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CHAPTER 6

Summary and general discussion
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Chapter 6

This chapter is divided into two components; i), a summary and discussion that 
consist of a brief overview of the findings in this thesis which are discussed based 
on findings from other scientific contributions, and ii) future perspectives, where 
are prediction of the next developments in the research field are provided.  

Summary and discussion

Microglia are known as the resident macrophages in the CNS, that are involved in 
many processes to maintain a healthy microenvironment. In this thesis, several 
bioinformatic	procedures	that	allow	efficient	analysis	of	microglia	transcriptomes	
are	 presented,	 including	 the	 identification	 of	 a	 transcriptomic	 profile	 based	
on murine post mortem microglia, an introduction of a primate microglia 
transcriptomic	profile,	and	the	development	of	a	novel	microglia	transcriptome	
database that enables interactive analyses on high impact glia studies. 

Chapter 1 is an introduction on the history of the discovery of microglia: 
development, cellular functions, and important published features of mouse and 
human microglia. Additionally, the basics of transcriptome and epigenetics are 
presented.
 Chapter 2 contains a detailed description of the microglia transcriptome. 
Information	 regarding	 specific	 microglia	 gene	 expression	 related	 to	 gender,	
aging and neurodegenerative diseases is provided. We ultimately compared the 
microglia	 transcriptome	profile	with	 the	working	of	 a	 kaleidoscope,	where	 the	
position-dependent picture of the kaleidoscope matches the microenvironmental 
changes lead to acute changes in the microglia transcriptome.
 The lack of oxygen that occurs upon epilepsy, stroke and post mortem is 
a major microenvironmental change that affects cellular metabolism of all cells 
including microglia. For the study of microglia transcriptome isolated from post 
mortem brain it is important to know the effects of the ischemia, RNA instability, 
and pH changes that occurred after death (post mortem delay; PMD). In chapter 
3, the post mortem effect on microglia has been investigated in mice after 
increasing periods of PMD. Increase of PMD led to a decrease of the number 
of viable microglial cells that could be isolated from the mouse brain. RNA-
Seq	analysis	of	 postmortem	microglia	 led	 to	 the	 identification	of	 50	potential	
post mortem delay related genes. Additionally, gene expression of 31 human 
homologs showed an PMD effect in human microglia. However, the expression 
changes of these PMD-associated genes in mice and humans were only partially 
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overlapping. Altogether, these results show that there is a subtle gene expression 
change during PMD in mice and humans.
	 A	 transcriptional	microglia	profile	of	 the	non-human	primate	macaque	
(Macaca mulatta) was established in chapter 4. Microglia sorted from the 
macaque	brain	yielded	a	highly	specific	transcriptional	profile,	which	consists	of	
genes that were found to be expressed in two distinct microglia populations. As 
expected, an extensive overlap was observed between the macaque and human 
microglia	transcriptome	profile,	confirming	that	these	profiles	are	very	comparable.	
Furthermore,	we	compared	our	macaque	transcriptomic	microglia	profile	to	those	
of	zebrafish,	mouse,	and	human.	This	revealed	specific	(dis)similarities,	and	an	
evolutionary	 preserved	 gene	 expression	 profile.	 This	 evolutionary	 preserved	
profile	was	 further	 investigated	using	 the	cross-species	core,	a	 transcriptional	
profile	 that	 was	 identified	 by	 comparing	 microglia	 transcriptomes	 of	 various	
species (Geirsdottir et al., 2019). Ultimately, we show that the majority of the 
genes from our evolutionary conserved core were present in the highly expressed 
profile	of	the	cross-species	signature.
 Inspired by the increased amount of published glia transcriptome data, 
we followed up on our previous glia open access database: GOAD (Holtman, et 
al., 2015). In chapter 5, a description of the set up and use of a more advanced 
glia transcriptome database: the brain interactive sequencing analysis tool 
(BRAIN-SAT) is given. This web application enables data exploration of published 
datasets available in a uniform structured format for researchers in the glia 
research	 field.	 The	 BRAIN-SAT	 dataset	 can	 be	 accessed	 using	 a	 variety	 of	
analysis tools. Bulk RNA-Seq data can be accessed through the gene search 
module, where the gene expression of various data sets is visualized in one dot 
plot. Quantitative- and differentially expressed bulk transcriptome data can be 
accessed for every published dataset, showing the abundant or relative gene 
expression, respectively. The abundant gene expression can be explored for 
each condition in a dataset. The relative gene expression is generated when two 
conditions in a study are compared to each other. Exploration of scRNA-Seq data 
is possible with the belonging analysis module. This module initially generates a 
tSNE plot with a visualization of the cells and corresponding conditions. Usage 
of the gene search function in this module adjusts the transparency of the dots in 
the tSNE plot to the belonging gene expression and generates a boxplot and pie 
chart that further allow the determination of the condition with the highest gene 
expression.	Currently,	BRAIN-SAT	is	the	first	and	only	web	application	that	allows	
an interactive analysis of transcriptomes of glia cells based on large published 
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datasets. It is planned to continue incorporation of future research studies in 
this application thus creating a platform that consists and maintains high impact 
glia studies. Furthermore, the MOLGENIS backbone of this application facilitates 
the incorporation of data from novel analysis techniques such as the scRNA-Seq 
module.

The effects of external factors on the microglia transcriptome
The	 transcriptome	 is	 a	 snap-shot	 of	 the	 gene	 expression	 profile	 related	 to	 a	
‘current’	 cellular	 state.	 Transcriptomics	 has	 contributed	 substantially	 to	 the	
understanding of the cellular condition related to development, physiological 
function, stress and disease (chapter 2). 
 Exploration of gene expression data, associated with one of the above 
conditions in mind, may provide a detailed view on its influence on the microglial 
transcriptome. In case of PMD, various studies have provided evidence for gene 
expression changes during PMD in total brain tissue (Trotter, Brill and Bennett, 
2002; Birdsill et al., 2011) while other studies show otherwise (Tomita et al., 2004; 
Popova et al., 2008). This ambiguity can be explained through the subtle changes 
in PMD-associated gene expression in both mouse and human tissue (chapter 
3). Expression changes of these genes have not been observed under other 
conditions	such	as	disease	or	aging.	These	findings	show	that	the	investigation	
of external factors is of importance, since it can unknowingly alter the microglia 
gene	expression	profile.

The ‘true’ human microglia transcriptome
There has been substantial development in microglia research in the past two 
decades. The mobility of surveilling microglia was recorded with live imaging 
(Davalos et al., 2005; Nimmerjahn, Kirchhoff and Helmchen, 2005) and a 
detailed	gene	expression	profile,	related	to	the	microglia	sensing	machinery,	was	
described (Hickman et al., 2013). In addition, analysis of the epigenome led to the 
identification	of	transcription	factors	that	are	unique	for	microglia,	explaining	the	
difference between microglia and other myeloid cells (Gosselin et al., 2014; Lavin 
et al., 2014). Furthermore, the progression of microglia development has been 
described in terms of transcriptome and epigenetic regulation (Matcovitch-Natan 
et al., 2016). These studies provide valuable insight into the gene expression 
changes of murine microglia. Investigation of (dis)similarities between mouse 
and human revealed that there is an extensive overlap, but also differences 
based on the gene in expression (Galatro, Holtman, et al., 2017; Gosselin et al., 
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2017).	These	findings	are	supported	by	a	cross-species	analysis	 that	 reported	
noticeable gene expression differences between rodent and primates (Geirsdottir 
et	al.,	2019).	Identification	of	(dis)similarities	among	specific	microglia	profiles	of	
various species results in understanding how a gene expression core is preserved 
during evolution, and overlap between animal models and human transcriptome 
(chapter 4). These aforementioned studies provide valuable insight in the human 
microglia	 gene	 expression	 profile,	 and	 the	 associated	 epigenetic	 regulation.	
Further exploration of previously described and/or novel data with external 
factors in mind, might lead to the generation of an isolation procedure where 
unaffected healthy human microglia can be obtained. 

Bioinformatic aid for big data
Gordon Moore predicted in 1965 that the computational processing capacity per 
dollar	would	double	every	two	years	(November,	2018).	The	genomics	field	alone	
is already surpassing this prediction (Stephens et al., 2015), becoming a major 
player	in	the	big	data	research	field	(Goodwin,	McPherson	and	McCombie,	2016).	
One of the crucial accomplishments is the revolutionary decrease of the costs 
of whole-genome sequencing, allowing large scale studies (National Human 
Genome Research Institute, 2019). However, many scientists fail to extract the 
full potential from the data they acquired, as well as from data in other studies 
(Papageorgiou et al., 2018). A possible solution for this problem could be the 
development of interactive platforms that provide (meta)data of available studies, 
allowing effective analysis and visualization. For glia cells we have constructed 
such a database which provides a concise repository of available, standardized 
data to provide an answer to a hypothesis (chapter 5). 
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Future perspectives

Advancements in transcriptomic development
Initially,	 specific	 gene	 expression	 patterns	 related	 to	 complex	 traits	 were	
determined using gene expression microarray systems (Schena et al., 1995; 
Shalon,	Smith	and	Brown,	1996).	This	 technology	allowed	 the	first	exploration	
of differences in gene expression including in microglia. Since then, with 
increasingly improved technology and precision, the microglia transcriptome has 
been	 thoroughly	 investigated	under	 specific	 conditions	 including	development	
(Matcovitch-Natan et al., 2016), homeostasis (Gautier et al., 2012; Hickman et 
al., 2013; Galatro, Vainchtein, et al., 2017; Gosselin et al., 2017), different brain 
regions (Grabert et al., 2016), neurodegenerative diseases (Keren-Shaul et al., 
2017; Krasemann et al., 2017), aging (Orre et al., 2014; Raj et al., 2014), and 
various species (Geirsdottir et al., 2019), using RNA-Seq (Wang, Gerstein and 
Snyder, 2009) and scRNA-Seq (Tang et al., 2009). In this dissertation, we have 
analyzed several aspects with bulk RNA-Seq data sets to determine the effect 
of post mortem delay (chapter 3), and integrated the transcriptomes of two 
macaque	cohorts	to	create	a	macaque	microglia	gene	expression	profile	(chapter	
4). Based on these analyses, it becomes apparent that unknown aspects, such 
as	post-mortem	delay	and	lab	procedure,	can	alter	the	gene	expression	profile	
in microglia. Inclusion of external influences in the study design is necessary to 
correctly annotate a complete description of the microglia transcriptome under 
certain circumstances.
 Apart from the bulk and single-cell sequencing, advancements in 
sequencing technology have resulted in additional novel methods. Thus, DNA 
and RNA molecules can be sequenced simultaneously allowing to related 
genomic variants to transcriptional effects (Dey et al., 2015; Macaulay et al., 
2015). Furthermore, it is also possible to explore the epigenome in single-
cells (Schwartzman and Tanay, 2015), or to reveal chromatin interactions 
profiles	 (Ramani	 et	 al.,	 2020).	These	 novel	 techniques	 provide	 a	 very	 detailed	
characterization of cellular phenotypes.

Challenges accompanied with big data analyses
The development of biomedical technology is accompanied by dramatic increase 
in the size of datasets, which are too big to analyze with conventional statistics. 
This	 problem	was	 already	 recognized	when	 the	 first	 DNA-based	 genome	was	
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sequenced (Sanger et al., 1978). Indeed, the complete reference genomes of 
mice and humans are very large and comprise about 2,7 (Genome Reference 
Consortium, 2017) and 3,1 (Genome Reference Consortium, 2019) gigabases, 
respectively. The still increasing size of datasets requires a crucial change 
in computational biology, which are further discussed in the next paragraph. 
Furthermore, many researchers use and support an open access discipline 
where (meta)data, and programming codes are shared, allowing data (re)usage, 
and distribution (Murray-Rust, 2008).
 Divergent data formats, incomplete data descriptions and experimental 
batch effects are a major problem for the re-use of data. Clearly, platforms 
that combine research data repositories from different sources, preferentially 
in a standardized format may facilitate future research that makes use of data 
mining (chapter 5). A clear example was provided by the organization of protein 
data in a structured protein atlas that was published in 1965 (Dayhoff et al., 
1965).	This	 “atlas	of	protein	sequence	and	structure”	was	 the	first	attempt	 to	
manage and distribute known biological information by computers. Furthermore, 
a standardized data structure is necessary to promote (meta)data reusage, 
which can be achieved by utilizing a set of data management rules. Nowadays, 
it is possible to store and share data via online repositories (Edgar, Domrachev 
and Lash, 2002; Barrett et al., 2012; Athar et al., 2019). However, curation and 
annotation procedures of data in online repositories are currently not optimal 
and result in complications during data reusage (Wang, Lachmann and Ma’ayan, 
2019). FAIR principles provide four key principles for data, which needs to be 
findable,	 accessible,	 interoperable,	 and	 reusable	 (Wilkinson	 et	 al.,	 2016).	 This	
standard encourages reusage of (meta)data, resulting in open access and 
uniform processing of this data. It is expected that, in 2022, 1 million human 
genomes will be sequenced (European Commission, 2018, 2020). If this data and 
analyses are accessible using an open access principle, and saved according to 
the FAIR guidelines, effective investigation of these genomes could substantially 
contribute to acute as well as preventive medicine.

Involvement of machine learning
Machine learning approaches can elucidate very complex data patterns, resulting 
in observations that cannot be done manually. Currently, platforms like Amazon, 
Facebook,	Netflix,	 and	Google	are	well	 known	 for	 their	 efficient	 application	of	
machine learning approaches to predict user behavior. Clearly, this technology 
also provides a great opportunity in biomedicine (Krumholz, 2014; Ho et al., 2019), 
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and	‘omics’	research	approaches	(Eraslan	et	al.,	2019).	Compared	to	commercial	
data, biological data has an additional layer of complexity that includes an 
appropriate pre-processing, clearing, and selection of data (Holder, Haque and 
Skinner, 2017).
	 A	first-hand	example	of	an	machine	learning	approach,	that	is	commonly	
used in transcriptomic analyses, is the principal component analysis. This method 
exposes the relationships among data points by reducing the dimensionality, 
without preceding knowledge (Pearson, 1901; Hotelling, 1936; Schrider and Kern, 
2018). Another example is the hidden Markov model (Stratonovich, 1960), that 
can be applied during various bioinformatic analyses (Yoon, 2009). This model 
can be implemented on various data types to relate observation to hidden states.
 The advantages of machine learning, relative to conventional analysis, 
are related to the predictive accuracy of the algorithm: unknown information can 
be inserted into a model that can predict and report novel biological meanings 
(Schrider and Kern, 2018). Proper implementation of a machine learning 
workflows results in pattern recognition of data which can be optimized further 
by using more data and experience (Min, Lee and Yoon, 2016). Altogether, each 
machine learning algorithm has it’s (dis)advantages, and therefore, it is of 
importance to consider the appropriate model before implementing it on the 
biological data in question (Angermueller et al., 2016). However, when applied 
correctly, these machine learning methods can provide stunning novel insights on 
the biology of transcription start site recognition (Ohler et al., 2002), nucleosome 
organization (Segal et al., 2006), recognition of DNA-methylated regions (Haque, 
Holder and Skinner, 2015), and microscopy data (Eulenberg et al., 2017). 
Furthermore, with the growth of single-cell sequencing approaches, machine 
learning	could	be	beneficial	to	explain	biological	changes	between	healthy	and	
diseased conditions with machine learning (Angerer et al., 2017). Single-cell data 
is	 slowly	 developing	 into	 big	 data	 repositories	 that	will	 become	more	 difficult	
to analyze over time. Machine learning could provide a solution for effectively 
governance of the computational capacity required for the analysis. A drawback 
for machine learning strategies is the requirement for training of machine learning 
algorithms. This can be very demanding for computational facilities. Depending 
on the computational memory capacity, this process can last for hours or days. 
However, machine learning can make modeling assumptions much faster when 
the algorithm was subjected to the training data set (Schrider and Kern, 2018).
 Based on the rapid development of computational approaches, the 
combined	 use	 of	 various	 very	 large	 ‘omics’	 data	 types	 will	 occur	 very	 soon.	
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Additionally, the accumulation of data will result in novel approaches to analyze 
biological data. One of these concepts could be the implementation of machine 
learning approaches that can unravel the complexity and subtle diversity of the 
human genome and its relevance for function of gene products, pathways and 
systems.

Conclusion

One	century	ago,	microglia	were	identified	for	the	first	time	based	on	morphology.	
Due to the advancement of complex analyses in the genetic/transcription 
domain, the knowledge of biological function of microglia has increased 
considerably. Admitted, the effect of external circumstances, most importantly 
neurodegenerative and mental disease conditions, on the microglia is still not 
yet fully understood. Further analysis with improvements of analytical methods, 
will lead to an extensive map that explains the complete cellular response of 
microglia to environmental changes at a genomic scale.
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