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Nederlandse samenvatting 

In dit hoofdstuk worden de belangrijkste bevindingen van dit proefschrift samengevat. 
 
Overzicht 
In onze hersenen bevinden zich naast de zenuwcellen ook andere soorten cellen, de 
gliacellen. Deze gliacellen zijn erg belangrijk voor het goed functioneren van onze 
hersenen en er zijn drie typen gliacellen. Oligodendrocyten, die een beschermlaag 
vormen rondom de uitlopers van zenuwcellen en zorgen voor een snelle geleiding van 
signalen door zenuwcellen. Astrocyten, die het hersenweefsel steun geven, 
zenuwcellen van energie voorzien, en zorgen dat de communicatie tussen 
zenuwcellen goed verloopt. Als derde de microglia, de immuuncellen van het centrale 
zenuwstelsel (CZS), die een cruciale rol vervullen bij het schoonhouden van de 
hersenen door het opruimen van dode cellen, restanten van cellen of door het 
verwijderen van ziekteverwekkers. Microglia zijn ook belangrijk voor het onderhoud 
van de verbindingen tussen zenuwcellen, synapsen, en dragen zo bij aan de vorming 
en instandhouding van neuronale netwerken. 

Om de verschillende functies en langdurige veranderingen in microglia tijdens 
veroudering of ziekteprocessen beter te begrijpen, is het belangrijk om de moleculaire 
processen in deze cellen nauwkeurig in kaart te brengen. Eiwitten bepalen de 
eigenschappen van een cel en de informatie voor de vorming van eiwitten ligt in genen 
in het DNA, ons erfelijk materiaal. Genen die nodig zijn voor een cel worden 
afgeschreven naar RNA en deze RNA-moleculen worden vertaald in eiwitten. De 
verzameling van al het DNA en genen van een individu wordt het genoom genoemd, 
en onderzoek naar het genoom en onze erfelijke eigenschappen heet genetica. Of en 
in welke mate een gen wordt gebruikt door een cel wordt gereguleerd door eiwitten 
die met het DNA een complex vormen, chromatine genaamd, samen met eiwitten die 
het afschrijven van genen stimuleren of remmen, transcriptie factoren. Het 
onderzoeksgebied dat bestudeert hoe de chromatine structuur in cellen, in combinatie 
met transcriptie factoren, bepaald welke genen gebruikt worden, en zo de functie van 
cellen reguleert heet ‘epigenetica’. In dit proefschrift is een combinatie van technieken 
gebruikt die bepalen welke genen door microglia gebruikt worden en die het 
epigenoom van deze cellen in kaart brengen. 

Onder normale omstandigheden controleren microglia onze hersenen 
voortdurend op mogelijke verstoringen. Ze zijn erg gevoelig en hebben op hun 
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oppervlakte vele sensoren of receptoren die stoffen kunnen herkennen en aangeven 
of er veranderingen in hun directe omgeving op zijn getreden. Microglia kunnen een 
reeks gedaanten en functies aannemen die worden bepaald door stimuli uit de 
hersenomgeving. Microglia kunnen minder gevoelig worden voor signalen uit hun 
omgeving, een staat die (endotoxine) tolerantie heet. Daarnaast kunnen microglia ook 
overgevoelig worden voor stimuli uit hun omgeving, een staat die priming of 
sensibilisatie heet. In dit proefschrift is de (epi)genetische regulatie van endotoxine 
tolerantie en ouderdom-geassocieerde priming in microglia bestudeerd. We hebben 
de gen netwerken geïdentificeerd die horen bij endotoxine tolerantie en sensibilisatie 
en de reactie van microglia op een reeks stoffen afkomstig van ziekteverwekkende 
bacteriën en schimmels geëvalueerd. Daarnaast is ook het effect van verhoogde DNA-
schade in microglia op hun eigenschappen en genexpressie bepaald. 

In hoofdstuk 1 is de huidige stand van zaken over de rol van microglia tijdens de 
ontwikkeling van de hersenen, in gezonde hersenen en tijdens ziekte beschreven. 
Daarnaast wordt een inleiding in de epigenetica gegeven en zijn relevante 
epigenetische studies in microglia besproken. 

In hoofdstuk 2 is de moleculaire basis van endotoxine tolerantie in microglia 
onderzocht. In microglia werd endotoxine tolerantie opgewekt met 
lipopolysacchariden (LPS), een component van de celwand van Gram-negatieve 
bacteriën. LPS activeert de NF-κB-signaleringsroute en induceerde de expressie van 
pro-inflammatoire genen in microglia. Dit werd vergezeld door de verrijking van 
histon-modificaties geassocieerd met verhoogde genexpressie, ook wel aangeduid als 
"actieve" modificaties. Nadat de ontsteking was verdwenen (na LPS-behandeling), 
was het epigenoom van de onderzochte genen veranderd in een meer "inactieve" 
toestand en verrijkt voor histon-modificaties die verband houden met verminderde 
genexpressie. De transcriptiefactor RelB is betrokken bij endotoxinetolerantie-
inductie in microglia. 

In tegenstelling tot endotoxine tolerantie, gekenmerkt door een verminderde 
respons van immuuncellen, zijn immuuncellen ook in staat om een verhoogde reactie 
te ontwikkelen wanneer pathogenen opnieuw worden waargenomen, een conditie die 
"getrainde immuniteit" wordt genoemd (Netea et al., 2016). In hoofdstuk 3 werden 
de effecten van β-glucan, een bestanddeel van de schimmel C. albicans en gist S. 
cerevisiae die getrainde immuniteit induceren in immuuncellen, bestudeerd op 
microglia. Net als LPS, leidde β-glucan tot endotoxine tolerantie in microglia in vitro 
door de NF-κB-signaalroute te activeren. Systemische blootstelling van muizen aan β-
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glucan veroorzaakte (tijdelijk) sensibilisatie van microglia voor een tweede stimulus 
(LPS), gekenmerkt door een verhoogde expressie van pro-inflammatoire genen, die 
gepaard ging met een veranderde microglia-morfologie. 

In hoofdstuk 4 werden de genoom-brede (epi)genetische veranderingen die ten 
grondslag liggen aan microglia endotoxine tolerantie en sensibilisatie onderzocht. 
Transcriptie- en epigenetische profielen van naïeve en LPS voorbehandelde microglia, 
zowel voor als na een tweede LPS-stimulatie werden geanalyseerd. Vergeleken met 
LPS-activering van naïeve microglia werden groepen van genen geïdentificeerd die 
een andere reactie vertoonden op een tweede LPS-stimulus: tolerant (minder 
geïnduceerd door een 2e LPS stimulus) en responsief (normaal geïnduceerd door een 
2e LPS stimulatie). 

De (epi) genetische kenmerken van overgevoelige of geprimede microglia en hun 
sterk verhoogde reactie op LPS werden bepaald in versneld verouderende, Ercc1-
mutante muizen. LPS hyper responsieve genen waren ook verrijkt voor histon-
modificaties die geassocieerd zijn met verhoogde genexpressie. Omdat deze genen 
verrijkt waren voor bindingsplaatsen voor Pu.1 lijkt deze transcriptie factor een rol te 
spelen in de sensibilisatie van microglia. 

In hoofdstuk 5 werd in microglia het DNA-schade herstel gen Ercc1 specifiek 
verwijderd met behulp van Cx3cr1wt/creER transgene muizen. Microglia in 
Cx3cr1wt/creER:Ercc1ko/flox-muizen vertoonden na behandeling met tamoxifen 
vergelijkbare fenotypische veranderingen als microglia in generieke Ercc1∆/ko-muizen, 
wat betreft veranderingen in morfologie, verhoogde cel vermeerdering, fagocytische 
activiteit en verhoogde expressie van chemokinen. In tegenstelling tot microglia van 
generieke Ercc1∆/ko-muizen, was de expressie van met veroudering geassocieerde 
genen niet significant verhoogd in Cx3cr1wt/creER:Ercc1ko/flox microglia en werd er geen 
versterkte respons op LPS-stimulatie waargenomen. Deze gegevens suggereerden 
sterk dat de microglia-sensibilisatie die wordt waargenomen in generieke Ercc1∆/ko-
muizen hoofdzakelijk wordt geïnduceerd door hun omgeving en niet door accumulatie 
van DNA-laesies in microglia zelf. Microglia zonder Ercc1 gen brachten genen tot 
expressie die gerelateerd waren aan veroudering in plaats van met sensibilisatie 
geassocieerde genen. Ercc1-deficiënte microglia werden geleidelijk vervangen door 
andere microglia, wat waarschijnlijk het gevolg was van door overmatige DNA-schade 
veroorzaakte apoptose. 
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Conclusie 
De resultaten gepresenteerd in dit proefschrift tonen aan dat in muizen, systemische 
inflammatie een permanente verandering in microglia kan veroorzaken die wordt 
veroorzaakt door stabiele epigenetische veranderingen. Welke gevolgen dit heeft voor 
het centrale zenuwstelsel en eventuele aandoeningen van de hersenen is nog 
nauwelijks begrepen. Versnelde veroudering en celdood van microglia door specifieke 
deletie van Ercc1 recapituleert slechts gedeeltelijk het fenotype van microglia in 
verouderde muizen. Het sterke effect van het verouderende centrale zenuwstelsel, dat 
microglia-priming veroorzaakt, lijkt de belangrijkste determinant van de door leeftijd 
geïnduceerde veranderingen in microglia-functie. Hoe deze gegevens zich laten 
vertalen naar het verouderende menselijke brein is nog onduidelijk. 

Gezien de betrokkenheid van microglia bij een groot scala van 
hersenaandoeningen bij de mens, is een beter begrip en inzicht in de epigenetische en 
moleculaire processen die microglia identiteit en functie reguleren, zowel onder 
gezonde als pathologische omstandigheden, essentieel. 
 

 



Chapter 7 

224 
 

Acknowledgements 

It has been a great honor to write this part of my chapter and, while writing, it felt like 
producing a documentary of my Ph.D. journey, which helped me to memorize all the 
wonderful moments with extremely kind people, it kept reminding me how much support 
I received from others, and it taught me that all the setbacks only make one stronger. 

As microglia are shaped by their resident microenvironment, this nearly five years 
journey imprinted my character enormously. I have been extremely lucky to study 
neuroscience at the section Medical Physiology and I have enjoyed my life a lot in this 
lovely city. During this period, I have enhanced my scientific knowledge and 
experimental skills significantly, while enjoying the exciting world of science and the 
various wonderful cultures. Here, I would love to give my sincere gratitude to my dear 
colleagues, friends, and families. To undergo a Ph.D. trajectory is tough and stressful, 
and without your continuous support, it definitely would not have been possible to 
finish this doctoral dissertation.  

First and foremost, I would like to express my great appreciation to my supervisor 
Prof. Dr. Bart Eggen and co-supervisor Prof. Dr. Erik Boddeke. Dear Bart, I am very 
grateful that you have offered me this wonderful opportunity to study, work, and live 
in Holland. Five years ago, I was so excited thinking that I would continue studying 
stem cells epigenetics by tracking your publications in PubMed. However, during our 
first skype meeting, you introduced me to so-called “microglia”, an English term that 
went way beyond my comprehension of the “eight thousand English word vocabulary 
one has to master according to the International English Language Testing System 
(IELTS)”, a term which is now seen, written, and thought of dozens of times daily. 
Without any doubt, you are a wonderful supervisor and group leader, not just as told 
by Ody in the recommendation letter. I have learned from you tremendously in the 
last years when it comes to knowledge, skills, and values. You have explained me every 
word that boggled me during the regular meetings, taught me how to make 
presentations, how to design the experiments, and how to solve all the problems. You 
have spent a lot of time on correcting this thesis, which is much appreciated. You have 
educated me scientifically and kept telling me to be precise, brief, and clear. Without 
a doubt, you are a really kind person who has always motivated me and never pushed 
me doing research. You took us to the conferences and invited us to your place for 
barbeques and dinners. You have given a lot of useful suggestions both privately and 
professionally. You have contacted and sent us to the emergency when my wife 



Acknowledgements 

225 
 

7 

accidentally cut her hand during her pregnancy. All above means a lot to me and my 
family. I wish you great success in the microglia research field. 

Dear Erik, thank you for enrolling me in this welcoming group and for supporting 
all the projects. You were the first person I have met at our department. You always 
had critical questions and good suggestions during the work meetings, section 
meetings, and the presentations in your office. Thank you for all the efforts reading all 
these chapters critically. The recommendation letter you wrote for my postdoc 
application is highly appreciated. As a professor and Vice Dean of Research, you are 
working really hard, but in the meantime, you also enjoy life and music. I am 
impressed by your sheep, chickens, and tons of golf balls in your garden and I have 
really enjoyed the barbeque at your house. You have been traveling to China many 
times and I am glad that you like our culture. It is a pity that the plan of starting a 
Yantai campus abolished, the efforts you have spent are much appreciated, otherwise, 
this program would be a win-win deal. I wish you a great success in research and 
administration. 

My great gratitude to Dr. Susanne Kooistra. Dear Suus, I feel so lucky to 
collaborate with you on these projects. I respect your expert experiment skills, your 
critical mind, and kind personality. In Chinese, I would respect you as “Shi Jie”. We 
have worked together a lot in the animal facility, flow cytometry unit, and ERIBA. You 
have established the ChIP-seq, ATAC-seq, and single-cell-seq technologies in our lab. 
All the experiments worked in your magic hands. Without you, it would have been 
impossible to finish my major project, both experiments and the writing. I was 
astonished by how fast you wrote the results and discussion of our manuscript. We 
were roommates for nearly two years, which made it easy to discuss all the new 
publications and experimental plans and results with you at any timepoint. In 
addition, you always gave me advice and shared your experience in rearing kids. 
Thank you for borrowing the kinderwagen, which has been of great use to us. I am 
really happy to see that you have received the Veni and MS research grants and I wish 
you great success in exploring epigenetics in the microglia research field. 

I would like to acknowledge all the organizations that provided the grants to 
financially support this research. Most importantly, the China Scholarship Council 
(CSC) accepted my application allowing me to work and live in The Netherlands. I 
hope more graduate students will get a chance to receive financial support via this 
program, allowing them to pursue a doctoral degree abroad, building world-wide 
bridges for research collaborations, and that they strengthen the fundamental 



Chapter 7 

226 
 

research and education in our homeland. I would also like to thank the Jan Kornelis 
de Cock Stichting supporting my research financially. I would like to thank the 
University of Groningen (RuG) and the University Medical Center Groningen 
(UMCG) for providing a wonderful educational environment and supporting my 
housing and printing of the thesis. It is highly appreciated that the Research School 
of Behavioural and Cognitive Neurosciences (BCN) funded the courses (together 
with the Graduate School of Medical Sciences, GSMS), the conferences, and the 
printing. In addition, I would also like to thank the International Office (OWI), 
Immigration Service Desk (ISD), and the International Welcome Center North 
(IWCN) for all aspects of logistic matters and the Education Section of the Embassy 
for organizing the scholarship. 

I would like to acknowledge the members of the assessment committee: Prof. Dr. 
Marco Prinz, Prof. Dr. Ulrich Eisel, and Prof. Dr. Jan Jacob Schuringa for critical 
reading and approving this thesis. 

I would like to thank all the collaborators, Prof. Dr. Mihai Netea and Prof. Dr. Leo 
Joosten from the Radboud University in Nijmegen for collaborating on the β-glucan 
project; Prof. Dr. Amanda Sierra from the Basque center for Neuroscience in Leioa, 
Spain, for being involved in the conditional Ercc1 project; and Dr. Antonio Lerario 
from the University of Michigan, US, for helping us to analyze the sequencing data. 

I am particularly grateful for the advice, discussions, and collaborations from Prof. 
Dr. Jon Laman. Dear Jon, it is highly appreciated that you were able to squeeze time 
in your busy schedule to help me with my presentation skills, to inspire me doing 
research, to provide me with advice when selecting postdoc positions, and thank you 
for writing the recommendation letter. It has been great to work together on the β-
glucan project. I wish you all the best and great success in the field of immunology 
research. 

Studying and working at the section Medical Physiology has been great. I really 
would like to express my very sincere appreciation for my dear colleagues, Prof. Dr. 
Armagan Kocer, Dr. Inge Zijdewind, Dr. Hilmar van Weering, Evelyn Wesseling, 
Nieske Brouwer, Tjalling Nijboer, Michel Meijer, Dr. Rob Bakels, Dr. Hiske van 
Duinen, Dr. Wieb Patberg, Ietje Mantingh-Otter, Trix van der Sluis-Rozema, 
Henk Heidekamp, Klaas Martens, and Harry Moes. 

Dear Hilmar, thanks a lot for helping me with all kinds of experimental aspects, 
such as the Seahorse epxeriments, preparing the hippocampal slice cultures, 
performing the microglia morphometric analysis, the immunofluorescence stainings, 



Acknowledgements 

227 
 

7 

and of course your advice on graphical design. It is my great pleasure to have you as 
one of the paranymphs. You always make things perfect and you turn everything into 
art. I owe you so much. Besides, you are a such honest, nice, and funny guy who is 
enjoyable to talk to. I wish you an enjoyable and the great life with Suus and your two 
lovely girls. 

Dear Nieske, the majority of my experimental skills at Medical Physiology I learned 
from you, a list of skills too long to be listed here. You taught me all the tricks to avoid 
any experimental mistake. I learned from you how to count from een to negen, which 
is like a magic song that I could not help practicing whenever pipetting a PCR plate. 
Thanks for helping me with the RNA QuantSeq and facilitating the animal work. I am 
impressed by your honesty and enthusiasm. All the best wishes for you and your 
family. 

Dear Eef, the freezers, chemicals, and animal breeding are organized so well due 
to your tremendous efforts. You are an expert on genotyping and quantitative PCR, 
two skills which contributed a lot to the work in this thesis. I saw you being married 
and getting great kids. All my best wishes to you, your husband, Hugo, and Lieke. 

Dear Michel and Tjalling, you two always come up with solutions whenever there 
was some kind of problem, especially when I messed up the liquid nitrogen tank, broke 
the vacuum flask, or activated the CMI alarm. Thank you Michel for fixing my pipettes 
and the vacuum hand operator, thank you for the efforts on trying to fix my hard drive, 
and for re-establishing the connection between the internet and my computer during 
my critical period of writing. Thank you Tjalling for fixing the shaking incubator, the 
autoclave which got stuck, and the keyboard of my laptop. 

Dear Trix, Harry, Henk, and Klaas, the wonderful management team. You 
organized the great events for our section and department. Thank you Trix for all the 
ordering and Klaas for the extension of my contract. Thank you, Harry and Henk, for 
arranging all the financial documents and all other aspects concerning of access to the 
various buildings and accounts. 

It is great to share the Ph.D. life with the best Ph.D. buddies. I miss you guys a lot, 
Zhuoran Yin, Wandert Schaafsma, Clarissa Haas, Koen van Zomeren, Ilia 
Vainchtein, Rianne van der Pijl, Corien Grit, Inge Holtman, Alain Dekker, Ria 
Wolkorte, Divya Raj, Duco Schriemer, Arun Thiruvalluvan, Kumar 
Balasubramaniyan, Suping Peng, Zhilin Luan, Thaiany Quevido Melo, Thais 
Galatro, Marcin Czepiel, Mingsan Ma, Sai Krishna, and Sabrina Jacobs. We have 
spent a wonderful time and share great memories. Congratulations for your 



Chapter 7 

228 
 

promotions. It was tough to see you leave one by one during the past four and a half 
years. I wish you all have a fantastic scientific future and a great live.  

Dear Zhuoran, it was my honor to get to know you. Before my arrival to Holland, 
you helped to arrange the accommodation for me and Ping. You have introduced me 
to all aspects concerning the people, the city, Europe, and neuroscientific research. I 
respect you as a very good friend, a colleague, and a scientist. You had great 
achievements here. You kept surprising me when you started a relationship, broke up, 
got married, and was expecting a baby. Now you have a great family, with your Mr. 
Right and a cute son. I wish you great success in Harvard and hope to see you when 
both of us are back. 

Dear Wandert, It was great to work with you on the tolerance project and to take 
over this project after you left. While we were working on that big experiment, you 
trained me in performing behavioral tests and microglia isolations, introduced me to 
the animal facility and the flow cytometry center, and taught me about chromatin 
immunoprecipitation. With this project, I got the chance to participate in the Dutch 
neuroscience meeting and the European Glia meeting. I wish you and Laura a great 
future. 

Dear Ilia, you are really kind and helpful as a colleague, critical and talented as a 
scientist. You gave me lots of suggestions and I also learned various tricks from you 
helping me to properly schedule the experiments and to organize the research data. I 
like the funny stories and jokes we shared. Your thesis is always on my desk and there 
are also extra copies are in my bookshelf, I learned a lot from your book and I can tell 
you that even my son enjoys “reading” it. Success to you postdoc research at UCSF and 
enjoy the life with Suping. 

Dear Clarissa, Ilia, Corien, Rianne, Inge, Thais, and Zhuoran, we had fantastic 
days in Bilbao, in Odoorn, and other group events. I miss you guys a lot. Hi, Corien, 
you have such good projects and did really well in these four years. You have organized 
the stocks for glia isolation and the primers really well, which is much appreciated. I 
hope you will finish your thesis very soon. Good luck with your promotion.  

I am glad to see so the group is getting bigger with many new Ph.D. students joining 
the lab, Leroy Schreuder, Claudio Tiecher, Roeland Prak, Marissa Dubbelaar, 
Malte Borggrewe, Laura Kracht, Yang Heng, Javier Gustavo Villamil Ortiz, Qiong 
Jiang, Chairi Misrielal, Nynke Talma, Anneke Miedema, Astrid Alsema, Mengfei 
Cai, Emma Gerrits, and Takuya Oshima. It is a great pleasure to know you all and I 



Acknowledgements 

229 
 

7 

wish that all your projects with go well and I hope you all will enjoy this unique and 
valuable doctoral journey. 

Dear Marissa, thanks a lot for analyzing the sequencing data and generating these 
elegant graphs. We, together with Corien and Yang, had nice opportunity to prepare 
the party for the defenses of Zhuoran and Zhilin as paranymphs. The six days in 
Edinburgh gave us a good opportunity to talk and to enjoy the meeting and culture. 
You must also still remember the big breakfast and the “shared” tomato. 

Dear Yang, thanks a lot for helping me with the stainings, ELISA, and animal 
experiments and being one of my paranymphs. Whenever I needed your help, you 
always lend a hand. It was great to have you as accompany both in the office and in the 
laboratory. In these nearly two years, I have seen you improved in many aspects. I 
wish all your projects go smoothly and I wish you a great future. 

Jade, your enthusiasm and hard-working on your projects impressed me. After one 
year’s learning, practicing, and troubleshooting, you are now becoming an expert on 
performing microglia isolations and single cell sequencing. Thanks for the wonderful 
hot pot night you and Laura organized which everybody enjoyed. Freeman, you are 
self-disciplined and I am looking forward to the exciting results of your projects. 
Thanks for allowing me to use your computer for graphic editing and layout 
processing. Claudio, how time flies. You are almost in the fourth year of your Ph.D. I 
like all the talks we had and based on those my impression of you is that you are a 
super nice, flexible, helpful, and honest friend and of course a diligent colleague. Good 
luck with the writing and your defense. Leroy, you are kind, honest, gentle, and funny. 
We used to have lots of fun when culturing microglia and BV2 cells in the ML-I lab. 
Success with your research project. Oh, Javier, my dear Colombian friend, forgive me 
that I still cannot pronounce your full name. It is great you have started this sandwich 
Ph.D. program and by doing so you have improved a lot. I hope that you will find a 
decent job after this September. Emma, tremendous contribution to the 
morphometric analysis and graphs are highly appreciated. Together with Hilmar, you 
made that figure into a work of art. You learn so fast and so passionately. I wish you 
all great success. 

I would like to thank the former master students, Julen Goikolea, Laura Kracht, 
Marloes Roorda, Malte Borggrewe, and Tanja Grabietz, who did their master 
internship working on the projects related to this thesis. I really enjoyed working with 
you guys. You always pushed me to find solid answers to your tough questions. Dear 
Betty Hornix, you did really well when working with Zhuoran. Congratulations to 



Chapter 7 

230 
 

Julen, Laura, Malte, and Betty on starting your Ph.D. studies. All the best wishes to 
you all. Hi, Laura, we worked together a lot in the beginning of 2015. You have helped 
me a lot with microglia isolations, primer designs, and protocol optimizations. You 
also helped me moving and introduced your horses. I really enjoyed all the talks we 
had. Malte, during your internship, I felt that my supervision was unnecessary. You 
have learned the technologies fast, planned all the experiments well, solved the 
problems independently, made all the results solid, and generated a super good 
report. Good luck with completing your Ph.D. 

I wish the current master students in our group good luck: Raquel Flores, Ieva 
Rybakovaite, Tegan Otto, Tiago Medeiros Furquim Mendonça, Iris Groter, Jafta 
Stomp, and Maaike Brummer. 

I have stayed in our office, 3215.0861 for more than four years. Great appreciation 
to my roommates, Wandert, Koen, and Ria in the early days; Suus, Sabrina, and 
Clarissa then; Yang, Chairi, and Nynke currently. Koen, you have always explained 
me everything in detail whenever I asked you something. Although there were bad 
times, now you have a very decent job, a kind girlfriend, and soon a wonderful house, 
all of which you greatly deserved. Maybe simple words for you, make as much healthy 
babies as you can. Dear Clarissa, congratulations again for completing your Ph.D. in 
Brazil. You are a kind, diligent, friendly, and passionate girl. Thanks a lot for inviting 
us to the Brazilian dinner and thanks you for the gifts for the kids. We always had great 
fun during the parties and talked about everything after having alcohol. I wish you a 
great life in Brazil and good luck with obtaining your second doctoral degree. 

Dear Dr. Sjef Copray, Loes Drenth, Henk Moes, and Gerry Hoogenberg, who all 
retired in the past five years. I wish you all enjoyable lives. 

I would like to express my appreciation for the colleagues working at the central 
flow cytometry unit. Nearly a hundred isolation days during these years were only 
possible with your help. Dear Geert Mesander, Henk Moes, Johan Teunis, Theo 
Bijma, Roelof Jan van der Lei, and Dr. Wayel Abdulahad. You are always kindly 
willing to explain your knowledge on flow cytometry, set up the sorting, solve all the 
problems, and also make fun in life. I hope everything will go more smoothly without 
me clogging the sorters with my samples and best wishes to you and your families. 

I would like to thank the colleagues working at the central animal facility, Michel 
Weij, Miriam Meulen Frank, Catriene Thuring, Ronald van Os, and Juliette 
Jonkers. All the lectures about laboratory animals, the advice on animal experiments, 



Acknowledgements 

231 
 

7 

the efforts on breeding and taking care of the animals, and offering a wonderful 
environment for animal work means a lot for my research.  

I also would like to thank Klaas Sjollema from the UMCG microscopy and imaging 
center for training me on the different types of microscopes and Pieter van der Vlies 
from the Department of Genetics for helping with the next generation sequencing. 
Thanks Nancy Halsema, Karina Hoekstra-Wakker, Inge Kazemier, Dr. Karin 
Klauke, and Diana Spierings for allowing us to use the equipment at ERIBA and the 
valuable discussions on library preparation and sequencing. 

Special thanks to all my Chinese friends whom I have met during our studies in 
Groningen. Peiliang Zhao, Lijuan Xin, Yanjun Li, Peipei Wu, Peng Wang, Yifei Fan, 
Yihui Wang, and Liwen Zhang. It is great to know a lot of Chinese in Groningen, 
Yingru Wang and Qihui Zhou, Jun Li and Hongyu Wang, Chao Ma, Bin Jiang, 
Zhenchen Tang, Yanglei Yi, Haojie Cao, Changsen Leng, Yingying Cui, Bin Chen, 
Pu Yang, Tiantian Zhai, Siqi Qiu, Daozheng Yang, Yi Yu, Jingjing Deng, Yuanze 
Wang, Jun Li, Qi Wang, Zhuozhao Zhan, Yixian Li, Ye Yuan, Weijie Du, Yingying 
Cong, Jiacong Wei, Juan Song, Mingzan Zhuang, Wei Dong, Chenyu Shi, Jing Sun, 
Hao Wang, Ningning Wu, and Zhen Cheng. 

Dear Peiliang and Lijuan, our best friends in Holland. Peiliang, I have told many 
people how we met on my first day in Groningen and how we became good friends, it 
is impossible for me to forget what happened that afternoon. Peiliang and Lijuan, we 
have celebrated almost all festivals here together. You have spent lots of time on taking 
care of the while we were traveling. Words are insufficient to express my 
acknowledgement and blessing. I wish you soon will have a great marriage and a great 
career. We will definitely keep in touch in the future.  

We are making lot of friends who are really kind and also have cute kids, Fubiao 
Niu, Dandan Huo, and Junyi Niu family; Jianjun Tang, Wangli Cheng, and Qianxi 
Tang family; Peijia Jiang, Tongtong Jiang, and Xinrou Jiang family; Beibei Zhang, 
Jiawen Chen, Nuobin Chen and Nuoxuan Chen family; Jinna Wang, Shengli Zhang, 
and Ruotian Zhang family, Jiquan Wu, Zhonghong Ma, and Jiahe Wu family; Baiyu 
An, Shengjie Xiao, Jun Xiao, Lin Xiao family; Jo-retha Rossouw, Martin and 
Andreas family. 

Dear Niu, we have known each other for more than ten years and share so much 
overlapping characteristics such as similar food taste, same major at the same 
universities, relatively similar characters and similar time to marry and to have kids. 
We have travelled twice to Den Haag and Rotterdam which was a great experience to 



Chapter 7 

232 
 

our two families. I liked the dinners you made, which were preciously appreciated 
while being abroad. I wish you great success completing your Ph.D., a lovely family 
and of course a great development of Xiong’an new area. 

Dear Sisi, we became good friends when we lived in Hofstede. Thanks for all the 
help, the dinners, the gifts, and the care during Ping’s pregnancy. We have had a really 
great time with you and Lin. I wish you a brisk business and the two boys a wonderful 
future. 

Dear Jo-retha and Martin, you have shown us Groningen from various 
perspectives by meeting really kind people and by experiencing various types of food 
and cultures. I am so happy that Andreas and Dongdong got along really well with each 
other and we have really fond memories of all the moments we have shared. Good luck 
with your new life in South Africa and with Martin’s defense.  

I would like to present my deepest appreciation to Prof. Dr. Wenxian Zeng as the 
supervisor of my master project and acknowledge Dr. Wuzi Dong and Junhui An for 
their help in my master study. All the best wishes for your research and future. 

To my dear friends in China I know for many years, Zongshu Li, Chenggang Li, 
Fengfeng Song, Jinzhou Qin, and Guoxing Zhang.  

Thanks also go to my cousins, Yufang Zhang and Hongwei Zhang, who supported 
my grant application to CSC and who made the whole process possible. Besides all the 
appreciation, I am also sorry for my aunts and uncles in China. I have not visited you 
for a long time and we also have less contact these years. All the best wishes to you 
and I hope to see you soon this summer. 

Finally, I would like to express my greatest appreciation to my families. Mum and 
Dad, I will never forget how much you love me and Xiaoyu. Now I know better how 
hard it is to be a parent and to raise two boys. Definitely, I owe you too much. You have 
always believed that education changes one’s life, which has meant a lot to Xiaoyu and 
me. Your selfless support allowed me to see the world beyond our village, town, city, 
province, and now the country following my educational journey step by step. I left 
home since I was eleven and with the years it became harder and harder, especially 
when I noticed the wrinkles when you visited us last year. Since that visit, I could not 
help stop thinking about age while skyping with you. I would like to thank my parents-
in-law. You brought up a perfect girl who is the best gift in my life. You are so kind and 
I have had really good time during my five times visiting Chengdu. Life is getting much 
better, and we will do our best to show our filial respect to all of you. I wish you all the 
best and I hope you will enjoy life every day. Xiaoyu, my dear little brother, I enjoy it 



Acknowledgements 

233 
 

7 

the most when listening to mum sharing our childhood stories. Quite often, when I 
look at your two nephews, I am lost in thought imagining how we used to play together 
when we were young. I hope you enjoy your doctoral journey and overcome all the 
setbacks. 

Dongdong and Ruirui, my two lovely angels, mummy and daddy are so lucky and 
proud to have you in our life. It is you two who strengthened our sense of 
responsibility and dedication, who motivate me to work hard and also fight for our 
future, and you who drive me to overcome the weaknesses in my character and 
allowing me to seize the happiness, although continually driving me mad and crazy. 
Mummy and daddy hope you will be healthy, happy, brave, honest and gentle and we 
have great expectations. 

Ping, it is my greatest honor to have met you and to let me love you, to marry you, 
and to live with you, which is my best choice ever. The life spending with you at the 
university was most precious and pleasant. Doing the house chores and rearing kids, 
getting old together and recalling memories with each other, not allowing any moment 
without being in each other’s company are and will be the most romantic things in my 
life. Ping, my dear love, these nine years, you have inspired me to become a better man 
as well as a father. You are so kind, selfless, honest, passionate, and also tough. Nearly 
five years in Holland, I see your tremendous dedication to the family without 
complaint. I cannot imagine the life without you. Definitely, you deserve most 
appreciation of all. 

 
 
 
 
 
 
 
 
 

Xiaoming Zhang 
29th April, 2018 

Groningen 



Chapter 7 

234 
 

Abbreviations  
 

Terms Full name 
Aβ amyloid beta  
AcH3 acetylated histone H3 
AD Alzheimer's disease 
ALS amyotrophic lateral sclerosis  
ANOVA analysis of variance 
APC allophycocyanin 
ASC apoptosis-associated speck-like protein containing a caspase recruitment domain 
ATAC assay for transposase-accessible chromatin 
ATP adenosine triphosphate  
B6 Black 6, C57 Black 
BBB blood-brain barrier  
BCA bicinchoninic acid (assay) 
BCG Bacillus Calmette–Guérin 
BER base excision  
BG beta-glucan 
BMDM bone marrow derived macrophage 
BME basal medium eagle  
BrdU 5-bromo-2'-deoxyuridine 
BS Bloom syndrome  
C. albicans Candida albicans 
CA1 cornu ammonis 1 
CA3 cornu ammonis 3 
Cat.# catalog number 
CARD caspase recruitment domain 
cDNA complementary DNA 
CFL cortical frontal lobe 
ChIP chromatin immunoprecipitation 
CLRs C-type lectin receptors 
CNS central nervous system 
CpG  5'-C-phosphate-G-3'  
cre cyclization recombinase 
CS cockayne syndrome  
CTX cortex 
Cy7 cyanine 7 
DAM disease-associated microglia  
DAPI 4',6-diamidino-2-phenylindole 
DG dentate gyrus 
DMEM dulbecco's modified eagle's medium 
DNA deoxyribonucleic acid 
Dnase I deoxyribonuclease I 
DNTPs deoxynucleoside triphosphates 
dPBS dulbecco's phosphate-buffered saline 
DSR double-strand break repair 
E. coli Escherichia coli 
E8,5 embryonic day 8,5 
EAE experimental autoimmune encephalomyelitis  
ECAR extracellular acidification rate 
EdU 5-ethynyl-2'-deoxyuridine 
E-Gel precast agarose electrophoresis system 
EGFP enhanced green fluorescent protein 
ELISA enzyme-linked immunosorbent assay 
EMPs erythro-myeloid progenitors  
ER estrogen receptor 
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ET endotoxin tolerance 
EYFP enhanced yellow fluorescent protein 
FACS fluorescence-activated cell sorting 
FBS fetal bovine serum  
FC fold change 
FCCP carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 
FCS fetal calf serum 
FDR false discovery rate 
FITC fluorescein isothiocyanate 
flox flanked loxP 
FVB friend leukemia virus B 
GO gene ontology 
GRCm38 genome reference consortium mouse build 38 organism 
H3K27Ac histone H3 lysine 27 acetylation 
H3K4me3 histone H3 lysine 4 trimethylation 
H3K9me2 histone H3 lysine 9 dimethylation 
HBSS Hank's balanced salt solution 
HD Huntington's disease  
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HOMER hypergeometric optimization of motif enrichment 
i.c.v. intracerebroventricular 
i.p. intraperitoneal  
ICR interstrand crosslink repair  
iDTR inducible diphtheria toxin receptor 
IdU 5-iodo-2'-deoxyuridine 
IGV integrative genomics viewer 
KO knock out 
LCCM L929 cell conditioned medium 
LDH lactate dehydrogenase A  
loxp locus of X-over P1 
LPS lipopolysaccharides  
LSD least significant difference (test) 
LV VSV-G lentivirus 
M. tuberculosis mycobacterium tuberculosis 
Mφ macrophages 
MEM minimum essential medium  
miRNA microRNA  
mm10 Mus musculus 10 
MMR mismatch repair  
MRNA messenger RNA  
MS multiple sclerosis 
MTT 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 
NER nucleotide excision repair  
NLR nucleotide-binding oligomerization domain and leucine-rich repeat-containing 

receptors 
NMDA N-methyl-D-aspartic acid 
NO nitric oxide  
ns not significant 
OB olfactory bulb 
OCR oxygen consumption rate 
OHSC organotypic hippocampal slice cultures 
OL occipital lobe 
oxoG oxoguanine  
Pam3CSK4 Pam3-Cys-Ser-Lys4 
PAMPs pathogen-associated molecular patterns  
PBMC peripheral blood-derived monocytes 



Chapter 7 

236 
 

PBS phosphate-buffered saline 
PCD programmed cell death  
PCR polymerase chain reaction 
PD Parkinson's disease  
PE phycoerythrin  
Pen/Strep penicillin/streptomycin 
PFA paraformaldehyde 
PGE2 prostaglandin E2  
PI propidium iodide  
Poly I:C polyinosinic:polycytidylic acid 
PRRs pattern recognition receptors  
PS phosphatidylserine  
PTMs post-translational modifications  
PVDF polyvinylidene difluoride  
rcf relative centrifugal force 
rec recombination 
ref reference 
RNA ribonucleic acid 
ROS reactive oxygen species 
rpm revolutions per minute 
RT room temperature 
RT-QPCR quantitative reverse transcription PCR 
RTS Rothmund–Thomson syndrome  
S. aureus staphylococcus aureus 
SAMtools Sequence Alignment/Map tools 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
shRNA short hairpin RNA 
SN substantia nigra 
suppl supplementary 
SVZ subventricular zone 
TCA tricarboxylic acid cycle (also known as citric acid cycle) 
TCR transcription-coupled repair 
tdTomato tandem dimer tomato fluorescent protein 
TF transcription factor 
TLRs Toll-like receptors 
TSS transcription start sites  
UV Ultraviolet  
WS Werner syndrome  
WT wild type 
YS yolk sac 
14C Carbon-14 
5xFAD mutations in APP KM670/671NL, APP I716V, APP V717I, PSEN1 M146L (A>C), 

PSEN1 L286V 
 
 

Gene names 

Symbol Full name Also known as 
Acp5 acid phosphatase 5, tartrate resistant Trap 
Ago2 argonaute RISC catalytic subunit 2   
ALS amyotrophic lateral sclerosis  SOD1 
Ap1 activator protein 1 Jun 
Apoe apolipoprotein E   
APP amyloid beta precursor protein   
Atf1 activating transcription factor 1   
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Atf3 activating transcription factor 3   
Axl AXL receptor tyrosine kinase   
Bcl2 B cell leukemia/lymphoma 2   
Bdnf brain derived neurotrophic factor   
C1qa complement component 1, q subcomponent, alpha polypeptide C1q 
C3 complement component 3   
Camk2 calcium/calmodulin-dependent protein kinase II   
Ccl2 chemokine (C-C motif) ligand 2 Mcp1 
Ccr2 chemokine (C-C motif) receptor 2   
Cebpb CCAAT/enhancer binding protein (C/EBP), beta   
Chd1 chromodomain-helicase-DNA-binding protein 1   
Clec7a C-type lectin domain family 7, member a Dectin-1 
clk-1 clock-1 (not clk1, CDC-like kinase 1)  
Cr3 complement receptor type 3 Itgam, cd11b 
Csf1 colony stimulating factor 1 (macrophage) M-csf 
Ctcfl CCCTC-binding factor (zinc finger protein)-like   
Cx3cl1 C-X3-C motif chemokine ligand 1   
Cx3cr1 C-X3-C motif chemokine receptor 1   
Dnmt3a DNA methyltransferase 3a   
Dnmt3b DNA methyltransferase 3b  
Eed embryonic ectoderm development protein   
Egr2 early growth response 2   
Ehmt1 euchromatic histone lysine N-methyltransferase 1 Glp 
Ehmt2 euchromatic histone lysine N-methyltransferase 2 G9a 

Ercc1 excision repair cross-complementing rodent repair deficiency, 
complementation group 1   

Ercc4 excision repair cross-complementing rodent repair deficiency, 
complementation group 4 XPF 

Eset ERG-associated histone methyltransferase with a SET domain KMT1E, setdb1 
Ets1 E26 avian leukemia oncogene 1, 5' domain   
Ezh2 enhancer of zeste homolog 2   
F-1,6-P fructose 1,6-bisphosphate   
F-6-P fructose 6-phosphate   
Fcrls Fc receptor-like S, scavenger receptor   
Fra1 fos-like antigen 1   
Gapdh glyceraldehyde-3-phosphate dehydrogenase   
Gfap glial fibrillary acidic protein   
Glp G9a-like protein  Ehmt1 
Gpr34 G protein-coupled receptor 34   
Grp75 glucose-regulated protein 75   Hspa9 
H2-Aa histocompatibility 2, class II antigen A, alpha   
Hexb hexosaminidase B   
Hif-1a hypoxia inducible factor 1 alpha subunit    
Hmbs hydroxymethylbilane synthase   
Hp1 heterochromatin protein 1   
Hprt1 hypoxanthine guanine phosphoribosyl transferase   
Hspa9,  heat shock protein 9  Grp75 
Iba1 induction of brown adipocytes 1   
Ifnb1 interferon beta 1, fibroblast   

IkB nuclear factor of kappa light polypeptide gene enhancer in B-
cells inhibitor; NF-κB inhibitor   

Ikk inhibitor of kappaB kinase   
Il10 interleukin 10   
Il1b interleukin 1 beta, IL-1β   
Il6 interleukin 6   
iNos inducible NO synthase Nos2 
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Irak interleukin-1 receptor-associated kinase    
Irf interferon regulatory factor   
Itgam integrin alpha M Cd11b, Cr3 
Itgax integrin alpha X Cd11c 
Jun jun proto-oncogene Ap1 

Ki67 antigen identified by monoclonal antibody Ki67 
or marker of proliferation Ki-67 Mki67 

Kmt1c Lysine N-Methyltransferase 1C Ehmt2, G9a  

Kv1.3 potassium voltage-gated channel, shaker-related subfamily, 
member 3 Kcna3 

Kv1.5 potassium voltage-gated channel, shaker-related subfamily, 
member 5 Kcna5 

Lgals3 lectin, galactose binding, soluble 3 Mac-2 
Lpl lipoprotein lipase   
ly6c lymphocyte antigen 6 complex, locus C1   
ly6g lymphocyte antigen 6 complex, locus G   

Mafb v-maf musculoaponeurotic fibrosarcoma oncogene family, 
protein B (avian)   

Map3k7 mitogen-activated protein kinase kinase kinase 7 tak1 
Mcp1 monocyte chemoattractant protein-1 ccl2 
Mef2a myocyte enhancer factor 2A   
mir-146a microRNA 146a   
mTor mechanistic target of rapamycin kinase   
Myd88 myeloid differentiation primary response gene 88   
NAD+ nicotinamide adenine dinucleotide   
Ncl nucleolin   

Nfkb nuclear factor kappa-light-chain-enhancer of activated B cells, 
NF-κB   

Nfkbib, Ikb nuclear factor of kappa light polypeptide gene enhancer in B 
cells inhibitor, beta   

Nos2 nitric oxide synthase 2, inducible iNOS 
P2ry12 purinergic receptor P2Y, G-protein coupled 12   
P2ry13 purinergic receptor P2Y, G-protein coupled 13   
P2X1 Purinergic Receptor P2X 1 P2rx1 
P2X4 Purinergic Receptor P2X 4   
p38 Mitogen-Activated Protein Kinase 14  Mapk14 
p42/p44 Proteasome 26S Subunit, ATPase 6 Psmc6 
p53 transformation related protein 53 Trp53 
pAkt phosphorylated serine/threonine-protein kinase   
Pfk-1 ATP-dependent 6-phosphofructokinase subunit alpha   
Pfkfb3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3   
PI3K phosphoinositide 3-kinase  
Prc1 polycomb repressive complex 1   
Prc2 polycomb repressive complex 2   
Ptgs2 Prostaglandin-Endoperoxide Synthase 2   

Pu.1 spleen focus forming virus (SFFV) proviral integration 
oncogene Spi1 

R26R rRosa26 reporter   
Rag1 recombination activating gene 1   
Rbm4 RNA binding motif protein 4   
RelA, p65 v-rel avian reticuloendotheliosis viral oncogene homolog A   
RelB v-rel avian reticuloendotheliosis viral oncogene homolog B   
RNAPII RNA polymerase II   
Sall1 spalt like transcription factor 1   
Setdb1 SET domain, bifurcated 1 KMT1E, Eset 
Smyd5 SET and MYND domain containing 5   



Abbreviations  

239 
 

7 

SOD1 superoxide dismutase 1, soluble ALS 
Stat3 signal transducer and activator of transcription 3   
Suv39h1 suppressor of variegation 3-9 1   
Suv39h2 suppressor of variegation 3-9 2   
Suz12 suppressor of zeste 12   
Tak1 (TGF-β activated kinase 1)  Map3k7 
Tgfb1 transforming growth factor, beta 1; TGF-β  
Tgfbr2 transforming growth factor, beta receptor II; TGF-βR2   
Tmem119 transmembrane protein 119   
Tnf tumor necrosis factor; Tnfa, Tnf alpha, TNF-α   
Tnfr tumor necrosis factor receptor    
Traf6 TNF receptor-associated factor 6   
Trap tartrate-resistant acid phosphatase  Acp5 
Trem2 triggering receptor expressed on myeloid cells 2   
TrxG trihorax group   
Tspo translocator protein   
Usf1 upstream transcription factor 1   
Wdr5 WD repeat-containing protein 5   
XPF xeroderma pigmentosum group F-complementing protein Ercc4 
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