of gene ontology biological processes (p.adj <0.01) per 
condition. 

TempO-Seq analysis of samples exposed to 10 μM of Pb shows the increased expression 

of Protein Phosphatase 1 Regulatory Subunit 15A gene (PPP1R15A_14098) after 48h exposure. 

Together with the number of biological processes linked to protein location in ER, the results 
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indicate a potential activation of ER stress by acute exposure to Pb (Table 4.3 and Supplementary 

Table 1). 

 

 

Table 4.3.: Differential expressed probes involved in oxidative stress and neuronal function (p.adj value 
<0.05) after treatment with 10 μM Pb. 

Time 
Point (h) 

Gene 
log2Fold 
Change 

p.adj 

 

Time 
Point (h) 

Gene 
log2Fold 
Change 

p.adj 

48 

NQO1_26473 1.0 3.9E-05 

7d 

NQO1_26473 1.2 9.3E-08 

NTRK3_16217 -1.1 4.6E-02 NEFL_27577 -0.6 1.4E-02 

PPP1R15A_14098 0.6 3.0E-02 HMOX1_3041 1.2 4.5E-02 

 GLUL_19900 -0.7 4.8E-02 

 

 

4.3.2. Doxorubicin (DOXO) 

Commonly used in the adjuvant chemotherapy regimens for breast cancer, the 

anthracycline class drug DOXO has an antineoplastic effect though DNA insertion and inhibition 

of topoisomerase II which induces a subsequent blockage of DNA resealing during cell 

replication (Du et al., 2021; Hernandez-Aya and Gonzalez-Angulo, 2013). Mitochondrial toxicity 

and mitochondrial derived ROS are thought to be involved in DOXO’s toxicity (Green and 

Leeuwenburgh, 2002). Even though DOXO its known to have limited passage through the BBB, 

chemotherapy-induced cognitive impairments have been reported in treated patients of all ages 

(Andryszak et al., 2018; Aotani et al., 2016; Eskes et al., 2002; John et al., 2017; Ramalho et al., 

2017).  

The concentration-dependent curves for cytotoxicity of DOXO (0.0375-10nM) in BS after 

7d exposure showed a IC50 = 0,113 μM (Fig. 4.2 A).  Unsupervised clustering of all control and 

treated samples showed that the samples plot together according to exposure time and 

concentration (Fig. 4.2 B). Differential expression analysis showed an increased level of DEG with 

time and concentration of DOXO (Fig. 4.2 C). Except when BS are exposed to 50 nM, biological 

processes reflect the same tendency (Fig 4.2 D). After the 7d exposure to 25nM, out of the 419 

total biological processes can be related to oxidative stress (e.g., “response to oxidative stress”), 

DNA damage (e.g., “G1 DNA damage checkpoint”) and neural function and development (Supp. 

table 2). In particular, it is possible to detect several biological processes involved in 

neurogenesis (e.g., “positive regulation of neuron differentiation”), axonogenesis (e.g., “axon 

extension”), synapses (e.g., “regulation of trans synaptic signalling”) and glial cells (e.g., “glial 

cell differentiation”).  
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Figure 4.2.: DOXO induces cytotoxicity and differential gene expression on BS  

(A) Cytotoxicity concentration-dependent curves established after one week (7d) repeated exposure to 

DOXO (0 - 10 μM). Results are expressed as % of control cultures. Each point is the mean ± SD of 3-6 
samples obtained in 2 independent experiments. A non-linear regression (log (inhibitor) vs response - 
variable slope (four parameters)) was performed in order to calculate the inhibitory concentration (IC) 
using GraphPad Prism®. (B) PCA plot of all control and DOXO treated samples Each dot represents a 
sample and each colour represents a control or treated group. All groups are represented by 3 
independent biological replicates except 25nM for 48h which has 2 replicates. (C) Number of DEG (p.adj 
<0.05) per condition after DSeq2 analysis. (D) Number of gene ontology biological processes (p.adj <0.01) 
per condition. 
 
 

4.3.3. Valproic acid (VPA) 

The drug VPA is used as a treatment for different pathologies such as epilepsy, migraine, 

personality and anxiety disorders (Tunali et al., 2020). VPA appears to function through regional 

changes in concentration of γ-aminobutyric acid (GABA), the principal inhibitory brain 

neurotransmitter, by an indirect mechanism involving inhibition of the enzyme succinate 

semialdehyde dehydrogenase (Sztajnkrycer, 2002). A recent study related VPA prenatal 

exposure to development of autism-related behaviour in the offspring of rats (Gąssowska-
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Dobrowolska et al., 2020). Recently, VPA has been described as an HDAC inhibitor, resulting in 

an increased interest for its use in cancer therapy (Diederich et al., 2010).  

 Concentration ranging from 62.5 - 1000 μM were used to assess the cytotoxicity of VPA 

on BS. Even the maximum concentration (1000 μM) tested did not induce 100% of cell death, 

making the calculation of a reliable IC50 impossible (Fig. 4.3 A). A slightly higher sensitivity of BS 

was observed after 7dW.  

Gene expression analysis with RT-qPCR showed effects on neurons with decreased 

expression of MAP2 after 7d and 7dW. The expression of the oxidative stress marker HMOX1 

was significantly increased after 7d exposure to 1000 μM of VPA (Fig. 4.3.B) 

 
Figure 4.3.: VPA induces cytotoxicity and differential gene expression in BS  
(A) Cytotoxicity concentration-dependent curves established after repeated (7d and 7dW) exposure to 
VPA (0 - 1000 μM). Results are expressed as % of control cultures. Each point is the mean ± SD of 6 samples 
obtained in 2 independent experiments. A non-linear regression (log (inhibitor) vs response - variable 
slope (four parameters)) was performed in order to calculate the inhibitory concentration (IC) using 
GraphPad Prism®. (B) Relative gene expression of neuronal- (MAP2) and oxidative stress (HMOX1) 
markers. Data are expressed as fold change to control. Each value is the mean (± SD) of = 3-6 samples 
coming from 2 independent experiments. (C) Number of DEG (p.adj <0.05) per condition after DSeq2 
analysis. (D) Relative distribution of VPA in the different compartments of the model: medium (black bars, 
circles), cell lysates (dark grey bars) and plastic binding (light grey bars) after acute (1 - 48 h) and repeated 
treatment (168 h = 7d and 336 h = 7dW). Results are reported as mean ± SD of three replicates. Right y-
axis represents cell and plastic fraction and left y-axis the medium fraction. 
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Differential expression analysis of the TempO-Seq data detected more DEGs after 48h 

than after 7d when BS were exposed to 250 μM and 1000 μM of VPA (Table 4.7). After exposure 

to 1000 μM of VPA numerous DEGs are histones, with most of the detected histone 

downregulated (HIST1H2AE_2951, HIST1H2BC_28172, HIST1H2BD_18171 and 

HIST1H2BF_11973) and only one upregulated (HIST1H3H_2957). The ER stress marker probe 

PPP1R15A_18156 was downregulated after 48h exposure and the PPP1R15A_14098 and 

GDF15_18329 upregulated after 1w.  Even if HMOX was not detected as differentially expressed, 

contrarily to what was observed by RT-qPCR, other oxidative stress markers, such as 

MAFG_20735 and NQO1_26473 were upregulated after the repeated exposure to 1000 μM of 

VPA. Furthermore, VPA repeated exposure led to the upregulation of the probe NEFH_18808 

and downregulation of NEFL_27577, both neuronal markers. 

 

Table 4.4.: Differential expressed probes of histones and related to ER stress, oxidative stress and 
neuronal function (p.adj value <0.05) after treatment with 1000 μM VPA. 

Time 
Point 

Gene 
log2Fold 
Change 

p.adj 
 Time 

Point 
Gene 

log2Fold 
Change 

p.adj 

48h 

HIST1H2AE_2951 -1.6 4.90E-02 

7d 

GDF15_18329 1.3 2.70E-05 

HIST1H2BC_28172 -1 2.80E-02 HIST1H2BD_18171 -0.6 7.20E-04 

HIST1H2BD_18171 -0.9 3.40E-04 MAFG_20735 1.1 1.00E-04 

HIST1H2BF_11973 -1.4 2.00E-03 NEFH_18808 1.5 4.40E-04 

HIST1H3H_2957 0.7 1.60E-02 NEFL_27577 -0.6 1.70E-04 

PPP2R1A_18156 -1.4 3.40E-02 NQO1_26473 1 4.90E-04 

   PPP1R15A_14098 1 1.60E-04 

 

Samples of medium, cells and plastic fractions of the control and treated BS were 

collected for VPA distribution kinetics assessment (Fig. 4.3 D). The amount of VPA in the medium 

decreased over the first 48h of exposure, increased after the full week of exposure and was not 

detectable anymore after the wash-out period. In the cell fraction VPA amount stayed quite 

stable from 1h after the beginning of the exposure till the end of the 168h exposure. After the 

wash-out period VPA was not detected anymore in the cell fraction. VPA intracellular amount 

did not increase in a concentration-dependent way. It was very similar after exposure to 250 

and 500 µM, and increased after exposure to 1000 M. The amount of VPA bound to plastic varied 

depending on the concentration used for the exposure. For the two lowest concentrations VPA 

bound to plastic decreased along the exposure time (1-168h), however for the highest 

concentration tested (1000 μM), the bound fraction increased between 1-24h, then decreased 

at 168h. After the wash-out period VPA was not measurable anymore in the plastic fraction for 

all concentrations used.  

 



74 

 

4.3.4. PQ 

The herbicide PQ is known to increase oxidative stress, mitochondrial dysfunction, α-

synuclein aggregation, excitotoxicity and autophagy (Chinta et al., 2018; Dinis-Oliveira et al., 

2008). The impact of paraquat toxicity on the dopaminergic neurons and induced senescence in 

astrocytes have been suggested as reasons of the epidemiological link between exposure to PQ 

and the development of Parkinson’s diseases (Chinta et al., 2018; Shimizu et al., 2003).  

 

Figure 4.4.: PQ induces cytotoxicity and differential gene expression on BS  
(A) Cytotoxicity concentration-dependent curves established after repeated (48h, 7d and 7dW) exposure 
to PQ (0 - 1000 μM). Results are expressed as % of control cultures. Each point is the mean ± SD of 3-9 
samples obtained in 3 independent experiments. A non-linear regression (log (inhibitor) vs response - 
variable slope (four parameters)) was performed in order to calculate the inhibitory concentration (IC) 
using GraphPad Prism®. (B) Relative gene expression of neuronal- (MAP2 and TH), oligodentrocyte- 
(OLIG2), astrocytic (GFAP, S100b) and oxidative stress (HMOX1) markers. Data are expressed as fold 
change to control. Each value is the mean (± SD) of = 3-6 samples coming from 2 independent 
experiments. (C) Number of DEG (p.adj <0.05) per condition after DSeq2 analysis. (D) Number of gene 
ontology biological processes (p.adj <0.01) per condition.  
 

Some of the TempO-Seq samples in this section were used for the study described in 

chapter 2. To be able to later compare the two analyses, the samples here were sorted and 

analysed with DSEq2 R package having the same thresholds in consideration. The cytotoxicity 

curves showed a much higher cytotoxicity after repeated than after acute exposure (IC50 values: 

7.7 μM at 7d, 4.3 μM at 7dW, and 68.1 µM at 48 h) (Fig. 4.4 A).  

PQ induced the downregulation of MAP2 gene, that was more marked after the washout 

period (Fig 4.4 B). Analysis of the TempO-Seq data also showed the impact of acute and repeated 

exposure to PQ on neurons and other neural cells in all the conditions (Suppl. table 3). The effect 

of PQ in dopaminergic neurons is demonstrated by the significant downregulation of the specific 



75 

 

marker tyrosine hydroxylase (TH) after repeated exposure (7d). The washout period did not 

allow any recovery of this marker (7dW) (Fig 4.4 B). mRNA levels for the oxidative stress marker 

HMOX1 increased in a concentration-dependent way after 7d and 7dW, although at that point 

a tendency to return to control level was observed (Fig 4.4 B). As in the results obtained with 

ConsensusPathDB in chapter 2, gene ontology shows oxidative stress affected after the acute 

exposure while repeated exposure to PQ seems to have a higher impact on endoplasmic 

reticulum stress (Suppl. Table 3).  

Quantification of GFAP mRNA levels showed a significant increase at 5 μM after the 

washout period (7dW), however no significative change was observed for S100b. The 

oligodendrocytic marker OLIG2 stayed unchanged (Fig. 4.4 B) 

 

 

4.4. Results Outline  

 Even with a very preliminary analysis, the results presented in this chapter 

demonstrated that BS respond to exposure to Pb, DOXO, VPA and PQ according to what has 

already been described. Further analysis must be performed for quality control of TempO-Seq 

data, and to determine if other mechanisms of action could be found. The data presented here 

also underlined the importance of the choice of the exposure scenarios to be used. Finally, the 

weak toxicity of VPA was explained by distribution kinetics, emphasizing the importance of its 

determination for the understanding of in vitro toxicity data. 
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5. Chapter 5: Further characterization 
of the model 
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5.1. Aim 

George Edward Pelham Box was a British statistician that in 1987 clearly stated that 

“essentially, all models are wrong, but some are useful” (Box and Draper, 1987). If we consider 

this to be true, then the question is not if a model is the best described representative of an 

organ/structure, but actually what characteristics does the model replicate and is able to 

simulate. Extensive characterization was already performed on BS, but if we aim to understand 

which parameters/characteristics/responses to chemical BS can replicate, the more information 

about the model we have the merrier.  

Taking advantage of the opportunity to perform TempO-Seq analysis, samples from 

NPCs to BS after 56 days in culture. For further characterization of which pathways could be 

activated in the BS, different chemicals that activate very specific pathways were used. 

Rotenone was used to study mitochondria complex I, the mitochondria complex III using 

Antimycin A, Tunicamycin the UPR, Arsenic for the Nrf2 and Cadmium the metal response. As 

an example of the developed work, cadmium will be presented. In order to access the expression 

dynamic of the genes involved in the different pathways, samples were collected after 6, 12, 24 

and 48 h after acute exposure. As an example of the developed work, the analysis performed in 

cadmium-exposed BS is presented. 

.  

 

5.2 Material and Methods  

All procedures not described here (cell cultures and gene ontology analysis) can be 

found in chapter 3. 

 

5.2.1. Exposure to chemicals 

Cadmium chloride (CdCl2 – Sigma-Aldrich, catalogue No 202908-10G) was dissolved in 

ultrapure water. The stock solutions of 100x of final concentration (5 μM) was prepared for each 

experiment and further diluted to final concentration in NDM. BS were exposed to CdCl2 after 6 

weeks in culture for 6-48h (acute exposure).  

 

5.2.2. TempO-Seq sample collection 

DMSO was added to all samples (final concentration 0.01%) due to the simultaneous 

testing of water-insoluble chemicals. Collected samples of NPC, BS after every week in culture 

and BS exposed to CdCl2 for 6-48h plus control of each time point were processed as described 

in the previous chapters. 
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5.3. Results 

5.3.1. Developmental time course 

To study the development-dependent expression of genes in the BS model, NPCs and 

BS samples collected after every week in culture were sent for TempO-Seq analysis. 

Unsupervised clustering of the different samples showed a clear separation between the groups 

(Fig. 5.1 A). The distance between consecutive clusters decreased with time in culture, the 

biggest difference being detected between 7d and 14d. Differential expression analysis showed 

a development-dependent increase in the number of DEGs (Fig. 5.1 B). As in the PCA plot, the 

highest difference in number of DEGs between two consecutive collection of samples was 

observed between 7d and 14d. At the latest assessed time (56d), gene ontology analysis 

detected different biological processes associated with axonogenesis, dendrite development, 

glial cells, neuron function and synapses (Supp. Table 4). Deeper analyses have to be performed 

to study the dynamic of these biological processes related to brain development, but also to 

define the development-dependent appearance of the genes associated to the biological 

pathways associated to toxicity, also called toxicity pathways. 

 

 

Figure 5.1.: Development-dependent gene expression in BS 
(A) PCA of all NPCs and BS along differentiation weeks in culture. Each dot represents a sample and each 
colour represents a differentiation time point. (D) Number of DEGs (p.adj <0.05) per condition after DSeq2 
analysis.  

 

 

5.3.2. Characterization of the presence of the metal response pathway 

Cadmium (CdCl2) is an environmental pollutant and exposure happens through food, via 

plant uptake of cadmium in soil, and via smoking (Ismael et al., 2019). One of the defence 

mechanisms of the cells against oxidative stress caused by exposure to CdCl2 is the activation of 

the Nrf2 pathway (Limonciel and Jennings, 2013; Wilmes et al., 2011). In response to CdCl2 the 
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displacement of biological metals, like zinc, cells can activate the metal stress response via the 

metal-responsive transcription factor 1 (MTF1) and metallothionein (MT) (Jennings et al., 2013).  

 

 

Figure 5.2.: Cad exposure activates the metal stress response in BS 
(A) PCA of all control and Cad treated samples. Each dot represents a sample and each colour represents a 
control or treated group. (B) Number of DEG (p.adj <0.05) per condition after DSeq2 analysis. (C) Number 
of gene ontology biological processes (p.adj <0.01) per condition. (D) Metal stress response linked DEG 
log2fold change along exposure time to cad. 
 
 

The PCA plot of control and samples treated with CdCl2 showed a clear difference 

between groups (Fig. 5.2 A). There is a peak of detected DEG and biological processes at 24h of 

exposure to CdCl2 (Fig. 5.2 B and C). Within the biological processes obtained in the analysis, the 

ones related to metal response and response to CdCl2 exposure exhibited the highest p-adjusted 

value (Table 5.2). When plotting the log2FoldChange of genes linked to the metal response, (I) 

metallothionein 1E (MT1E_4328), MT1M_28215, MT1X_4333 and MT1F_24226 show the 

highest value after 12h of exposure; (II) MT1G_26225 after 24h of exposure; (III) MT2A after the 

48h of exposure; (IV) Zinc transporter 1 (SLC30A1_20617) has log2FoldChange values quite 

stable along exposure times (Fig. 5.2 C). Furthermore, oxidative stress response starts to be 

detected at 24h exposure to CdCl2 (Table 5.2). 
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Table 5.1.: Potential disturbed BIOLOGICAL PROCESSES linked to metal response and oxidative stress 
(Gene ontology, p.adj value <0.01) linked to cad mechanism of action in BS after exposure. 

Time 
point 

(h) 

Biological Process Involved DEG 

Name p.adj geneID Count 

6 

Detoxification of inorganic compound 6.7E-16 MT1M, MT1G, MT1E, MT1X, MT2A, SLC30A1, MT1F 7 

Response to cadmium ion 2.7E-14 MT1M, MT1G, MT1E, MT1X, MT2A, SLC30A1, HMOX1, MT1F 8 

Cellular response to cadmium ion 1.1E-13 MT1M, MT1G, MT1E, MT1X, MT2A, HMOX1, MT1F 7 

Cellular transition metal ion homeostasis 1.1E-12 MT1M, MT1G, MT1E, MT1X, MT2A, SLC30A1, HMOX1, MT1F 8 

Transition metal ion homeostasis 3.8E-12 MT1M, MT1G, MT1E, MT1X, MT2A, SLC30A1, HMOX1, MT1F 8 

Response to metal ion 1.5E-10 
MT1M, MT1G, MT1E, MT1X, MT2A, SLC30A1, HMOX1, MT1F, 
HOMER1 

9 

12 

Detoxification of inorganic compound 9.4E-15 MT1G, MT1M, MT1E, MT2A, MT1X, SLC30A1, MT1F 7 

Response to cadmium ion 6.1E-13 MT1G, MT1M, MT1E, HMOX1, MT2A, MT1X, SLC30A1, MT1F 8 

Cellular response to cadmium ion 1.5E-12 MT1G, MT1M, MT1E, HMOX1, MT2A, MT1X, MT1F 7 

Cellular transition metal ion homeostasis 2.4E-11 MT1G, MT1M, MT1E, HMOX1, MT2A, MT1X, SLC30A1, MT1F 8 

Transition metal ion homeostasis 8.5E-11 MT1G, MT1M, MT1E, HMOX1, MT2A, MT1X, SLC30A1, MT1F 8 

24 

Cellular response to cadmium ion 4.1E-09 MT1M, MT1G, MT1E, MT2A, MT1X, HMOX1, MT1F, MAPK3, AKT1 9 

Detoxification of inorganic compound 6.4E-09 MT1M, MT1G, MT1E, MT2A, MT1X, SLC30A1, MT1F 7 

Response to cadmium ion 6.4E-09 
MT1M, MT1G, MT1E, MT2A, MT1X, HMOX1, SLC30A1, MT1F, MAPK3, 
AKT1 

10 

Response to metal ion 6.8E-04 
MT1M, MT1G, MT1E, MT2A, MT1X, HMOX1, SLC30A1, NQO1, MT1F, 
MAPK3, AKT1, TFAP2A 

12 

Response to oxidative stress 1.0E-03 
HMOX1, NQO1, MAPK3, HSPA1B, PRDX2, HSPB1, GPX4, GCLM, FYN, 
AKT1, DAPK1, MT-ND6, RHOB 

13 

48 

Detoxification of inorganic compound 4.0E-10 MT1G, MT1M, MT1E, MT2A, MT1X, SLC30A1, MT1F 7 

Cellular response to cadmium ion 2.0E-09 MT1G, MT1M, MT1E, MT2A, HMOX1, MT1X, MT1F, SOD1 8 

Response to cadmium ion 2.9E-09 MT1G, MT1M, MT1E, MT2A, HMOX1, MT1X, SLC30A1, MT1F, SOD1 9 

Cellular response to inorganic substance 6.1E-08 
MT1G, MT1M, MT1E, MT2A, HMOX1, MT1X, MT1F, NQO1, CALR, 
HSPA5, SOD1, PRKAA1 

12 

Cellular transition metal ion homeostasis 2.5E-07 MT1G, MT1M, MT1E, MT2A, HMOX1, MT1X, SLC30A1, MT1F, SOD1 9 

Response to metal ion 8.6E-07 
MT1G, MT1M, MT1E, MT2A, HMOX1, MT1X, SLC30A1, MT1F, NQO1, 
CALR, HSPA5, SOD1, PRKAA1 

13 

Transition metal ion homeostasis 8.6E-07 MT1G, MT1M, MT1E, MT2A, HMOX1, MT1X, SLC30A1, MT1F, SOD1 9 

Response to oxidative stress 5.2E-05 
HMOX1, HSPA1B, DHRS2, NQO1, GCLM, HSPB1, SGK2, TPM1, SOD1, 
SCARA3, GNAO1, PRKAA1 

12 

 

 

5.4 Results Outline 

The results presented in this chapter showed strong development-dependent changes 

in the expression of genes specific for brain cells. They also showed that BS react to CdCl2 by 

mounting the metal response, suggesting this pathway is functional in BS. The further analyses 

of all these data, together with the data collected for the other 4 compounds (rotenone, 

antimycin, tunicamycin and arsenic), will lead to a better understanding of the ability of BS to 

respond to various classes of chemicals, and the developmental-dependence of these responses 

will be established.
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6. Chapter 6: Activation of human 
microglia is deleterious for 

oligodendrocytes in a complex human 
iPSC-derived 3D model 

 

The following results are presented in the form of an article, that is in preparation. 
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6.1. Introduction 

Microglia is one of the key players in neuroinflammation, a process involved in many 

neurodegenerative diseases. In vitro human central nervous system models containing 

functional microglia have been difficult to build for the obvious difficulty to obtain primary 

human microglia, and also because microglia lose their identity when isolated from others brain 

cells. Therefore, a complete in vitro human model able to mimic strong cell-to-cell interactions 

between the various brain cell types and to reproduce the cascade of neuroinflammatory 

reactions when subjected to an immune challenge is lacking. Here we show that such an in vitro 

system can be produced. 

 

6.2. Contribution 

I participated on the development of the protocol to add microglia progenitors to BS. I 

was involved in the experimental design and supervised the master student Kelvin Ramirez-

Cuevas for the execution of the experiments. I performed the immunocytochemistry 

quantification. I contributed to the first draft of the manuscript and the development of the 

figures. 

 

6.3. Summary of the results 

We found that human iPSC-derived microglia progenitors (pMicroglia) introduced in our 

previously described BrainSphere model (BS) extend ramifications, suggesting their maturation 

and the acquisition of microglia-like cells (MLCs) surveilling phenotype. MLCs lost their 

ramifications after exposure to LPS + IFNg. Furthermore, mRNA levels for inflammatory markers 

increased, and markers for oligodendrocytes decreased in the BrainSpheres containing MLCs 

(µBS), whereas none of these changes was observed in BrainSpheres devoid of microglia. Our 

results suggest that pMicroglia become functional MLCs when in contact with brain 

parenchymal cell types, and that MLCs activation has deleterious effects on oligodendrocytes. 

This new in vitro human complex 3D system recapitulates neuroinflammatory reactions by 

allowing interactions between microglia, macroglia and neurons. We anticipate our new µBS 

model to become a powerful tool to study neuroinflammation associated to brain diseases and 

to improve the in vitro detection of the neurotoxicity of environmental chemical compounds 

and drugs in development. 

 

The manuscript in preparation is found is the following pages. 
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Abstract  

Microglia is one of the key players in neuroinflammation, a process involved in many 

neurodegenerative diseases. In vitro human central nervous system models containing 

functional microglia have been difficult to build for the obvious difficulty to obtain primary 

human microglia, and also because microglia lose their identity when isolated from others brain 

cells. Therefore, a complete in vitro human model able to mimic strong cell-to-cell interactions 

between the various brain cell types and to reproduce the cascade of neuroinflammatory 

reactions when subjected to an immune challenge is lacking. Here we show that such an in vitro 

system can be produced. We found that human iPSC-derived microglia progenitors (pMicroglia) 

introduced in our previously described BrainSphere model (BS) extend ramifications, suggesting 

their maturation and the acquisition of microglia-like cells (MLCs) surveilling phenotype. MLCs 

lost their ramifications after exposure to LPS + IFNg. Furthermore, mRNA levels for inflammatory 

markers increased, and markers for oligodendrocytes decreased in the BrainSpheres containing 

MLCs (µBS), whereas none of these changes was observed in BrainSpheres devoid of microglia. 

Our results suggest that pMicroglia become functional MLCs when in contact with brain 

parenchymal cell types, and that MLCs activation has deleterious effects on oligodendrocytes. 

This new in vitro human complex 3D system recapitulates neuroinflammatory reactions by 

allowing interactions between microglia, macroglia and neurons. We anticipate our new µBS 

model to become a powerful tool to study neuroinflammation associated to brain diseases and 

to improve the in vitro detection of the neurotoxicity of environmental chemical compounds 

and drugs in development. 
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List of abbreviations 

B3T: Tubulin beta-3 chain 
BS: BrainSpheres 
BS+: BrainSpheres grown in differentiation medium plus IL34 and GM-CSF 
CNS: Central nervous system.  
CSF1: Colony Stimulating Factor 1 
DCX: Doublecortin 
DPBS: Dulbecco's phosphate-buffered saline 
FKBP5: FK506-binding protein 5 
GFAP: Glial fibrillary acidic protein 
GM-CSF: Granulocyte-macrophage colony-stimulating factor 
IFNγ: Interferon gamma 
IL34: Interleukin 34 
IPSC: Induced pluripotent stem cell.  
LPS: Lipopolysaccharide 
MBP: Myelin basic protein 
MCT4: Monocarboxylate transporter 4 
MLC: Microglia-like cell 
MOG: Myelin Oligodendrocyte Glycoprotein 
NEFH: Neurofilament, heavy polypeptide 
NEM: N-Ethylmaleimide 
OLIG2: Oligodendrocyte Transcription Factor 2 
PLP1: Proteolipid Protein 1 
PSMB8: Proteasome subunit beta type-8 
PTX3: Pentraxin 3 
S100β: S100 calcium-binding protein B 
SYP: Synaptophysin 
VIM: Vimentin 
µBS: BrainSpheres containing microglia 
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1. Introduction  

Microglia are brain-resident macrophages and the main immune cells in the brain 

(Graeber, 2010; Mrdjen et al., 2018). They were discovered a century ago (Pérez-Cerdá et al., 

2015) and over the years many functions have been attributed to them (e.g., axonal guidance, 

synaptic formation and plasticity, homeostasis, immune response) (Colonna and Butovsky, 

2017). They communicate with other brain cell types via fractalkine signalling, secreted soluble 

factors and extracellular vesicles (Szepesi et al., 2018). Microglia constitutes the primary defence 

line against the presence of pathogens but are also involved in injuries, neurodegenerative 

diseases and response to environmental compounds and drugs. Microglia release reactive 

oxygen products and inflammatory molecules in order to repair damage or eliminate pathogens. 

For that reason, microglia constantly monitor parenchyma tissue, patrolling and inspecting the 

brain by extending and retracting their processes looking for any element that interfere with 

homeostasis (Nimmerjahn et al., 2005). However, under chronic inflammatory response, 

microglia can lead to progressive brain damage (Bachiller et al., 2018). Microglia have shown to 

be involved in many neurodegenerative diseases such Alzheimer’ disease, Parkinson’s disease, 

frontotemporal dementia, amyotrophic lateral sclerosis or prion disease (Bachiller et al., 2018; 

Fakhoury, 2017; Geloso et al., 2017; Hansen et al., 2018; Haukedal and Freude, 2019; Ho, 2019). 

They also have been involved in the deleterious response to environmental chemicals  (Monnet-

Tschudi et al., 1996, 1995; Purisai et al., 2007; Sandström von Tobel et al., 2014; Von Tobel et 

al., 2014). A better understanding of their behaviour is crucial to produce efficient treatments 

against multiple brain conditions.  

The majority of microglia studies have been produced in rodents due to the evident 

difficulties in obtaining human tissue, allowing relatively little research to determine 

interspecies similarities and differences. In addition, and despite a core set of important genes 

conserved, several authors have reported numerous differences between mice and human 

microglia (Lenz and Nelson, 2018; LR and MR, 2014; Mestas and Hughes, 2004; Smith and 

Dragunow, 2014; Thion et al., 2018). Over the years various microglia in vitro models have been 

developed such as primary dissociated cell cultures, cell lines and stem cell-derived microglia 

(Carson et al., 2008; Timmerman et al., 2018). Human induced pluripotent stem cells (iPSC)-

derived microglia retained a lot of attention due to their potential to become an unlimited 

resource of human cells and an incredible tool for disease modeling, drug testing and 

transplantation (Haenseler and Rajendran, 2019; Speicher et al., 2019). However, many of the 

microglia functions are directly related to interactions with other cell types (e.g., neurons, 

astrocytes, oligodendrocytes, other immune cells) so monocultures make microglia lose their 
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unique identity (Haenseler and Rajendran, 2019). An example of strong interactions between 

the main brain cell types is the 3D primary rat aggregating brain cell cultures, containing 

neurons, astrocytes, oligodendrocytes and microglial cells, that allowed to apprehend the role 

of microglia in demyelination, to very successfully detect neurotoxicity, and to observe the 

activation of microglia in response to environmental chemicals for the first time in vitro (Defaux 

et al., 2011, 2010; F et al., 1995; Forsby et al., 2009; Zurich et al., 2013b). We aim now at 

generating a similar human model.  

Recently, the development of stem cells with new culture technologies enabled the 

establishment of more complex systems that better mimic human brain physiology and better 

recapitulate human diseases. Microglia are absent from the majority of these co-culture models 

since they  do not originate from the same precursors than the brain parenchyma cells, and to 

date, only  one report showed their presence in cerebral organoids (Lancaster and Knoblich, 

2014; Nayernia et al., 2013; Ormel et al., 2018; Pamies et al., 2017a; Pamies and Hartung, 2017; 

Paşca et al., 2015; Song et al., 2019). Some groups have introduced microglia from various 

sources in these 3D cultures, but only few have been able to introduce iPSC-derived microglia 

into a 3D organotypic culture (Abreu et al., 2018; Abud et al., 2017; Muffat et al., 2018; Ormel 

et al., 2018; Song et al., 2019). We recently developed a human iPSC-derived 3D brain model 

(called BrainSpheres (BS)) that is very reproducible in shape, size and content (Pamies et al., 

2017a). The model is composed of differentiated mature neurons and glial cells (astrocytes, 

oligodendrocytes) that reproduce the topology and connectivity of neuronal-glial interactions, 

mimicking the central nervous system. High axonal myelination is observed (approximately 40%) 

and functional spontaneous electrical activity is recorded (Pamies et al., 2017a). BrainSpheres 

constitute a novel tool to study neurotoxicity and is promising for different medical applications. 

One of the multiple advantages of this model is to fit in high throughput analyses, making it a 

powerful tool for drug screening (Abreu et al., 2018; Leite et al., 2019a; Plummer et al., 2019b; 

Zander et al., 2017; Zhong et al., 2020b). We have previously successfully incorporated human 

immortalized SV40 primary microglia (39) in BS, however these co-cultures can be used only 

during a very short period of time (1 week) before microglia overcome the whole system (Abreu 

et al., 2018). 

In the present study, we aim at generating a human in vitro complex system able to 

produce a neuroinflammatory response upon challenge. To achieve this goal, we incorporated 

iPSC-derived microglia progenitors into BrainSpheres (Haenseler et al., 2017). We observed 

microglia activation after a classical inflammatory stimulus. In addition, we show results 

indicating that astrocyte activation and oligodendrocytes damage may appear only in presence 
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of microglia after exposure to an inflammatory stimulus.  We believe that human microglia-BS 

co-cultures (µBS) constitute a novel model to study neuroinflammation, opening many 

possibilities such as patient specific studies and personalized medicine. 

 

2. Methods 

2.1. NPCs expansion 

Neural progenitors cells (NPCs) Ad3G2 were differentiated from human induced 

pluripotent stem cell (hiPSC) line SBAd3 (StemBANCC project) following the Gibco® PSC Neural 

Induction Medium protocol (Thermofisher, MAN0008031). SBAd3 hiPSC were cultured on 

Matrigel® (Corning) in the mTeSR™1 (StemCell Technology) feeder-free medium. Medium was 

replaced every day and cells were passaged every 4-5 days using Versene® according to the 

suppliers’ protocol (Thermofisher). Ad3G2 NPCs were cultured on Geltrex (ThermoFisher) in 

Neural Expansion Medium (NEM), consisting on Neurobasal® Medium (Gibco, A1647701), 

Advanced™ DMEM/F-12 Medium (Gibco, 12634) and Neural Induction Supplement (Gibco 

A1647701). The medium was replaced every 2-3 days. NPCs were passaged every 7 days using 

StemPro® Accutase® according to the suppliers’ protocol (Thermo Fisher Scientific) or used to 

generate BS. Cells were cultured at 37 °C and 5% CO2.  

 

2.2. BS generation and maintenance 

BS generation was based on previously described protocol (Pamies et al., 2017a) with 

some modifications. At 90% confluence and between passages 10-15, Ad3G2 NPCs were 

dissociated using StemPro® Accutase® Cell Dissociation Reagent (Gibco A11105-01). After 

counting the cells with a Countess™ instrument (Invitrogen), 2x 106 cells in 2mL of NEM per well 

were plated in six well plates (Corning). Cells were placed in an incubator at 37 °C and 5% CO2 

under constant gyratory shaking (86rpm). After 24 hours, 1ml of Neuronal Differentiation 

Medium (NDM) was added to each well. NDM consists of Neurobasal® Electro Medium (Gibco), 

2% of B27 Electro (Gibco), 0.01 μg/mL BDNF (Peprotech), 0.01 μg/mL GDNF (Peprotech) and 1% 

Penicillin-Streptomycin 10,000 U/mL (Gibco). After another 24 hours and every 2-3 days 3/4 

media was replaced with fresh NDM.  

 

2.3. µBS generation 

BrainSpheres containing microglia (µBS) (Fig. 1A), were generated using microglia 

progenitors (pMicroglia) AH016-3 R-IP (RFP positive) derived from hiPSCs (cell line) and Ad3G2 

NPCs. pMicroglia were prepared as previously described and shipped from UK to Switzerland 
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the day before the generation of µBS (Haenseler et al., 2017). To generate µBS, a single cell 

suspension was prepared containing Ad3G2 NPCs (1x106 cell/mL) and AH016-3 R-IP pMicroglia 

(2.5x105 cells/mL) in NEM supplemented with Interleukin 34 (IL34) (Peprotech, 200-34) and 

Granulocyte-macrophage colony-stimulating factor (GM-CSF) (Peprotech, 300-03), at a 

concentration of 100 ng/mL and 10 ng/mL respectively. The pMicroglia:NPC cell suspension was 

then distributed in six-well plates (Corning) in a final volume of 2 mL per well and kept at 37 °C 

and at 5% CO2 under constant gyratory shaking (86 rpm). After 24 hours, 1mL of NDM 

supplemented with IL34 (100 ng/mL) and GM-CSF (10 ng/mL) was added to each well. After 

another 24 hours and every 2-3 days 3/4 media was replaced with fresh NDM supplemented 

with IL34 (100 ng/mL) and GM-CSF (10 ng/mL). Due to the incorporation of IL34 and GM-CSF to 

the medium, BS were also generated and differentiated with µBS media (+BS) in parallel, as 

control condition. 

 

2.4. Treatment 

BS, BS+ and µBS were exposed at 2 and 4 weeks of development to lipopolysaccharide 

(LPS) at 100 ng/ml and interferon gamma (IFNγ) at 100 ng/ml for 6, 12 and 24 hours. 

 

2.5. Real-Time Quantitative PCR (RT-qPCR) 

Total RNA was extracted using the RNeasy kit (Qiagen) on a QIAcube (QIAGEN) according 

to the manufacturer's instructions and yield was determined by spectrophotometry (NanoDrop, 

ND-1000). Reverse transcription was performed on 0.5-1 µg total mRNA using the High Capacity 

cDNA Reverse Transcription kit (Thermo Fischer Scientific). Semi-quantitative real time PCR (RT-

qPCR) was performed with SYBR Green® (Thermofisher) or TaqMan® (Thermofisher) technology. 

Sequences of RT-qPCR SYBR Green® primers are listed in Table 1 and references for RT-qPCR 

TaqMan® probes in Table 2. RLP13A and Beta actin (Actβ) were used as inteRNAl control gene 

for SYBR Green and Taqman detection, respectively, and the ΔΔCt method was used to calculate 

relative mRNA expression (Livak and Schmittgen, 2001). RT-qPCR was performed in a ViiA 7 Real-

Time PCR System where cycles above 40 were set to be undetermined. 

 

2.6. Immunohistochemistry   

Spheres collected for immunocytochemistry were washed in Phosphate buffered saline 

(PBS) and fixed with 4% paraformaldehyde/PBS. After 1 hour, spheres were put in PBS and kept 

at 4 °C until further processing.  
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For all mount immunocytochemistry, about 10 spheres per condition were incubated in 

blocking solution (PBS with 10% Normal Goat Serum (NGS) (Thermofisher) and 4% 1X TritonX) 

for 2 hours at 4 °C. Spheres were incubated at 4 °C for 48 hours with a combination of primary 

antibodies (Table 3) in a concentration 1:200 with the primary antibody solution (PBS with 10% 

NGS and 1% 1X TritonX). Spheres were washed in PBS for 5 minutes three times and incubated 

1 hour at room temperature (RT) protected from the light with the correspondent secondary 

IgG labeled with fluorophores Alexa 488 and 594 antibodies (Table 3) diluted 1:200 in the 

secondary antibody solution (PBS with 10% NGS). Spheres were washed in PBS for 5 minutes 

three times and incubated 30min at RT protected from the light with the nuclear staining 

Hoechst (1:10,000 in PBS). Finally, spheres were mounted on glass slides and coverslips with 

ProLong™ Gold antifade reagent (Thermo Fisher Scientific). Images were acquired using a Zeiss 

LSM 900 and analyzed using ImageJ® Fiji. 

Table 1: Sequences of qPCR primers used with SYBR green® and cDNA input 

Gene name Sequence (3'-5')  cDNA (ng/well) 

NEFH 
F’ TTCTGGAAGCGAGAAAGGAA 
R’ CAGGACCTGCTCAATGTCAA 

1 

DCX 
F’ TCAGGACCACAGGCAATAAA 
R’ AGACCGGGGTTGTCAAAAA 

1 

TNFα 
F’ GAGGCCAAGCCCTGGTATG 
R’ CGGGCCGATTGATCTCAGC 

10 

 IL1β 
F’ TTCGACACATGGGATAACGAGG 
R’ TTTTTGCTGTGAGTCCCGGAG 

1 

IL6 
F’ CCTGAACCTTCCAAAGATGGC 
R’ TTCACCAGGCAAGTCTCCTCA 

1 

SYP 
F’ TGACGAGGAGTAGTCCCCAA 
R’ CGAGGTCGAGTTCGAGTACC 

1 

MCT4 
F’ CCATGCTCTACGGGACAGG 
R’ GCTTGCTGAAGTAGCGGTT 

1 

FKBP5 
F’ CTCCCTAAAATTCCCTCGAATGC 
R’ CCCTCTCCTTTCCGTTTGGTT 

1 

PTX3 
F’ AGGCTTGAGTCTTTTAGTGCC 
R’ ATGGATTCCTCTTTGTGCCATAG 

1 

Vimentin 
F’ ATTCCACTTTGCGTTCAAGG 
R’ CTTCAGAGAGAGGAAGCCGA 

1 

S100ß 
F’ ATGTCTGAGCTGGAGAAGGC 
R’ TTCAAAGAACTCGTGGCAGG 

1 

MBP 
F’ ACCTCGTTTCCAAACCACAG 
R’ GGAAGTGAATGAGCCGGTTA 

10 

B3T 
F’ AGTCGCCCACGTAGTTGC 
R’ CGCCCAGTATGAGGGAGAT 

1 

RLP13A 
F’ CATAGGAAGCTGGGAGCAAG  
R’ GCCCTCCAATCAGTCTTCTG  

1 

PSMB8 
F’ CACGCTCGCCTTCAAGTTC 
R’ AGGCACTAATGTAGGACCCAG 

1 

Olig2  
F’ TGGCTTCAAGTCATCCTCGTC 
R’ ATGGCGATGTTGAGGTCGTG 

1 
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Table 2: References for TaqMan® assays and cDNA input 

Gene name Assay ID (Thermofisher) cDNA (ng/well) 

NFKB1 Hs00765730_m1 1 

NFKB2 Hs01028901_g1 1 

STAT1 Hs01013996_m1 1 

STAT3 Hs00374280_m1 1 

IL10 Hs00961622_m1 5 

IBA1 Hs00610419_g1 20 

PLP1 Hs00166914_m1 5 

RLP13A Hs01926559_g1 1 

GFAP Hs00909233_m1 20 

For sectioned samples immunocytochemistry, fixed spheres were first embedded in 

agarose (Agarose 3.5%) and sectioned at a thickness of 40 um using a Vibratome™ (LEICA). Slices 

underwent permeabilization for 90 minutes in PBS with 0.5% TritonX followed by a blocking step 

of 1 hour in PBS with 2% BSA and 0.5% Triton X at RT. Primary antibodies, diluted 1:1000, were 

added overnight with constant shaking at 4 °C. Slices were washed three times with PBS for 5 

minutes and incubated 1 hour at RT protected from the light with the correspondent secondary 

IgG labelled with fluorophores Alexa 488 and 594 antibodies diluted at 1:1000 in the same 

solution used for the blocking step. Slices were washed three times with PBS for 5 minutes and 

incubated 15 minutes at RT protected from the light with the nuclear staining Hoechst (1:10,000 

in PBS). Finally, spheres were mounted on glass slides and coverslips with ProLong™ Gold 

antifade reagent (Thermo Fisher Scientific). Images were acquired using a Nikon 90i and 

analyzed using ImageJ® Fiji. 

 

Table 3: List of primary and secondary antibodies used for Immunohistochemistry 

Type Name Species Reference 

Primary 

SYP Mouse Sigma Cat# SAB4200544 

S100ß b Rabbit Abcam Cat# ab52642 

GFAP Rabbit Sigma Cat# G9269 

B3T Mouse Sigma Cat# T8660 

O4 Mouse Sigma Cat# MAB1326 

Secondary 
Alexa ® 594 against Rabbit Goat  ThermoFisher Cat#A11037 

Alexa ® 488 against Mouse Donkey  ThermoFisher Cat#A21202 

 

2.7. Statistical analyses  

GraphPad Prism (Version 8, Graph Pad) was used for statistical testing.  

For RT-qPCR: T-tests were used to assess difference between two groups. Comparison 

between three or more groups were made using a one-way analysis of variance (ANOVA) 

followed by Tukey’s post-hoc analysis (adjusted with Bonferroni). A p-value lower than 0.05 was 



93 

 

considered significant. Comparisons are presented in figures as * p < 0.05, ** p < 0.01, *** p < 

0.001, **** p < 0.0001, or n.s. (not significant). Data are shown as mean ± SEM if not indicated 

otherwise.  

For Immunohistochemistry: Comparison between three or more groups were made 

using a one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc analysis (adjusted 

with Bonferroni). A p-value lower than 0.05 was considered significant. Comparisons are 

presented in figures as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, or ns (not 

significant). Data are shown as mean ± SEM if not indicated otherwise. 

 

 

3. Results 

3.1. iPSC-derived microglia progenitors show ramifications after inclusion in BS 

The quality of the iPSC-derived precursors of microglia (pMicroglia), labelled with RFP, 

was checked by immunohistochemistry. Most of the RFP-positive pMicroglia were also positive 

for IBA1, showing they belong to the macrophage/microglia lineage (Fig. 1 B, last line). 

pMicroglia were then introduced into the BrainSpheres (BS) by mixing them with the 

NPCs at the start of BS formation. Different ratios between pMicroglia and NPCs were tested to 

select the best one (data no shown). Confocal microscopy (Fig. 1 B, 2 first lines) and RT-qPCR 

(Fig. 1 D) show that pMicroglia were successfully incorporated into BrainSpheres.  

pMicroglia acquired ramifications (Fig. 2A)  in BS, suggesting their differentiation in 

microglia-like cells that survived up to 4 weeks in presence of IL34 and GM-CSF in the medium, 

both ligands for CSF1 receptor and playing an important role in macrophage-microglia 

proliferation and differentiation (Lee et al., 1994; Mathews et al., 2019; Wei et al., 2010). We 

first tested the potential impact of the presence of microglia-like cells on the development of 

neurons, astrocytes and oligodendrocytes in BS by measuring cell type-specific gene expression. 

However, the activation of CSF1 receptor also plays other functions in the CNS such as 

promotion of neurite outgrowth, enhancement of adult neocortical neuron’s survival, and 

regulation of neural progenitor cell maintenance and maturation (Michaelson et al., 1996; Nandi 

et al., 2012; Wang et al., 1999). Therefore, we compared three groups in order to rule out effects 

only due to the presence of growth factors, and not to the microglia: BS in normal differentiation 

medium (BS), BS in medium supplemented with the growth factors IL34 and GM-CSF (BS+), and 

BS containing microglia in medium supplemented with growth factors (µBS+), after 2 and 4 

weeks in culture. 
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Figure 2. Microglia progenitors successfully integrated in BS 
(A) Schematic description of the 3D culturing process. (B) Representative immunostaining images of 
different markers for neurons (B3T) and microglia (Iba1) of 2 weeks 3D μBS and RFP and Iba1 in 2D 
pMicroglia (last line). Scale bar = 50μm. (n = 3). (C) Gene expression of neuronal (B3T, DCX, NEFH, SYP), 
oligodendrocyte marker (OLIG2) and astrocytic (S100β, GFAP and VIM) markers in BS, BS+ and μBS after 
2 and 4 weeks in culture. Each bar represents the mean (±SD) of 3 (BS and BS+) and 5 (μBS) samples. (D) 
Gene expression of the microglia marker Iba1 in BS and μBS after 2 in culture. Each bar represents the 
mean (±SD) of 11 samples collected in 3 different experiments. 

 

The presence of microglia-like cells in the BS did not induce statistically significant 

change in the mRNA expression of neuronal markers (B3T, DCX, NEFH, SYP), and oligodendrocyte 

marker (OLIG2) (Figure 1C). The astrocyte markers GFAP and S100β were downregulated in µBS 

as compared to BS, whereas Vimentin mRNA remained unchanged. The strong reduction in 

GFAP mRNA level was also found in BS+, indicating this effect is due to IL34 and GM-CSF. 

However, we could not observe any morphological changes in GFAP immunohistochemistry (not 

shown). In the case of S100β, we observed a decrease only in µBS, indicating that this change 

may be due to the microglia incorporation and not to the addition of growth factors.  

 

Iba1 
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B3T 

B3T 

Hoechst 

Hoechst 
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3.2. Inflammatory stimulus activates microglia-like cells in BrainSpheres  

In order to determine whether microglia-like cells in BS can be activated by an immune 

challenge, BS and µBS were exposed to LPS and IFNγ, then their morphology and the expression 

of inflammatory related genes were studied. Under physiological conditions, microglial cells 

present highly ramified and long processes with a small soma, which allow them exert their 

surveillance function (Colonna and Butovsky, 2017). The activation of microglia is characterized 

by a change from ramified to amoeboid morphology, by the production of certain cytokines, and 

by the increased expression of complement receptors and histocompatibility complex molecules 

(Graeber et al., 2011). Immunohistochemistry showed that both red fluorescent protein (RFP) 

and IBA1 marker staining were able to identify microglia-like cells into the BS (Figure 2A). 

Ramified microglia-like cells were observed in control µBS after both 2 weeks and 4 weeks in 

culture. After exposure to LPS and IFNγ, microglia-like cells (MLCs) reversed to amoeboid 

morphology, suggesting that MLCs are activable (Figure 2A).  

Gene expression levels of transcription factors involved in neuroinflammation (NFkB1, 

NFkB2, STAT1, STAT3), pro-inflammatory (TNFα, IL1β, IL6) cytokine, anti-inflammatory cytokine 

(IL10), and microglia marker (IBA1) were quantified (Figure 2B). After exposure to LPS and IFNγ, 

a significant increase in TNFα, IL1β, IL6 and NFkB2 mRNA was observed at the two 

developmental stages (2w and 4w) only in the presence of MLC (µBS black vs white columns), 

while no change was observed in BS (Figure 2B). For NFkB1, the increase was significant only 

when cells were exposed after 4 weeks in culture, and for IL-10 mRNA, the increase was 

observed only after 2 weeks in culture. LPS and IFNγ also induced an increase in STAT1 and STAT3 

mRNA levels in µBS (Figure 2B), however the same effect was observed in BS.  

These results show a clear difference in the inflammatory response in µBS compared to 

BS, although they do not allow to distinguish which cell type is responsible for the diverse gene 

upregulation observed. 
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Figure 2. Inflammatory stimulus activates microglia-like cells in BrainSpheres 
(A) Representative immunostaining images of the microglia marker Iba1 and RFP fluorescence of μBS after 
2 and 4 weeks in culture control or exposed to LPS + IFNγ for 24h. Scale bar = 50μm. (B) Gene expression 
of different neuroinflammation markers in BS, BS+ and μBS after 2 and 4 weeks in culture. Each bar 
represents the mean (±SD) of 3 - 4 samples.  

  

A 
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3.3. LPS and IFNg induce astrocyte activation and subsequent oligodendrocytes damage in 
human BrainSpheres only in presence of microglia-like cells  

The interplay between microglia and astrocyte activation, as well as and the detrimental 

effects of activated microglia and astrocytes on other brain cells types have been described, 

therefore we looked for these effects in our new in vitro model, in order to evaluate its ability 

to develop a complete neuroinflammatory response (Jha et al., 2018; Vainchtein and Molofsky, 

2020).  

First, we assessed the effects of the treatment on the astrocytes. After 24h of exposure 

to LPS and IFNγ, vimentin mRNA level stayed unchanged in all groups (Fig. 3B), S100β was 

significantly upregulated in µBS only at 2 weeks of differentiation. The strongest effect was 

observed on GFAP mRNA level in µBS at 4 weeks, suggesting astrocyte activation. 

Immunostaining did not allow to show any change at the protein level for GFAP or S100β (Fig. 

3A and 3C) in such a short exposure time. FK506-binding protein 5 (FKBP5) and proteasome 

subunit beta type-8 (PSMB8) have been shown by Liddelow et al. to be upregulated in the 

astrocytes activated in the deleterious way (A1 phenotype), and pentraxin 3 (PTX3) to be 

upregulated in the alternate astrocyte activation (A2 phenotype) (Liddelow et al., 2017). Here, 

we observed an upregulation of FKBP5 only in presence of microglia and only at week 4 of 

culture, the upregulation of PSMB8 also in BS (Fig. 3 B), and no change in PTX3 mRNA level. 

These results may indicate the activation of astrocyte towards the deleterious phenotype. 

Activation of astrocytes and microglia are known to produce deleterious effects on 

neurons and oligodendrocytes. We therefore assessed the status of these two brain cell types 

after exposure to LPS and IFNγ. mRNA and protein levels of BIII-Tubulin (B3T) and synaptophysin 

(SYP) were not affected by the treatment (Fig. 3 A and B), whereas immunostaining for O4, a 

marker of oligodendrocytes, was strongly decreased only in µBS, at 4 weeks (Fig. 3 A). OLIG2 

mRNA level decreased in µBS at 4 weeks, but not significantly. However, OLIG2 was strongly 

decreased after one week of repeated exposure (not shown). Gene expression for myelin 

markers, myelin basic protein (MBP), Proteolipid Protein 1 (PLP1) and myelin oligodendrocyte 

glycoprotein (MOG), remained unchanged, suggesting that oligodendrocytes are affected in this 

short exposure time, but not the myelin sheet (Fig. 3B). 
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Figure 3. Upon activation, MLC may lead to deleterious effects on oligodendrocytes. 
(A) Representative immunostaining images of B3T (neurons), SYP (synapses), GFAP and S100β (astrocytes) 
and O4 (oligodendrocytes) markers in BS, BS+ and µBS after 4 weeks in culture control or exposed to LPS 
+ IFNγ (LPS) for 24h. Scale bar = 50μm. (B) Gene expression of different neuronal- (B3T), astrocytic- (GFAP, 
S100β, VIM, FKBP5, MCT4, PSMB8 and PTX3), oligodendrocytic- (Olig2) and myelin (MBP, PLP1 and MOG) 
markers in BS, BS+ and μBS after 2 and 4 weeks in culture. Each bar represents the mean (±SD) of 3 - 4 
samples. (C) ImageJ quantifications of 3 pictures per condition in A. 
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4. Discussion 

BrainSpheres constitute a novel tool for neurotoxicity investigations, to study 

neurological diseases and also brain injury (Pamies et al., 2018c, 2017b; Plummer et al., 2019a; 

Zander et al., 2017; Zhong et al., 2020a). However, microglia, the key cell type to trigger and 

sustain neuroinflammation, is not present in the model since they do not differentiate from the 

same lineage than the brain parenchymal cells forming the BS. We previously incorporated the 

SV40 immortalized human microglia into BS, however, their constant proliferation does not 

reflect the in vivo situation (Abreu et al., 2018). For this reason, here we attempted to improve 

the BS model by the incorporation of microglia derived from hiPSCs, to generate a more 

physiologically relevant model. 

In this protocol, the formation of the spheres starts with a single cell suspension of NPC 

and microglia progenitors (pMicroglia) maintained under gyratory shaking to generate 

BrainSpheres containing microglia (µBS). The ratio of pMicroglia:NPCs should be chosen to reach 

a proportion of microglia-like cells (MLCs) in the spheres comparable to the in vivo situation. The 

ratio 1:4 gave visually the most satisfying results among the ones we tried (data not shown). 

However, the quantification of the precise proportion of MLCs in µBS is absolutely required and 

will be performed in the future. After two weeks in culture inside the spheres, microglia 

progenitors exhibited a ramified morphology, suggesting their differentiation in surveillant 

microglia cells due to the favourable environment formed by neurons, astrocytes and 

oligodendrocytes present in the BS.  

After an immune challenge consisting of LPS and IFNγ, MLCs in µBS lost their 

ramifications, suggesting their activation (Figure 2A). Supporting this fact, the levels NFκB2 and 

pro-inflammatory cytokines increased only in the spheres containing microglia like cells (Figure 

2B). MLCs therefore proved to be functional in µBS as they respond to the classical LPS and IFNg 

stimulus. These results are in line with those reported by Cowley’s lab (47) which provided us 

with pMicroglia. In their study, microglia progenitors as well as co-culture of neurons and MLCs 

also showed higher levels of TNFα and IL6 after LPS and IFNg exposure, and this increase was 

higher in co-cultures than in neurons alone. We also report higher levels of IL1β, an observation 

that was not reported by Haenseler.  

During neuroinflammation, activated microglia induce deleterious astrocytes reactivity 

(A1) (Liddelow et al., 2017). A1 astrocytes gain neurotoxic functions, killing neurons and 

oligodendrocytes. Interestingly, we found that astrocytic markers (GFAP and S100β) and A1 

marker (FKBP5) increased in µBS after immune challenge, suggesting astrocyte activation 

towards A1 phenotype, while the expression of these markers did not change in BS (Figure 2B). 
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The lack of microglia in BS seem to prevent this mechanism from occurring. Furthermore, 

monocarboxylate transporter 4 (MCT4) expression is upregulated after LPS + IFNγ also in BS only. 

This increase may be attributed to astrocytes and/or microglial cells, since both cell types 

express this transporter and upregulate it when they are activated (Pierre and Pellerin, 2005). 

These results are in line with the reported MCT4 increase in macrophages after LPS + IFNγ 

exposure associated to increased glycolysis and lactate production sustaining the inflammatory 

response in immune cells and they consolidate the fact that µBS can replicate a complete 

neuroinflammatory response(Tan et al., 2015).  

We investigated the impact of the neuroinflammatory cascade on neurons and 

oligodendrocytes in µBS. While neurons were not altered by both single and repeated exposure 

to LPS and IFNγ (Figure 3A and 3B) according to the markers we used, oligodendrocytes 

appeared to be already affected after 24h exposure (Figure 3A), as seen by the decreased signal 

observed in preliminary immunostaining for O4 after challenge compared to control (Figure 3). 

Interestingly, Liddelow et al. reported that A1 reactive astrocytes killed mature 

oligodendrocytes and inhibited oligodendrocyte precursor cell proliferation and differentiation 

(Liddelow et al., 2017). Our results suggest that during neuroinflammation in µBS, astrocytes are 

activated and impact oligodendrocytes. We did not see effects on neurons in µBS after single 

and repeated challenge, whereas Liddelow et al. reported the killing of neurons exposed to 

reactive astrocytes. A one-week exposure to LPS and IFNγ may have been too short to impact 

the neurons, or we investigated too few markers to detect deleterious effects on neurons. 

Alternatively, it may be due to inter-species differences, since Liddelow et al. worked on rodent 

cells whereas in the present study we used human cells.  

In this study, we have developed a protocol to generate a 3D in vitro system able to 

mimic a complete neuroinflammatory response. We now must improve the stability of the 

Microglia-BrainSphere model and characterize it in depth. Indeed, the survival of the microglia-

like cells was not optimal, since their number decreased with time in culture, and we couldn’t 

perform experiments after 4 weeks in culture. Different approaches are possible, such as the 

adjunction of other factors to increase the survival of MLCs. A good candidate is the 

transforming growth factor beta (TGF-β) which was found to be of importance for microglia 

function (Qin et al., 2018). One difficulty of this protocol is that a large proportion of microglia 

progenitors was not incorporated in the spheroids at the start of the culture. Therefore, 

different plates could be used to generate the spheroids, such as the ones proposed by 

SunBioscience (“SUN bioscience SA,” n.d.), which are standardized culture platforms limiting 

adhesion to the wells. This may increase the number of pMicroglia incorporated in the 
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BrainSpheres. Alternatively, we are currently testing the invasion of already formed BS whose 

cells express elevated levels of fractalkine mRNA (fig.3 ), a cytokine attracting microglia and 

important for microglia functions (Paolicelli et al., 2014). This would be a more physiological 

solution since microglia progenitors invade the developing human brain at around four weeks 

of development. Finally, extensive characterization of µBS in terms proportion of microglia-like 

cells present in the spheres and functionality of these cells, including release of cytokines and 

phagocytosis capability, is required in order to delimitate the application domain of this new cell 

culture model. 

 

5. Conclusions 

Our results suggest that the presence of microglia is necessary for the activation of 

astrocytes, and therefore confirm the work of Liddelow et al. (56), emphasizing the importance 

of the new cell culture model we are developing. Adding microglia in the BrainSphere model 

allows to generate a human in vitro model able to reproduce different steps of 

neuroinflammation. Improvements of this model will permit more accurate in vitro studies of 

the human neuroinflammatory response and a better detection of neurotoxicity. 
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7. Chapter 7: Participation on the 
development of AOP17 Binding to 

SH/selen-proteins can trigger 
neuroinflammation leading to 

neurodegeneration 
 

This described KER is present on annex 3 of this manuscript. 

The final AOP can be found at: https://aopwiki.org/wiki/index.php/Aop:17  

  

https://aopwiki.org/wiki/index.php/Aop:17
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7.1. Abstract 

This AOP describes the cascade of events initiated by binding to selenoproteins causing 

a depletion of glutathione (GSH), one of the most important anti-oxidants in the brain. This will 

lead to oxidative stress which is deleterious to neurons. Neuroinflammation, characterized by 

microglial and astrocyte reactivity, will be triggered in response to neuronal damage. When 

neuroinflammation induces a 'neurodegenerative phenotype' associated with the production of 

pro-inflammatory cytokines and the expression of specific microglial markers, it can lead to 

neurodegeneration, the adverse outcome. Neurodegeneration will amplify the inflammatory 

response and lead to a self-sustained neuroinflammation that exacerbates the 

neurodegenerative process. Such a self-sustained neuroinflammation-neurodegenerative loop 

is involved in neurodegenerative diseases such as Alzheimer's and Parkinson’s diseases. 

This AOP is relevant for neurotoxicity and developmental neurotoxicity testing following 

low dose and long-term exposure and for delayed adverse outcome, according to the Landrigan 

et al. (2005) hypothesis of early origins of neurodegenerative disease in later life. It is part of a 

broader effort initiated by JRC/Seurat to describe several AOPs relevant for neurotoxicity, that 

will be published in « Critical Reviews in Toxicology ». Currently, the only related endpoint for 

regulatory purposes is measurement of rodent brain glial fibrillary acidic protein (GFAP), whose 

increase is a marker of astrocyte reactivity; this is required by the US EPA for fuel additives but 

is optional for other chemical hazard evaluations. 

 

7.2. Contribution  

During the development of AOP17 I contributed for the bibliography search and 

description of the key event relationship (KER) “Stress leads to cell injury/death” between the 

key event “Oxidative Stress” and the key event “Cell injury/death”. 
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8. Chapter 8: Discussion 
 

“The brain is a world consisting of a number of unexplored continents and great 
stretches of unknown territory.” 

Santiago Ramon y Cajal 
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Humans are continuously exposed to chemicals through skin contact, inhalation and 

ingestion. The contact with the chemicals can be through the surrounding environment, diet, 

household products and occupational activities (Fryer et al., 2006). From all the chemicals that 

we are exposed to, such as pesticides, glues, solvents, metals, several are known to induce CNS 

related effects. In 2014, a literature review identified 214 neurotoxicants (Grandjean and 

Landrigan, 2014). Exposure to neurotoxicants is not so rare, from this 214 roughly half are 

identified as high production chemicals and others are largely consumed, like alcohol (Trantham-

Davidson and Chandler, 2015; Wang et al., 2018). 

The understanding of the potential harmful effects of chemicals in the CNS can be used 

for the establishment of more reliable safe exposure limits. With these exposure limits better 

regulation can be put in place to protect individuals of potential detriment effects caused by 

chemicals. 

Currently, chemical safety evaluation is carried out mainly employing whole animal 

tests. With the encouragement of regulatory authorities, hiPSC-derived models are increasingly 

used for in vitro neurotoxicity testing (Tukker et al., 2018). These hiPSC-derived neural cultures 

bring the advantages of avoiding interspecies translation, being more ethically sound and the 

potential of being less costly than animal experimentation.  

In 2017, Pamies et al. developed the protocol to obtain a 3D hiPSC-derived brain model 

called BrainSpheres (BS) (Pamies et al., 2017a). This protocol drives the differentiation of 

neuroprogenitor cells (NPC) into neurons, astrocytes and oligodendrocyte and allows strong cell-

to-cell interactions, exemplified by the presence of compact myelin and spontaneous electrical 

activity. From evaluation of the developmental neurotoxicity (DNT) of the drug paroxetine to 

the study of the process of SARS-CoV infection in the brain, BS model has been used in different 

field of research (Bullen et al., 2020; Zhong et al., 2020a). 

With the goal of using BS for neurotoxicity testing, its ability to respond to various 

classes of chemicals and to replicate human response needs to be evaluated. The work 

presented in this dissertation described the efforts made to characterize which biological 

processes are present and can be affected upon chemical exposure in BS plus the work done on 

adding microglia-like cells to be able to access neuroinflammation. In the last 4 years, (i) BS 

model was successfully established in our lab from a new cell line; (ii) Toxicodynamics and 

toxicokinetics were established after acute and repeated exposure of BS to several drugs and 

environmental compounds; (iii) The ability of BS to respond to chemicals by the main known 

toxicology pathways was determined and (iv) Attempts were made to improve the performance 

of the BS model by adding microglia. 
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8.1. Successful establishment of BrainSpheres using a new hiPSC line 

The model BS was developed at the Center for Alternatives to Animal Testing of Johns 

Hopkins University, Baltimore, USA. There, BS were established using NPC derived from the 

hiPSC line CCD-1079Sk (ATCC® CRL2097™) using a protocol passing through the stages of 

embryonic bodies and neural tube-like rosettes (Wen et al., 2014). For the establishment of the 

BS protocol in our lab, two protocols were tested for the preparation of NPCs, namely the dual 

inhibition of SMAD signalling (Stuart M. Chambers et al., 2009) and a protocol by Gibco using a 

defined PSC Neural Induction medium (Technologies, 2015), to produce NPCs from the SBAD3 

hiPSC obtained from StemBANCC (Morrison, 2018). The cells obtained with the dual inhibition 

of SMAD signalling protocol could not be kept for more than 4 passages and, very importantly, 

could not be frozen and thawed, preventing us from preparing a bank of cells. Since the Ad3G2 

NPCs obtained with the 7-day Gibco protocol were stable, as observed by flow cytometry 

analyses (Suppl. Table 5), able to proliferate for at least 14 passages, to be frozen and thawed, 

they were chosen to be used for the preparation of BS.  

Even using a different hiPSC line and a different technique to produce NPCs than in the 

original publication, the BS model was successfully established. Characterization by RT-qPCR and 

immunohistochemistry showed that BS derived from the Ad3G2 NPCs present very similar 

developmental-dependent gene and protein expression than reported in the original publication 

(Fig. 1 chapter 3 and (Pamies et al., 2017a). In detail, BS presented a decreasing gene expression 

of stem cell and proliferation markers (Nestin, Sox2, NANOG and Ki67) and increasing expression 

of neuronal markers (MAP2, GRIN1, ACHE, TH and GRIN1), astrocytic and oligodendrocytic 

markers (S100β, GFAP, Vimentin and Olig2) over weeks in culture. Immunocytochemistry with 

NF200 and GFAP showed comparable staining patterns indicating the development of cell 

neuronal and astrocytic cell processes from week 2 to 8 in culture. Staining with the 

oligodendrocytic marker, showed the presence of positive O4 cells at all time-points. Comparing 

our results with the ones obtained by Pamies et al. 2017, there are clear similarities in gene and 

protein expression between the BS produced in the two labs indicate that BS with the same cell 

composition can be derived from NPCs produced with different techniques and form a different 

donor. 

A further characterization of the model was performed by TempO-Seq analysis on NPCs 

and BS collected after each week in culture. As a targeted gene expression technique, TempO-

Seq was performed with the EU-ToxRisk v2.1 panel (Limonciel et al., 2018; Mav et al., 2018). This 

panel of 3565 probes was designed to assess the expression of valuable genes for 

characterization of diseases, toxicity processes and several cell types. Regarding neural cells, 
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within the 3565 probes, there are genes related to neurons (GRIN1, MAP2, NEFL, BDNF, ACHE), 

astrocytes (S100B and GFAP), and oligodendrocytes (Olig1 and Olig2). The probe list also 

presents the pre-synaptic protein coding gene SYP. After preliminary analysis, results showed 

that cells keep differentiating along the 8 weeks in culture with the biggest change happening 

between week 1 and 2 in culture (Fig 5.1). Further analysis must be done to better delineate the 

expression dynamics of neural genes along weeks in culture, as well as the development-

dependent expression of the toxicity pathways.  

 

8.2. Establishment of an exposure window to assess effects on cell types and their 
interactions 

The human brain is a complex structure composed of highly specialized cells, i.e., 

astrocytes, microglia, neurons and oligodendrocytes (Purves et al., 2004; Stiles and Jernigan, 

2010). This cellular composition and the cell-cell interactions are essential to maintain brain 

homeostasis and functions (Purves et al., 2004). In consequence, the disturbance of the cellular 

composition or of the cell-cell communications by xenobiotics can lead to neurotoxicity (Cerbai 

et al., 2012; Pistollato et al., 2020; Sandström et al., 2017). Neurotoxicology (NT) is the study of 

adverse effects on nervous system resultant from an exposure to a chemical.  

The development of the brain consists of a long sequence of complex processes that 

gives rise to a complex structure composed of highly specialized cells (Edwards, 2015; Fritsche 

et al., 2018; Stiles and Jernigan, 2010). Trying to reproduce this complex processes and structure 

in vitro in a reasonable time window is a challenge. Development neurotoxicology can be studied 

in in vitro models starting from stem cells and that reproduce development steps. The 

assessment of effects of chemical exposure with the same in vitro models to predict NT must be 

made with caution. The work presented in this manuscript had the goal of assess chemical action 

mechanisms that could help predict NT. Due to the difficulty of deriving an in vitro model 

reflecting all the complexity of the adult brain, we focused on effects on a particular neural cell 

type and on cell-cell interactions with BS. To do so, it is of upmost necessity to have as much cell 

types as possible at exposure time, even if not completely differentiated.  

Gene expression assessed with RT-qPCR shows that after 6 weeks in culture, Ad3G2 BS 

present significant expression of neuronal- (MAP2), astrocytic- (S100β and GFAP) and 

oligodendrocytic- (Olig2) markers. It was also possible to detect expression of specific markers 

of dopaminergic, glutamatergic and cholinergic neurons (TH, GRIN1 and ACHE) indicating their 

presence after 6 weeks in culture. Immunocytochemistry on BS after 6 weeks in culture shows 
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positive cells for markers of neurons (NF200), astrocytes (S100β) and oligodendrocytes (O4) with 

differentiated pattern. Compared with earlier time points, there is an increased amount of 

positive staining for the pre-synaptic protein SYP after 6 weeks in culture indicating higher 

chances of presence of functional synapses. TempO-Seq data showed a reduced level of 

difference in comparison to NPC towards the end of time in culture indicating that cells are still 

differentiating but at a slower pace. Altogether, these results show the presence neurons, 

astrocytes and oligodendrocytes after 6 weeks in culture. Expression of the myelin protein 

encoding gene MBP and positive staining for SYP on 6 weeks old BS indicate cell-cell interaction. 

Starting the exposures at this time allow us to go for acute, repeated and repeated plus a wash-

out period exposure keeping the protocol described 8 weeks in culture.  

 

8.3. Exposure concentration and their epidemiological relevance  

In 2007 the US National Research Council (NRC) proposed a paradigm shift in toxicology 

for the 21st century (Tox 21) (NRC, 2007). In the report “Toxicity Testing in the 21st Century: A 

Vision and a Strategy” the NRC proposes a re-orientation from empirical, animal-based testing 

to a mechanistic understanding of chemical-induced biological perturbations in toxicity 

pathways and networks, for predictive toxicology (Hartung et al., 2017; Roper and Tanguay, 

2020).  

One of the aims of this doctoral thesis was to evaluate to which extent the BS could 

allow the detection of the diverse mechanisms of toxicity triggered by chemicals. Since the goal 

was to evaluate organ-specific effects, it was important to use concentrations that (i) avoid over 

cytotoxicity but still produce effects on the system and (ii) are epidemiologic relevant.  

For VPA, AMI, Pb, PQ and DOXO, viability was assessed by MTT assay after exposure of 

BS to a wide range of concentrations. Concentration-dependent curves for cytotoxicity were 

established after 48h and 7d exposures, as well as after 7 days of exposure followed by one week 

of washout period (7dW) depending on the chemical. Except for VPA, it was possible to obtain 

concentration-dependent curves. BS shown differential sensitivity to all these chemicals, as seen 

by the comparison of the IC50 after a 7-day exposure (AMI = 1.8 μM; PQ = 7.7 μM; Pb = 11 μM; 

DOXO = 113 nM), that may be explained by BS differential dependency on the affected biological 

processes by each chemical, or by the toxicokinetics characteristics of each chemical. Indeed, 

the later would affect the available concentration of chemical that interacts with the different 

targets and therefore would have an impact on the cytotoxicity (Ankley et al., 2010; Escher et 

al., 2005). Concentration-dependent curves of AMI and PQ were established for acute and 

repeated exposure, in both cases, BS showed more sensitivity to a repeated exposure. 
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Distribution kinetics quantification of AMI in the BS system showed an accumulation of AMI after 

the 7d repeated exposure in the cell fraction explaining the higher sensitivity detected after the 

repeated exposure. Future distribution kinetics on BS exposed to PQ should also help to 

understand the difference in the cytotoxicity observed after acute and repeated exposure. 

Concentrations used for the investigation of neuro-specific effects were chosen in order 

to assure that BS were exposed to at least one concentration <IC20 for cytotoxicity after 

repeated exposure of 1 week.  

Plasma concentrations found in literature were used to assess the epidemiological 

relevance of the concentrations used in the experiments. AMI, VPA and DOXO concentrations 

used were relevant, according to the literature. Indeed, in patients undergoing long term 

treatment, AMI can reach 0.5-1.2 μM in plasma (Lafuente-Lafuente et al., 2009), whereas 

patients undergoing daily treatment of VPA till 3000 mg/day present an average 300 μM in 

plasma (Haroutiunian et al., 2009). Finally, it was detected 51.7 nM to 6.9 μM of DOXO in plasma 

of patients with breast cancer (Barpe et al., 2010). On the other hand, the concentrations used 

for PQ and Pb in this study, are higher than the quantified amount in plasma and cerebrospinal 

fluid (CSF). Quantifications of Pb in plasma of 110 workers in a Pb smelter showed a range of 

0.0015 and 0.13 μM (Bergdahl et al., 1997). The lead content of cerebrospinal fluid (CSF) of 12 

patients was between 0.06 – 0.2 μM (Conradi et al., 1976). Paraquat poisoning patients survived 

with PQ plasma levels less than 0.39 μM after 24h to 0.023 μM after 15 days after ingestion 

(Scherrmann et al., 1987). In a 14-months-old poisoned boy, it was possible to detect 0.02 μM 

PQ in the CSF 90 days after the acute exposure (Houzé et al., 1990). To better assess the 

relevance of the concentrations of chemical used in vitro, not only quantification of each 

chemical in the CSF and quantification of their passage through the BBB are needed, but also, 

the in vitro distribution tocixokinetics is of highest importance.  

 

8.4. BS can be used to assess chemical effect on different biological processes  

Understanding which pathways are disturbed by a chemical provides a mechanistic 

insight on how a chemical can affect an organ upon exposure and potentially help uncover its 

molecular initiating event (MIE) (Jennings, 2015b; Jennings et al., 2013). Recent toxicogenomic 

data shows that xenobiotics can induce several stress pathways, such as oxidative stress 

pathway, endoplasmic reticulum stress pathway, UPR and metal response, as an attempt to 

restore homoeostasis (Limonciel et al., 2018; Singh et al., 2021; Wellens et al., 2021). In order 

to gain insight into the ability of BS to react to diverse classes of chemicals, these cultures were 

exposed to model chemicals known to trigger stress pathways.  
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From a list of chemicals known to activate particular biological processes upon 

exposure, cadmium was used as a known activator of the oxidative stress and the metal 

response pathway (Singh et al., 2021). TempO-Seq analysis showed an upregulation of different 

metallothionein (MTs), MT1M, MT1G, MT1F, MT1E, MT1X and MT2A in cadmium-exposed BS. 

Metallothionein’s are known to be regulated by metal response elements (Juárez-Rebollar et 

al., 2017). Although their expression changed with time, these genes kept being significantly 

upregulated from 6 to 48h after exposure. In general, metal response genes were so strongly 

differently expressed that their associated gene ontology biological processes presented very 

low P-adjusted values at all the assessed time-points. Differently, the biological process 

“response to oxidative stress” only presented a sufficiently low P-adjusted value after 24h. Also, 

the exposure to Pb significantly affected genes related to oxidative stress, such as NQO1 and 

HMOX1. On BS exposed to PQ, besides oxidative stress, was detected effects on endoplasmic 

reticulum (ER) stress related genes linked to two different unfolded protein responses (UPR) 

biological processes (PERK and ATF6 mediated UPR). Effects of PQ exposure on ER stress and 

UPR were already described in human lung epithelial cells (Chinta et al., 2008; Omura et al., 

2013).  

Besides oxidative stress effects, the chemical used along this work produced effect on 

other biological processes. One of the known secondary effects of a long term treatment with 

AMI is the development of liver steatosis due to disturbed lipid meytabolism (Anthérieu et al., 

2011; Wandrer et al., 2020). After analysis, AMI exposure in BS gave rise to several DEG 

associated with lipid metabolism. To our knowledge, this is the first time that AMI lipid 

disturbance is demonstrated in brain cells. As previously described in rat cardiomyocytes, DOXO 

produced differentially expression of genes involved in DNA damage biological processes 

(L’Ecuyer et al., 2006). Even if no direct inhibitory effect on HDAC was detected after VPA 

exposure, TempO-Seq analysis identified several differentially expressed histones. 

Even if further analysis needs to be done to completely characterize each pathway found 

disturbed in BS after exposures, the results obtained indicate that BS can be used to assess 

effects of chemicals on diverse pathways. More work must be done to fully understand the 

expression dynamics of the interest genes of each pathway along development and along 

exposure. Additional characterization will come from the analysis of the TempO-seq data 

obtained after exposure of BS to rotenone to study mitochondria complex I, to Antimycin A for 

the mitochondria complex III, to Tunicamycin for the UPR and finally to Arsenic to completely 

assess Nrf2 mediated response. 
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8.5. Distribution kinetics, an important player in neurotoxicity assessment 

With reliable quantitative in vitro to in vivo extrapolations (QIVIVE) in mind, 

understanding the link between nominal concentration (i.e., concentration added to the in vitro 

system), free concentration for uptake in the medium and concentration of the chemical 

accumulated in the cells is extremely important to establish in an in vitro exposure  (Groothuis 

et al., 2015; Kramer et al., 2015; Proença et al., 2021). In BS model, that means quantifying the 

available chemical before and after exposure in the medium, in the cell and plastic fraction. 

Determination of these different concentrations allow the establishment of concentration-

effect relationships.  

Although is not clear if AMI goes through the human BBB, small quantities can be found 

in the brain (Adams et al., 1985). Patients undergoing continuous treatment with AMI describe 

several secondary effects such as tremor, ataxia and peripheral neuropathy that can be traced 

back to the CNS (Jafari-Fesharaki and Scheinman, 1998; Pathmanathan and Cleary, 2021; 

Pomponio et al., 2015). Distribution kinetics of AMI in the BS showed that cells accumulated AMI 

along repeated exposure and released it at a low rate during the washout period. Considering 

that the CNS is not completely protected with a BBB structure (Miyata, 2015), even if AMI does 

not cross the BBB, and knowing that studies in bovine cells shows that it does not damage it 

either (Fabulas-da Costa et al., 2013), it could reach the CNS. Here we showed that brain cells 

have the potential to accumulate AMI. Even if a small amount of AMI arrives to the CNS, if the 

treatment is long enough, it could reach a concentration that can produce detrimental effects 

on cells. It would be interesting to further investigate the effects of AMI on the brain cells 

metabolism by metabolomic approaches. 

Used as treatment of epilepsy, bipolar disorders, and migraine, VPA is inefficiently 

delivered to the brain and clinical effects require high doses (Baltes et al., 2007). This inefficiency 

is in part explained by the carrier-mediated exchange of VPA across the BBB with efflux transport 

being much more efficient than influx transport (Gibbs et al., 2004). For bipolar disorder and 

seizures, the recommended VPA therapeutic range is 50–125 mg/L (0.3-0.8 mM) (Leo and 

Narendran, 1999; Methaneethorn, 2017). CNS toxicity in humans starts to be detected when 

VPA exceed 175–200 mg/L (1-1.2 mM) and coma from at least 850 mg/L (1.5 mM) in blood 

(Methaneethorn, 2018; Sztajnkrycer, 2002). Distribution kinetics showed that BS did not 

efficiently take up VPA and did not accumulate it. This absence of accumulation may be due to 

a higher efflux than influx transport, as previously observed at the level of the BBB in rats (Kakee 

et al., 2002). Cytotoxicity was only detectable after washout-out period for the highest VPA 

concentrations used. TempO-Seq analysis showed less DEG after repeated exposure than after 
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acute 48h exposure. Even if few effects were detected, repeated exposure caused the 

upregulation of oxidative stress markers and decreased expression of neuronal markers after 

repeated exposure. Knowing that CNS effects are correlated to very high VPA concentrations in 

the blood and that VPA seems not to be efficiently uptaken by the cells, the concentration used 

here were potentially too low to fully evaluate effects of VPA on BS. 

The results obtained from AMI and VPA exposures emphasize the need to integrate the 

toxicokinetics of the chemicals and its physicochemical characteristics to the toxicodynamics 

data, in order to correctly evaluate the toxic effects of these chemicals in vitro. 

 

8.6. TempO-Seq data analysis as a screening tool 

Toxicogenomics combines transcript, protein and metabolite profiling with 

conventional toxicology to investigate changes in the interaction between genes caused by 

chemical exposure. (Waters and Fostel, 2004). As a more efficient way to characterise molecular 

events, toxicogenomics can be used to assess affected pathways helping predict chemical 

toxicity (Alexander-Dann et al., 2018; Jennings et al., 2013). The targeted gene expression 

technique TempO-Seq presents itself as a new, cost-effective and high throughput technique for 

toxicogenomic studies. 

In the “in3” project, TempO-Seq for 3565 probes was used to assess the mechanistic 

toxicological response of different organ/structure representative models to diverse chemicals. 

In the case of this thesis, TempO-Seq was used to characterize the mechanism of action in 

different organ/structure representative models exposed to PQ and the response of BS to 

different chemicals. Along the different chapters, DeSeq2 package thresholds and over-

representation analysis tools (e.g., ConsensusPathDB or biological processes from Gene 

Ontology) used were adapted to the type of study. For the comparison of PQ response in 

different models, there was the need to filter samples and probes, fix thresholds on differentially 

expressed genes (DEG) for P-adjusted values (<0.05) and FDR (>|0.58|) and the standard 

thresholds on ConsensusPathDB to be able to reliably compare data coming from different 

models maintaining high quality standard. For BS exposed to VPA, AMI, DOXO, Pb and CdCl2, the 

only threshold fixed was for P-adjusted value (<0.05) for the DEG and for gene ontology over-

representation analysis (P-adjusted value <0.01 or <0.05) to extract the most likely affected 

biological processes upon exposure. 

 Over-representation analysis of BS samples exposed to PQ using ConsensusPathDB and 

Gene Ontology showed some differences. Both strategies are able to detect general effects on 

neural cells, oxidative stress and lipids, but the number of pathways or biological processes 
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associated to these big groups clearly changes between ConsensusPathDB and Gene Ontology. 

The detected differences probably rise from the fact that each strategy used different databases 

leading to differences on gene-pathway association. To have a better overview of disruptions 

caused by chemical exposure, both approaches could be taken in consideration for all studies. 

Differences between data analysis strategies reinforce the need to see this type of 

results as a screening that should be further confirmed by other gene and protein expression 

techniques. Having the opportunity to perform the different analysis myself showed me the 

influence of using different probe selection, statistical thresholds, and over-representation 

strategies on the final results. Acquired data should be interpreted in the light of the used 

workflow and confirmed before drawing any conclusion.  

 

8.7. Microglia 

Microglia is one of the key players in neuroinflammation, a process associated with 

damage in the CNS (Von Tobel et al., 2014; Zurich et al., 2002). Microglia are the brain-resident 

macrophages and the main immune cells in the brain. They constitute the primary defence line 

against the presence of pathogens but are also involved in injuries, neurodegenerative diseases 

and response to environmental compounds and drugs (Graeber, 2010; Mrdjen et al., 2018). 

Their activation has been proposed as an indicator of neurotoxicity (Monnet-Tschudi et al., 2007, 

1995). 

In development, immature macrophages migrate from the blood islands in the yolk sac 

to the primitive brain at around embryonic age 8 in mammalian embryo (Greter and Merad, 

2013). In the brain these immature macrophages differentiate into microglia. Due to the interest 

on assess neuroinflammation upon chemical exposure, several attempts have been made to add 

microglia to BS. In this thesis, hiPSC-derived microglia progenitors were added to single-cell NPC 

and BS protocol was followed giving rise to BS with microglia-like cells (μBS). Upon exposure 

with LPS + IFNγ, microglia-like cells presented signs of reactivity and potential caused 

detrimental effects on oligodendrocytes.  

Even if it was possible to establish μBS with positive cells for the microglia/macrophage-

specific Iba1 with surveillance phenotype, the model shows low reproducibility. The number of 

positive Iba1 cells was quite variable between spheres and experiments, so more replicates were 

considered per experiment. Due to loss of Iba1 positive cells after 4 weeks in culture, spheres 

were exposed after 2 and 4 weeks of development.  

To obtain a reasonable number of integrated Iba1 positive cells in μBS, high yield of 

microglia progenitors is needed. There was a high number of microglia progenitors not 
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integrated in the spheres. To avoid this loss and increase the number of integrated progenitors 

in the spheres, we intend to test plates that induce aggregation developed and produced by 

Matthias Lutolf et al. (Girgin et al., 2021). In order to have a model completely derived from the 

same hiPSC, a collaboration with the lab of Rosa Chiara Paolicelli is in place to derive the 

microglia progenitors from the same cell line used to derive the BS. 

 

8.8. Concluding remarks and perspectives  

Proper brain function depends critically on a wide range of highly regulated processes 

(p. ex. calcium homeostasis, neurotransmitter release and electrical activity) (Edwards, 2015). 

Due to the diversity of cell types and complexity of the biological processes involved, the human 

brain is very vunerable to toxic insults and difficult to model in vitro. Today, a broad range of in 

vitro models are available to study the potential effects of chemicals on brain function (see 

chapter 1.4). 

The work presented in this doctoral thesis adds precious information on the hiPSC-

derived 3D model BS and therefore constitutes a contribution to the development of the in vitro 

models for a more human based and mechanistic neurotoxicity testing approach. The work 

developed in the different chapters demonstrates that BS were successfully established from a 

new NPC cell line giving rise to different types of neurons, astrocytes and oligodendrocytes 

strongly interacting in the 3D structure (Fig.: 8.1). In addition, the ability of keeping the model 

for a reasonable amount of time in culture allows the assessment of effects of acute and 

repeated exposures at different differentiation stages. Acquired data through different 

techniques showed that the main stress pathways can be activated upon chemicals exposure is 

BS, suggesting that most chemicals hazardous to brain could be detected with BS. The distinct 

cell types, cell-cell interactions and present biological processes grant a vast chemical targets to 

be assessed for neurotoxicity assessment. This work also shows the feasibility of determining 

distribution kinetics for chemicals in BS and how it can be used to help design more 

epidemiological-representative experiments. Therefore, BS could be a valuable asset for the 

extrapolation of very important kinetic values that will contribute to the development of reliable 

QIVIVE models.  

However, even if BS can be used to assess many different parameters important for the 

prediction of neurotoxicity in humans, it has limitations. Due to the long and complex 

development time of a human brain together with its intricate structure, it is not viable to say 

that BS could completely model the human brain response to chemical exposure. Many different 

parameters have to be taken in consideration besides cell-cell interactions, cell type and 
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biological processes effects to properly model brain exposure and response to chemicals. In one 

side, BS do not fully represent the brain microenvironment, at least microglia cells and BBB 

representants are missing (Fig.: 8.1). Being neuroinflammation activation an important indicator 

or neurotoxicity and important for brain development and homeostasis, all the possible 

applications of BS would profit from having microglia integrated in the model. The amount of 

available chemical to interact with brain cells is highly dependent on the BBB permeability. On 

its turn, BBB permeability and behaviour can be altered by the exposure. Adding an exterior 

layer of BBB-like cells to BS could be highly valuable to understand the chemical biokinetics in 

the brain, predict the real amount of chemical that arrives to neuronal cells and its effects. From 

a structural point, BS also do not represent the structure of the brain since no particular 

organization is detected. On the other side, human exposure is a complex process that involves 

different absorption, distribution, metabolism and excretion (ADME) patterns between 

chemicals and individuals. As BS can be used to model the direct effects of the chemical in 

certain neural cells and pathways, additional in vitro (e.g., liver, BBB, etc) and in silico (e.g., PBK) 

models representing other structures/organs and ADME should be taken in account to aim 

predict the human neurotoxicity of a compound.  

 

Figure 8.1.: BrainSpheres (BS) indicates presence of different cell types, cell-cell interactions and 
biological processes  
Schematic description of BS protocol together with the detected cell types and cell-cell interactions. Upon 
exposure with different chemicals, it was possible to detect effects in different biological processes 
through different techniques. To fully represent the brain cell types and microenvironment, at least 
microglia-like cells, BBB representants and structure are missing.  
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As it stands now, BS is still a very expensive model to produce and far from the required 

high throughput level to be used in risk management decisions. Actions should be taken in the 

direction of adapting the protocol for smaller plates that would allow more replicate wells per 

experiment using the same resources. In case of success all the in vitro assays performed in BS 

would have to be adapted to the new format. 

The AOP framework defines the links between a MIE and a final pathology or AO. During 

the last few years, I was personally involved in the complex but needed process of describing 

AOP 17 “Binding to SH/selen-proteins can trigger neuroinflammation leading to 

neurodegeneration”. One important step, after having an accepted AOP, is adding mechanism 

knowledge in order to have a quantitative AOP (qAOP). The quantification of an AOP will allow 

to define the threshold underlining the transition of upstream KE to downstream KE (Conolly et 

al., 2017; LaLone et al., 2017). The work presented in this dissertation showed that BS was able 

to replicate some of the known toxic mechanism for the 6 studied chemicals. The ability to 

reproduce the known mechanism of action of some chemicals, indicates that BS could be a good 

model to help develop qAOP linked to the brain. Currently, there is a collaboration between our 

lab and Prof. Mark Cronin’s lab to establish quantifications for some of the KE involved on the 

AOP13 “Chronic binding of antagonist to N-methyl-D-aspartate receptors (NMDARs) during 

brain development induces impairment of learning and memory abilities” on BS. 

Finally, I believe that BS characterisation and amelioration should continue to be a 

priority. Keeping characterizing the possible uses of BS, such as to study neurological diseases, 

would allow to take the maximum advantage of this model. Further improvements, like 

efficiently adding microglia and BBB representative cells, would allow to increase the number of 

biological processes possible to study in BS. While keep going with the characterization, like 

myelination with electron microscopy or metabolomics and synapses with MEA chips, could help 

increase the range of end points possible to study in BS. 
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Supplementary data 
 

 

Supplementary Table 1.: Potential disturbed BP (Gene ontology, p.adj value <0.01) after treatment with 
10 μM Pb. 

 

 

Supplementary table 2.: Potential disturbed stress, apoptosis and neural BP (Gene ontology, p.adj value 
<0.01) after treatment with 25 nM DOXO for 7d. 

  
Biological Process name p.adj 

Involved 
DEG 

St
re

ss
 a

n
d

 a
p

o
p

to
si

s 

Response to oxidative stress 1.3E-07 36 

Regulation of apoptotic signalling pathway 1.3E-07 34 

Intrinsic apoptotic signalling pathway 2.6E-09 31 

Neuron apoptotic process 2.2E-08 27 

Cellular response to chemical stress 7.0E-05 25 

Extrinsic apoptotic signalling pathway 2.4E-07 24 

Signal transduction by p53 class mediator 9.1E-05 21 

Negative regulation of apoptotic signalling pathway 1.3E-04 19 

Negative regulation of neuron apoptotic process 2.2E-06 18 

Regulation of intrinsic apoptotic signalling pathway 8.8E-06 18 

Response to endoplasmic reticulum stress 3.4E-03 18 

Apoptotic mitochondrial changes 4.6E-06 16 

Positive regulation of apoptotic signalling pathway 2.5E-04 16 

Regulation of signal transduction by p53 class mediator 8.6E-04 15 

Regulation of extrinsic apoptotic signalling pathway 1.9E-03 13 

Regulation of DNA templated transcription in response to stress 1.1E-03 12 

Intrinsic apoptotic signalling pathway by p53 class mediator 1.0E-04 11 

Negative regulation of intrinsic apoptotic signalling pathway 6.5E-04 11 

DNA damage response signal transduction by p53 class mediator 1.2E-03 11 

Epithelial cell apoptotic process 1.6E-03 11 

Time 
Point 

Biological Process Involved DEG 

Name p.ad Names Count 

48h 

Protein localization to endoplasmic reticulum 4.71E-06 
PPP1R15A, RPL28, RPL3, RPS5, UBA52, RPLP0, RPL27, 

RPL26 
8 

Co-translational protein targeting to 
membrane 

6.37E-06 RPL28, RPL3, RPS5, UBA52, RPLP0, RPL27, RPL26 7 

Establishment of protein localization to 
endoplasmic reticulum 

1.01E-05 RPL28, RPL3, RPS5, UBA52, RPLP0, RPL27, RPL26 7 

Nuclear transcribed mRNA catabolic process 
nonsense mediated decay 

1.22E-05 RPL28, RPL3, RPS5, UBA52, RPLP0, RPL27, RPL26 7 

Translational initiation 1.33E-05 
PPP1R15A, RPL28, RPL3, RPS5, UBA52, RPLP0, RPL27, 

RPL26 
8 

Ribosome biogenesis 1.89E-05 
WDR3, NOP56, RPL3, RPS5, NSA2, RPLP0, RPL27, RPS27L, 

RPL26 
9 

Protein targeting to membrane 0.000162 RPL28, RPL3, RPS5, UBA52, RPLP0, RPL27, RPL26 7 

Viral gene expression 0.000162 RPL28, RPL3, RPS5, UBA52, RPLP0, RPL27, RPL26 7 

Nuclear transcribed mRNA catabolic process 0.000229 RPL28, RPL3, RPS5, UBA52, RPLP0, RPL27, RPL26 7 

Ribonucleoprotein complex biogenesis 0.000248 
WDR3, NOP56, RPL3, RPS5, NSA2, RPLP0, RPL27, RPS27L, 

RPL26 
9 

Establishment of protein localization to 
membrane 

0.000314 BCL2, RPL28, RPL3, RPS5, UBA52, RPLP0, RPL27, RPL26 8 

RNA catabolic process 0.001483 RPL28, RPL3, PSMA4, RPS5, UBA52, RPLP0, RPL27, RPL26 8 

Ribosome assembly 0.002558 RPL3, RPS5, RPLP0, RPS27L 4 

Post embryonic development 0.009417 BCL2, IGF2R, GNAS, PSEN1 4 

168h Response to nutrient 1.29E-05 NQO1, MDM2, HMOX1, AHCY 4 
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Signal transduction in response to DNA damage 4.9E-03 11 

Extrinsic apoptotic signalling pathway via death domain receptors 9.7E-04 10 

Negative regulation of extrinsic apoptotic signalling pathway 3.1E-03 10 

Positive regulation of neuron apoptotic process 3.3E-04 9 

Cell death in response to oxidative stress 5.7E-03 9 

Intrinsic apoptotic signalling pathway in response to DNA damage 8.8E-03 9 

Positive regulation of intrinsic apoptotic signalling pathway 2.1E-03 8 

Intrinsic apoptotic signalling pathway in response to endoplasmic reticulum stress 2.2E-03 8 

G1 DNA damage checkpoint 2.4E-03 8 

Regulation of oxidative stress induced cell death 5.7E-03 8 

Regulation of response to endoplasmic reticulum stress 9.4E-03 8 

Positive regulation of transcription from RNA polymerase ii promoter in response to stress 3.4E-04 7 

Intrinsic apoptotic signalling pathway in response to oxidative stress 1.4E-03 7 

Regulation of extrinsic apoptotic signalling pathway in absence of ligand 2.0E-03 7 

Regulation of oxidative stress induced intrinsic apoptotic signalling pathway 8.9E-04 6 

Protein insertion into mitochondrial membrane involved in apoptotic signalling pathway 7.4E-03 5 

Regulation of intrinsic apoptotic signalling pathway by p53 class mediator 8.3E-03 5 

Positive regulation of transcription from RNA polymerase ii promoter in response to ER stress 1.8E-03 4 

Response to nitrosative stress 1.8E-03 4 

Negative regulation of oxidative stress induced intrinsic apoptotic signalling pathway 9.5E-03 4 

N
e

u
ra

l  

Neuron death 2.5E-13 41 

Synapse organization 2.6E-06 31 

Regulation of trans synaptic signalling 6.3E-05 29 

Neuron projection guidance 1.1E-07 28 

Neuron apoptotic process 2.2E-08 27 

Positive regulation of neuron differentiation 7.7E-05 26 

Regulation of axonogenesis 2.6E-09 25 

Negative regulation of neuron differentiation 7.8E-07 23 

Negative regulation of neuron death 1.1E-06 22 

Glial cell differentiation 1.6E-06 22 

Positive regulation of neuron death 2.0E-11 21 

Positive regulation of neuron projection development 2.5E-04 21 

Negative regulation of neuron apoptotic process 2.2E-06 18 

Neuron projection extension 9.9E-06 18 

Post synapse organization 9.9E-06 18 

Axon extension 8.4E-07 17 

Central nervous system neuron differentiation 9.7E-05 17 

Negative regulation of neuron projection development 4.8E-05 16 

Neuron migration 7.4E-05 16 

Regulation of synapse structure or activity 2.9E-03 16 

Synapse assembly 7.5E-04 15 

Positive regulation of axonogenesis 2.4E-06 14 

Positive regulation of synaptic transmission 1.0E-03 14 

Central nervous system neuron development 4.6E-06 13 

Regulation of synaptic plasticity 7.0E-03 13 

Long term synaptic potentiation 2.3E-04 11 

Regulation of post synapse organization 8.7E-04 11 

Glial cell development 2.1E-03 11 

Neuron projection organization 1.2E-03 10 

Positive regulation of axon extension 5.3E-05 9 

Neuron recognition 9.0E-05 9 

Positive regulation of neuron apoptotic process 3.3E-04 9 

Astrocyte differentiation 2.2E-03 9 

Forebrain generation of neurons 2.2E-03 8 

Negative regulation of axonogenesis 3.3E-03 8 

Forebrain neuron differentiation 2.8E-03 7 

Post synapse assembly 1.6E-03 6 

Postsynaptic membrane organization 4.7E-03 6 

Regulation of long-term synaptic potentiation 8.3E-03 6 

Axonal fasciculation 2.8E-03 5 

Commissural neuron axon guidance 2.3E-03 4 

Radial glial cell differentiation 2.3E-03 4 
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Supplementary table 3.: Potential disturbed neural function, oxidative stress and ER stress BP (Gene 
ontology, p.adj value <0.01) after treatment with PQ along concentrations and time points. 

GO Biological Processes 48h 168h 

Group Name 5 1 2.5 5 

Neural 
functio

n 

Amyloid Fibril Formation   1     

Autonomic Nervous System Development       1 

Axon Extension       1 

Axonal Transport Of Mitochondrion 1 1   1 

Commissural Neuron Axon Guidance 1       

Glial Cell Development       1 

Negative Regulation Of Amyloid Beta Clearance 1 1 1   

Negative Regulation Of Neural Precursor Cell Proliferation       1 

Negative Regulation Of Neuron Apoptotic Process 1     1 

Negative Regulation Of Neuron Death 1     1 

Neural Precursor Cell Proliferation       1 

Neuron Apoptotic Process 1 1   1 

Neuron Death 1 1   1 

Positive Regulation Of Axon Extension 1 1   1 

Positive Regulation Of Axonogenesis 1 1     

Positive Regulation Of Neuroblast Proliferation       1 

Positive Regulation Of Neuron Death   1     

Positive Regulation Of Neuron Projection Development 1 1     

Regulation Of Amyloid Beta Clearance   1 1   

Regulation Of Axonogenesis 1 1     

Regulation Of Neural Precursor Cell Proliferation       1 

Synapse Organization 1       

Synaptic Transmission Glutamatergic 1       

Oxidativ
e Stress 

Regulation Of Transcription From Rna Polymerase Ii Promoter In Response To Oxidative 
Stress 1       

Negative Regulation Of Oxidative Stress Induced Intrinsic Apoptotic Signaling Pathway 1       

Cell Redox Homeostasis 1       

Cellular Detoxification 1       

Cellular Response To Oxygen Levels A 1       

Cellular Response To Oxygen Levels B 1       

Cellular Response To Oxygen Radical 1       

Detoxification 1       

Reactive Oxygen Species Metabolic Process 1       

Regulation Of Reactive Oxygen Species Metabolic Process 1       

Response To Oxygen Radical 1       

Response To Reactive Oxygen Species 1       

ER 
Stress 

Atf6 Mediated Unfolded Protein Response       1 

Cellular Response To Topologically Incorrect Protein       1 

Chaperone Cofactor Dependent Protein Refolding       1 

De Novo Protein Folding       1 

Negative Regulation Of Endoplasmic Reticulum Unfolded Protein Response       1 

Perk Mediated Unfolded Protein Response 1 1 1 1 

Regulation Of Endoplasmic Reticulum Unfolded Protein Response   1     

Regulation Of Perk Mediated Unfolded Protein Response       1 

Er Overload Response   1   1 

Intrinsic Apoptotic Signaling Pathway In Response To Endoplasmic Reticulum Stress   1 1 1 

Positive Regulation Of Endoplasmic Reticulum Stress Induced Intrinsic Apoptotic 
Signaling Pathway   1     

Positive Regulation Of Response To Endoplasmic Reticulum Stress   1     

Positive Regulation Of Transcription From Rna Polymerase Ii Promoter In Response To 
Endoplasmic Reticulum Stress   1   1 

Regulation Of Response To Endoplasmic Reticulum Stress   1     

Response To Endoplasmic Reticulum Stress   1   1 

TOTAL 26 25 13 39 
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Supplementary table 4.: Potential activated BP (Gene ontology, p.adj value <0.01) linked to neuronal 
function in BS after 56d in culture. 

Group 
Biological Process DEG 

involved Name p.adj 

Axonogenesis 

Regulation of axonogenesis 1.5E-15 41 

Positive regulation of axonogenesis 3.9E-12 25 

Axon extension 2.6E-08 24 

Negative regulation of axonogenesis 5.4E-06 15 

Positive regulation of axon extension 1.4E-06 13 

Negative regulation of axon extension 7.3E-04 9 

Regulation of axon guidance 1.0E-03 9 

Central nervous system projection neuron axonogenesis 1.5E-04 8 

Central nervous system neuron axonogenesis 1.3E-03 8 

Axonal fasciculation 5.9E-04 7 

Negative regulation of axon guidance 8.0E-03 6 

Dendrite 
development 

Dendrite development 5.0E-05 28 

Dendrite morphogenesis 2.4E-04 19 

Regulation of dendrite development 7.5E-03 16 

Dendritic spine morphogenesis 8.4E-03 9 

Glial Cells 

Glial cell differentiation 6.5E-07 30 

Glial cell development 1.8E-04 17 

Astrocyte differentiation 1.8E-03 12 

Neuron function 

Positive regulation of neuron differentiation 8.9E-08 44 

Positive regulation of neuron projection development 1.4E-08 39 

Neuron projection guidance 6.6E-07 35 

Negative regulation of neuron differentiation 3.2E-08 33 

Neuron projection extension 1.0E-08 29 

Negative regulation of neuron projection development 4.8E-06 23 

Central nervous system neuron differentiation 8.9E-05 23 

Neuron migration 1.0E-04 21 

Central nervous system neuron development 4.9E-08 19 

Neuron projection organization 1.3E-03 13 

Neuron recognition 5.9E-04 10 

Neuron projection regeneration 2.2E-03 10 

Regulation of neuron migration 4.5E-03 8 

Synapsis 

Synapse organization 7.6E-09 49 

Regulation of trans synaptic signalling 6.8E-08 49 

Regulation of synapse structure or activity 2.9E-06 30 

Post synapse organization 2.4E-05 23 

Synapse assembly 5.4E-05 23 

Regulation of synaptic plasticity 1.1E-04 23 

Neurotransmitter transport 9.4E-03 23 

Vesicle mediated transport in synapse 1.5E-03 22 

Positive regulation of synaptic transmission 1.5E-04 21 

Glutamate receptor signalling pathway 1.7E-06 19 

Synaptic transmission glutamatergic 5.0E-05 17 

Regulation of postsynaptic membrane potential 1.7E-03 17 

Regulation of neurotransmitter receptor activity 2.5E-06 16 

Regulation of synaptic vesicle cycle 1.1E-03 15 

Synaptic vesicle exocytosis 4.4E-03 14 

Regulation of glutamate receptor signalling pathway 5.5E-05 13 

Regulation of post synapse organization 4.2E-03 13 

Regulation of synapse assembly 6.2E-03 13 

Chemical synaptic transmission postsynaptic 7.3E-03 13 

Regulation of NMDA receptor activity 5.4E-06 11 

Regulation of synaptic vesicle exocytosis 4.7E-03 11 

Long term synaptic potentiation 9.1E-03 11 

Synaptic vesicle localization 7.3E-03 9 

Ionotropic glutamate receptor signalling pathway 1.9E-04 8 

Regulation of long term neuronal synaptic plasticity 1.2E-03 7 

Synapse maturation 1.2E-03 7 

Postsynaptic signal transduction 8.1E-03 7 
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Supplementary table 5.: Flow cytometry analysis of Ad3G2 cells after passage 4 and 14 in culture for 
neural crest, neural, neuroepithelial and pluripotent markers. 
 

Ad3G2 Total ( % ) Expected results  

( % ) Antibodies Passage 4 Passage 14 

CD271 Neural Crest 4.7 6.3 ≤10% 

CD56 Neural 98 97.3 ≥90% 

CD57 Neuroepithelial 99.8 99 ≥90% 

SSEA4 Pluripotency 0.03 0 ≤2% 
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Annex 1.: Chapter 2 Supplementary 
Data 

 

 

Supplementary Figure 1.: TempO-Seq raw read counts per sample for each hiPSC-derived model  
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Supplementary Figure 2. PCA of all samples per model after filtering. (A) BS (B) NC) (C) BBB (D) EC (E) PTL 
(F) PODO (G) HLC.  
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Supplementary Figure 3.: List of the DEGs shared by at least 4 models or by modelled organ (brain and 
kidney). Log2 fold changes (LFC) of genes presented in Table 3. 
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Annex 2.: Chapter 3 Supplementary 
Data 

 

Suppl. Figure 1. Compartmental model developed to simulate the distribution of AMI in the BS in vitro 
system after repeated exposure. (A) Conceptual representation of the compartments and mass transfer 
in the model. (B) Differential equations used to simulate the mass transfer of amiodarone between 
medium, plastic and cells and respective parameters and constants: Aplastic = amount in plastic (nmoles), 
Amedium = amount in medium (nmoles), kdeg=rate constant of irreversible loss process (nmoles-1 × h-
1), kaplastic = rate constant of sorption to plastic (nmoles-1×h-1) and kdplastic = rate constant of 
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desorption from plastic (nmoles-1 × h-1). (C) Fit parameters used in biokinetic in silico model for AMI 
exposure in BS cultures and respective no -cells controls. These parameters were fit by minimization of 
RMSE using FGS algorithm  implemented through optim function in  R.   

 

Suppl. Figure 2. Plots of residuals from kinetic model predictions of AMI amount in the different 
compartments. Residuals from predictions of AMI in (A) Medium, (B) Plastic and (C) Cells. (D) Residuals 
of the three compartments throughout time D).  
 
 
 
 

 

Suppl. Figure 3. AMI distribution kinetic in absence of cells. (A) Relative distribution of AMI in the 
different compartments without cells: medium (black bars) and plastic binding (grey bars) after acute (1 - 
48 h) and repeated treatment (168 h = 7d and 336 h = 7dW). Results are reported as mean ± SD of three 
replicates.  
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Suppl. Figure 4. AMI distribution kinetic: in vitro experimental values and in silico prediction simulation. 
Kinetic profile of AMI experimentally measured in cell lysates (red circles), in medium (orange circles) and 
in plastic bound fraction (blue circles) of BS exposed to (A) 1 µM and (B) 3 µM. Each value is the mean 
(±SD) of 3 replicates. Predicted curves are superimposed on experimentally measured values, cells (red 
line), medium (orange line), plastic binding (blue line). Dotted line represents the quantification of AMI in 
the medium at time = 0. 
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Suppl. Figure 5. AMI distribution kinetic. Kinetic profile of AMI experimentally measured in cell lysates 
(red), in medium (Orange) and in plastic binding samples (blue) of BS exposed to AMI (A) 1 µM and (B) 2 
µM and (C) 3 µM. Each value is the mean (±SD) of 3 replicates.  
Suppl. Table 1: Sequences of qPCR primers used with SYBR green® and cDNA input 

Gene name Sequence (5'-3') cDNA (ng/well) 

Nestin 
F’ GGGAGTTCTCAGCCTCCAG 
R’ GGAGAAACAGGGCCTACAGA 

1 

RLP13A 
F’ CATAGGAAGCTGGGAGCAAG  
R’ GCCCTCCAATCAGTCTTCTG  

1 

Sox2 
F’ CCATGCAGGTTGACACCGTTG 
R’ TCGGCAGACTGATTCAAATAATACAG 

1 

Ki67 
F’ GCCTGCTCGACCCTACAGA 
R’ GCTTGTCAACTGCGGTTGC 

1 

TH 
F’ GGTGGATTTTGGCTTCAAAC 
R’ CTGTGGCCTTTGAGGAGAAG 

1 

SYP 
F’ TGACGAGGAGTAGTCCCCAA 
R’ CGAGGTCGAGTTCGAGTACC 

1 

MAP2 
F’ GGGTCTACTGCCATCACTCC 
R’ GATGGCGACCTTCTTCTCAC 

1 

GRIN1 
F’ GGTATACAGTGGCAGCATCG 
R’ CAGGGACCAAGAACGTGAC 

1 

ACHE 
F’ TACGAGCCCTCATCCTTCAC 
R’ CCTTCGTGCCTGTGGTAGAT 

1 

Vimentin 
F’ ATTCCACTTTGCGTTCAAGG 
R’ CTTCAGAGAGAGGAAGCCGA 

1 

S100ß 
F’ ATGTCTGAGCTGGAGAAGGC 
R’ TTCAAAGAACTCGTGGCAGG 

1 

MBP 
F’ ACCTCGTTTCCAAACCACAG 
R’ GGAAGTGAATGAGCCGGTTA 

10 

B3T 
F’ AGTCGCCCACGTAGTTGC 
R’ CGCCCAGTATGAGGGAGAT 

1 

GABBR1 
F’ CTCCTGGAAGCCTCCTGTCT 
R’ CATGCTGAATCCTGCCAATA 

1 

PSMB8 
F’ CACGCTCGCCTTCAAGTTC 
R’ AGGCACTAATGTAGGACCCAG 

1 

Olig2 
F’ TGGCTTCAAGTCATCCTCGTC 
R’ ATGGCGATGTTGAGGTCGTG 

1 

 

 

Suppl. Table 2: References for TaqMan® assays and cDNA input 

Gene name Assay ID (Thermofisher) cDNA (ng/well) 

SLC27A4 Hs00192700_m1 1 

PPARGC1 Hs00173304_m1 1 

FASN Hs001005622_m1 1 

GDPD3 Hs00225626_m1 5 

LPL Hs00174325_m1 5 

PLIN1 Hs00160173_m1 5 

PLIN2 Hs00605340_m1 10 

PLIN3 Hs00998416_m1 1 

PLIN4 Hs00287411_m1 10 
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PLIN5 Hs00965990_m1 5 

RLP13A Hs01926559_g1 1 

GFAP Hs00909233_m1 20 

Suppl. Table 3: List of primary and secondary antibodies used for Immunohistochemistry 

Type Name Species Reference 

Primary 

NF200 Rabbit Sigma Cat# N4142 

SYP Mouse Sigma Cat# SAB4200544 

S100ß a Rabbit Agilent Cat# Z0311 

S100ß b Rabbit Abcam Cat# ab52642 

GFAP Rabbit Sigma Cat# G9269 

B3T Mouse Sigma Cat# T8660 

O4 Mouse Sigma Cat# MAB1326 

Secondary 
Alexa ® 594 against Rabbit Goat  ThermoFisher Cat#A11037 

Alexa ® 488 against Mouse Donkey  ThermoFisher Cat#A21202 
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Annex 3.: AOP17 KER: Oxidative Stress 
leads to Cell injury/death 

 

Upstream event: Oxidative Stress 

Downstream event: Cell injury/death 

7.3.1. Key Event Relationship Description 

Oxidative stress (OS) as a concept in redox biology and medicine has been formulated 

in 1985 (Sies, 2015). OS is intimately linked to cellular energy balance and comes from the 

imbalance between the generation and detoxification of reactive oxygen and nitrogen species 

(ROS/RNS) or from a decay of the antioxidant protective ability. OS is characterized by the 

reduced capacity of endogenous systems to fight against the oxidative attack directed towards 

target biomolecules (Pisoschi and Pop, 2015; Wang and Michaelis, 2010). Glutathione, the most 

important redox buffer in cells (antioxidant), cycles between reduced glutathione (GSH) and 

oxidized glutathione disulfide (GSSG), and serves as a vital sink for control of ROS levels in cells 

(Reynolds et al., 2007). Several case-control studies have reported the link between lower 

concentrations of GSH, higher levels of GSSG and the development of diseases (Rossignol and 

Frye, 2014). OS can cause cellular damage and subsequent cell death because the ROS oxidize 

vital cellular components such as lipids, proteins, and nucleic acids (Gilgun-Sherki et al., 2001; 

Wang and Michaelis, 2010).  

The central nervous system is especially vulnerable to free radical damage since it has a 

high oxygen consumption rate, an abundant lipid content and reduced levels of antioxidant 

enzymes (Coyle and Puttfarcken, 1993; Markesbery, 1997). It has been show that the developing 

brain is particularly vulnerable to neurotoxicants and OS due to differentiation processes, 

changes in morphology, lack of physiological barriers and less intrinsic capacity to cope with 

cellular stress (Grandjean and Landrigan, 2014; J. Sandström et al., 2017). OS has been linked to 

brain aging, neurodegenerative diseases, and other related adverse conditions. There is 

evidence that free radicals play a role in cerebral ischemia-reperfusion, head injury, Parkinson’s 

disease, amyotrophic lateral sclerosis, Down’s syndrome, and Alzheimer’s disease due to cellular 

damage (Gilgun-Sherki et al., 2001; Markesbery, 1997; Wang and Michaelis, 2010). OS has also 

been linked to neurodevelopmental diseases and deficits like autism spectrum disorder and 

postnatal motor coordination deficits (Bhandari and Kuhad, 2015; Rossignol and Frye, 2014; 

Wells et al., 2009). 

https://aopwiki.org/events/1392
https://aopwiki.org/events/55
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7.3.4. Evidence Supporting this KER 

7.3.4.1. Biological Plausibility 

A noteworthy insight, early on, was the perception that oxidation-reduction (redox) 

reactions in living cells are utilized in fundamental processes of redox regulation, collectively 

termed ‘redox signalling’ and ‘redox control’ (Sies, 2015).  

Free radical-induced damage in OS has been confirmed as a contributor to the 

pathogenesis and patho-physiology of many chronic diseases, such as Alzheimer, 

atherosclerosis, Parkinson, but also in traumatic brain injury, sepsis, stroke, myocardial 

infraction, inflammatory diseases, cataracts and cancer (Bar-Or et al., 2015; Pisoschi and Pop, 

2015). It has been assessed that oxidative stress is correlated with over 100 diseases, either as 

source or outcome (Pisoschi and Pop, 2015). 

Therefore, the fact that ROS over-production can kill neurons is well accepted (Brown 

and Bal-Price, 2003; Taetzsch and Block, 2013). This ROS over-production can occur in the 

neurons themselves or can also have a glial origin (Yuste et al., 2015). 

 

 

7.3.4.2. Empirical support for linkage 

Mercury 

Oxidative stress has been implicated in the pathogenesis of methylmercury (MeHg) 

neurotoxicity. Studies of mature neurons suggest that the mitochondrion may be a major source 

of MeHg-induced reactive oxygen species and a critical mediator of MeHg-induced neuronal 

death, likely by activation of apoptotic pathways. (Polunas et al., 2011) 

 

(Lu et al., 2011) - MeHg in the mouse cerebrum (in vivo) and in cultured Neuro-2a cells (in vitro).  

• In vivo - 50µg/kg/day MeHg for 7 consecutive weeks - increased levels of lipid 

peroxidation in the plasma and cerebral cortex. Decreased GSH level and increase the 

expressions of caspase-3, -7, and -9, accompanied by Bcl-2 down-regulation and up-

regulation of Bax, Bak, and p53.  

• In vitro – 3 and 5 µM MeHg - reduced cell viability, increased oxidative stress damage, 

and induced several features of mitochondria-dependent apoptotic signals, including 

increased sub-G1 hypodiploids, mitochondrial dysfunctions, and the activation of PARP, 

and caspase cascades.  
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• These MeHg-induced apoptotic-related signals could be remarkably reversed by 

antioxidant NAC.  

 

(Sarafian et al., 1994) - Hypothalamic mouse neural cell line GT1-7 without and with expression 

construct for the anti-apoptotic proto-oncogene, bcl-2. 

• 3h exposure, 10 µM MeHg - increased formation of reactive ROS, and decreased levels 

of GSH, associated with 20% cell death. Cells transfected with an expression construct 

bcl-2, displayed attenuated ROS induction and negligible cell death.  

• 24h exposure, 5 µM MeHg - killed 56% of control cells, but only 19% of bcl-2-transfected 

cells.  

• By using diethyl maleate to deplete cells of GSH, we demonstrate that the differential 

sensitivity to MeHg was not due solely to intrinsically different GSH levels. The data 

suggest that MeHg-mediated cell killing correlates more closely with ROS generation 

than with GSH levels and that bcl-2 protects MeHg-treated cells by suppressing ROS 

generation. 

 

(Castoldi et al., 2000) - In vitro exposure of primary cultures of rat CGCs to MeHg resulted in a 

time- and concentration-dependent cell death.  

• 1 hr exposure, 5–10 µM MeHg - impairment of mitochondrial activity, de-energization 

of mitochondria and plasma membrane lysis, resulting in necrotic cell death.  

• 1hr exposure, 0.5–1 µM MeHg - did not compromise cell viability, mitochondrial 

membrane potential and function at early time points.  

• 1hr exposure, 1 µM MeHg - only a small population of neurons (+-20%) dies by necrosis. 

The surviving neurons show network damage, but maintain membrane integrity, 

mitochondrial membrane potential and function at early time points. Later, however, 

the cells progressively display the morphological signs of apoptosis. 

• 18hr exposure, 0.5–1 µM MeHg – cells progressively underwent apoptosis reaching the 

100% cell death  

• insulin-like growth factor-I partially rescued CGCs from MeHg-triggered apoptosis.  

 

(Kaur et al., 2006) - primary cell cultures of cerebellar neurons and astrocytes from 7-day-old 

NMRI mice. 5 mM MeHg for 30 min. 
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• Twenty-one days post-astrocyte isolation - 250mM N-acetyl cysteine (NAC) or 3mM di-

ethyl maleate (DEM) added to the wells 12 h prior to MeHg exposure 

• 7 days post-neurons isolation - 200mM of NAC or 1.8mM of DEM added to the wells 12 

h prior to MeHg exposure 

• The intracellular GSH content was modified by pretreatment with NAC or DEM for 12 h.  

• Treatment with 5 mM Me Hg for 30 min led to significant (p < 0.05) increase in ROS and 

reduction (p < 0.001) in GSH content.  

• Depletion of intracellular GSH by DEM further increased the generation of MeHg-

induced ROS in both cell cultures.  

• NAC supplementation increased intracellular GSH and provided protection against 

MeHg-induced oxidative stress in both cell cultures. 

 

(Franco et al., 2007) – Mitochondrial enriched fractions from adult (2 months old) Swiss Albino 

male mice. 

• MeHg and HgCl2 (10–100 µM) significantly decreased mitochondrial viability; this 

phenomenon was positively correlated to mercurial-induced glutathione oxidation.  

• Both mercurials induced a significant reduction of GSH in a dose-dependent manner. 

• Correlation analyses showed significant positive correlations between mitochondrial 

viability and glutathione content for MeHg (Pearson coefficient) 0.933; P < 0.01) and or 

HgCl2 (Pearson coefficient) 0.854; P < 0.01). 

• Quercetin (100–300 µM) prevented mercurial-induced disruption of mitochondrial 

viability. Moreover, quercetin, which did not display any chelating effect on MeHg or 

HgCl2, prevented mercurial-induced glutathione oxidation. 

 

(Polunas et al., 2011) - Murine embryonal carcinoma (EC) cells, which differentiate into neurons 

following exposure to retinoic acid.  

• 4h exposure, 1.5 mM MeHg - earlier and significantly higher levels of ROS production 

and more extensive mitochondrial depolarization in neurons than in undifferentiated EC 

cells. cyclosporin A (CsA) completely inhibited mitochondrial depolarization by MeHg in 

EC cells but only delayed this response in the neurons. In contrast, CsA significantly 

inhibited MeHg-induced neuronal ROS production. Cyt c release was also more 

extensive in neurons, with less protection afforded by CsA. 
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(Sandström et al., 2016) - in vitro 3D human neural tissues from neural progenitor cells derived 

from human embryonic stem cells. Single MeHg exposure at day 42 of 3D culturing (week 6) and 

material was collected 72 h after. 

• 1-10 μM - LDH activity increased, confirming induced cell death. 

• 5 and 10 μM - increased HMOX1 gene expression as indirect marker of oxidative stress. 

Acrylamide  

(Allam et al., 2011) - sixty albino Rattus norvegicus, 45 virgin females and 15 mature males. This 

study examined its effects on the development of exteRNAl features in cubs. 

• prenatal intoxicated group - newborns from mothers treated with ACR from day 7 (GD 

7) of gestation till birth  

• perinatal intoxicated group - newborns from mothers treated with ACR from GD7 of 

gestation till D28 after birth  

• ACR administered either prenatally or perinatally has been shown to induce significant 

retardation in the new- borns’ body weights development, increase of thiobarbituric 

acid-reactive substances (TBARS) and oxidative stress (significant reductions in 

glutathione reduced, total thiols, superoxide dismutase and peroxidase activities) in the 

developing cerebellum. ACR treatment delayed the proliferation in the granular layer 

and delayed both cell migration and differentiation. Purkinje cell loss was also seen in 

acrylamide-treated animals. Ultrastructural studies of Purkinje cells in the perinatal 

group showed microvacuolations and cell loss.  

 

(Lakshmi et al., 2012) - Wistar male albino rats, four groups (n = 6 per group) 

• II – (Acrylamide) ACR - 30 mg/kg ACR for 30 days: increase in the lipid peroxidative (LPO), 

protein carbonyl, hydroxyl radical and hydroperoxide levels with subsequent decrease 

in the activities of enzymic antioxidants and level of GSH. Cortex showed condensed 

nuclei along with damaged cells. Decrease in the expression of Bcl2 along with 

simultaneous increase in the expressions of Bax and Bad as compared to control.  

• II rats – ACR + Fish oil - 0.5 ml/kg b.w.fish oil orally 10 min before ACR induction with 30 

mg/kg for 30 days – reversed significantly all the OS markers.  

4.3.4.3.Uncertainties and Inconsistencies 

Mercury-induced upregulation of GSH level and GR activity as an adaptive mechanism 

following lactational exposure to methylmercury (10 mg/L in drinking water) associated with 

motor deficit, suggesting neuronal impairment (Franco et al., 2006). 
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7.3.5. Quantitative Understanding of the Linkage 
Table 8.1: Quantitative understanding 

Reference 
Chemical 

Concentration 
OS Cell injury/death 

(Sarafian 
et al., 
1994) 

MeHg 0 µM 
ROS – ±100% DCF Fluorescence 
GSH – ±150% MCB Fluorescence 

±90% Viability 

MeHg 5 µM 
ROS – ±150% DCF Fluorescence 
GSH – ±100% MCB Fluorescence 

±80% Viability 

MeHg 10 µM 
ROS – ±200% DCF Fluorescence 
GSH – ±70% MCB Fluorescence 

±70% Viability 

(Lu et al., 
2011)  

MeHg 0µM 
(2h) ROS – ±100% DCF Fluorescence 
(24h) 100% intracellular GSH levels 

100% Cell viability  

MeHg 3µM 
(2h) ROS – ±160 DCF Fluorescence 
(24h) ±60% intracellular GSH levels 

±50% Cell viability 

MeHg 5µM 
(2h) ROS – ±230 DCF Fluorescence 
(24h) ±30% intracellular GSH levels 

±10% Cell viability  

MeHg 3µM + NAC 
1mM 

(2h) ROS – ±70 DCF Fluorescence 
(24h) ±90% intracellular GSH levels 

±90% Cell viability 

MeHg 5µM + NAC 
1mM 

(2h) ROS% – ±70 DCF Fluorescence 
(24h) ±90% intracellular GSH levels 

±90% Cell viability 

(Kaur et 
al., 2006) 

0 mM MeHg 

Neurons - GSH – 100v MCB Fluorescence 
ROS – 100% CMH2DCFDA Fluorescence 

Astrocytes - GSH – 100v MCB Fluorescence 
ROS – 100% CMH2DCFDA Fluorescence 

(Neurons)  
100% Cell viability  
(Astrocytes) 
100% Cell viability 

5 mM MeHg 

Neurons - GSH – ± 50v MCB Fluorescence 
ROS – ± 400% CMH2DCFDA Fluorescence 

Astrocytes - GSH – ± 70%  MCB Fluorescence 
     ROS – ± 120% CMH2DCFDA Fluorescence 

(Neurons)  
±60% Cell viability  
(Astrocytes) 
±75% Cell viability 

5 mM MeHg + NAC 

Neurons - GSH – ± 80% MCB Fluorescence 
ROS – ± 200% CMH2DCFDA Fluorescence 

Astrocytes - GSH – ± 80% MCB Fluorescence 
                     ROS – ± 90% CMH2DCFDA Fluorescence 

(Neurons)  
±90% Cell viability  
(Astrocytes) 
±90% Cell viability 

5 mM MeHg + DEM 

Neurons - GSH – ± 50% MCB Fluorescence 
                ROS – ± 470% CMH2DCFDA Fluorescence 

Astrocytes - GSH – ± 70% MCB Fluorescence 
                     ROS – ± 120% CMH2DCFDA 

Fluorescence 

(Neurons)  
±55% Cell viability  
(Astrocytes) 
±65% Cell viability 

NAC 

Neurons - GSH – ± 110% MCB Fluorescence 
                ROS – ± 100% CMH2DCFDA Fluorescence 

Astrocytes - GSH – ± 100% MCB Fluorescence 
                     ROS – ± 60% CMH2DCFDA Fluorescence 

(Neurons)  
±110% Cell viability  
(Astrocytes) 
±110% Cell viability  

DEM 

Neurons - GSH – ± 60% MCB Fluorescence 
                ROS – ± 250% CMH2DCFDA Fluorescence 

Astrocytes - GSH – ± 80% MCB Fluorescence 
                     ROS – ± 110% CMH2DCFDA 

Fluorescence 

(Neurons)  
±80% Cell viability  
(Astrocytes) 
±85% Cell viability 

(Franco et 
al., 2007) 

0 µM MeHg 100% GSH 
100% mitochondrial 
viability 

30 µM MeHg ± 70% GSH 
± 70% mitochondrial 
viability 

0 µM HgCl2 100% GSH 
100% mitochondrial 
viability 

30 µM HgCl2 ± 65% GSH 
± 65% mitochondrial 
viability 

(Lakshmi 
et al., 
2012) 

Control GSH – 0.5 µmoles/mg of protein ± 6 Damaged cells/Field 

Acrylamid GSH – 0.2 µmoles/mg of protein ± 20 Damaged cells/Field 

Acrylamid + Fish Oil GSH – 0.4 µmoles/mg of protein ± 11 Damaged cells/Field 

Fish Oil GSH – 0.5 µmoles/mg of protein ± 5 Damaged cells/Field 
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7.3.6. Domain of Applicability 

Rat, Mouse: (Castoldi et al., 2000; Franco et al., 2007; Kaur et al., 2006; Lu et al., 2011; Polunas 

et al., 2011; Sarafian et al., 1994) 

(Richetti et al., 2011) - Adult and healthy zebrafish of both sexes (12 animals and housed in 3 L) 

mercury chloride final concentration of 20 mg/L. Mercury chloride promoted a significant 

decrease in acetylcholinesterase activity and the antioxidant competence was also decreased.  

 

(Berntssen et al., 2003) - Atlantic salmon (Salmo salar L.) were supplemented with mercuric 

chloride (0, 10, or 100 mg Hg per kg) or methylmercury chloride (0, 5, or 10 mg Hg per kg) for 4 

months. 

 

Methylmercury chloride  

• accumulated significantly in the brain of fish fed 5 or 10 mg/kg 

• No mortality or growth reduction  

• 5mg/kg - 2-fold increase in the antioxidant enzyme super oxide dismutase (SOD) in the 

brain 

• 10 mg/kg - 7-fold increase of lipid peroxidative products (thiobarbituric acid reactive 

substances, TBARS) and a subsequently 1.5-fold decrease in anti oxidant enzyme activity 

(SOD and glutathione peroxidase, GSH-Px). Fish also had pathological damage 

(vacoulation and necrosis), significantly reduced neural enzyme activity (5-fold reduced 

monoamine oxidase, MAO, activity), and reduced overall post-feeding activity 

behaviour. 

 

Mercuric chloride 

• accumulated significantly in the brain only at 100 mg/kg  

• No mortality or growth reduction  

• 100 mg/kg - significant reduced neural MAO activity and pathological changes (astrocyte 

proliferation) in the brain, however, neural SOD and GSH-Px enzyme activity, lipid 

peroxidative products (TBARS), and post feeding behaviour did not differ from controls.  
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