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The discovery of macrophages and their developmental origin 
Macrophages are highly efficient phagocytes that clear debris, pathogens 
and foreign objects important to maintain tissue homeostasis. The process of 
phagocytosis was discovered in 1883, when Eli Metchnikoff observed that, after 
punching thorns into starfish larvae, cells started to surround the thorns to engulf 
debris and pathogens (1). He called these cells phagocytes, after the Greek word 
phagein, for “to eat”. 

For many decades, macrophages were thought to be short-lived cells 
that are constantly replenished by monocytes from the bone marrow, which 
migrate into organs and tissues via the blood. This concept was based on seminal 
experiments by Ralph van Furth in 1968, when he studied the self-renewal 
capacity of macrophages. He showed that there was very little or no turnover of 
macrophages and their precursors in the blood, called monocytes. In contrast, 
precursors in the bone marrow, which he identified as the only adult source of 
mononuclear phagocytes, show very high turnover (2). Based on the work of van 
Furth it has for long been thought that all tissue macrophages derive from the 
bone marrow, called bone marrow derived macrophages (BMDMs). However, 
when genetic lineage tracing and parabiosis methods were more recently 
applied, it was discovered that many macrophages, in mice, were not BMDMs, 
but originated from embryonic macrophages (reviewed in: (3)). Analysis of very 
early embryonic precursors on the yolk sac revealed the presence of two distinct 
macrophage progenitors: yolk sac macrophages (YSMs) and erythroid myeloid 
progenitors (EMPs)(4). These progenitors are thought to differ based on their 
differentiation potential, as primitive YSMs are unipotent precursors, whereas 
EMPs are bipotent precursors (4-6). YSMs directly migrate into the embryo to 
colonize particularly the brain, and possibly other organs, to form macrophages 
resident to the tissue called tissue resident macrophages (TRMs)(5). EMPs are 
thought to seed the fetal liver, an embryonic hematopoietic site, to form a temporal 
source of embryonic definitive hematopoiesis. They seed several organs during 
embryonic development, such as the liver, lungs, spleen, and heart. At the time 
of birth, in mammals, the bone marrow generates hematopoietic stem and 
progenitor cells (HSPCs) that make up the adult definitive hematopoiesis (3, 7). 

Genetic lineage tracing experiments are typically based on tamoxifen 
inducible recombinase activation of a fluorescent protein in cells expressing a 
transgenic reporter, after addition of tamoxifen, to label progenitor cells. Since 
YSMs and EMPs both appear on the embryonic yolk sac at around the same 
developmental stage, tamoxifen inducible genetic lineage tracing does not 
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Figure 1. Tissue resident macrophages originate from multiple hematopoietic sources. 
Schematic representation of the different origins of tissue resident macrophages (TRMs). Unlike many 
other macrophages, microglia are not replenished by bone marrow derived macrophages (BMDMs) 
and are thought to be of embryonic origin only (13, 14). Macrophages in the heart are thought to be 
partially replenished and therefore are of mixed origin (15). Macrophages in the intestine are thought 
to be completely replenished by BMDMs (3, 9, 12, 16). 

offer the spatiotemporal resolution that is likely required to distinguish these 
two populations (4, 8). Therefore, YSMs and EMPs are most often referred to 
together as embryonic macrophages. In mammals, definitive myelopoiesis starts 
after birth, and the rate of replacement of embryonic derived TRM populations by 
HSPC derived macrophages from the bone marrow varies highly among organs. 
In some organs, such as the peritoneum, the TRMs are thought to be completely 
replaced by HSPC derived macrophages, whereas in other organs, primarily the 
brain, embryonic derived macrophages are maintained throughout life (Fig. 1)(9). 
However, the exact origin of TRMs, including microglia, remains highly debated 
(8, 10-12). This suggests that three myelopoetic sources, contribute to TRMs at 
various proportions, depending on the organ of residence. 
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The tissue microenvironment induces unique properties of TRMs required 
for tissue specific functions 
TRMs, which reside in almost all organs and tissues, exert a wide variety of 
specific functions influencing the development and homeostasis of their resident 
organ. Not surprisingly, they are thought to play a role in the pathogenesis of 
a large variety of diseases, including asthma, cancer and neurodegenerative 
disorders such as Alzheimer’s disease, which makes modulating macrophage 
activity a good candidate for targeted therapy (17-19). For example, tumor 
associated macrophages can stimulate angiogenesis, and the growth and 
migration of tumors by producing growth factors, metalloproteinases, extracellular 
matrix remodeling molecules (reviewed in: (20)). These are trophic functions, 
which macrophages normally perform in virtually all tissues in the body, but in 
the case of tumor associated macrophages support malignant instead of normal 
healthy tissue. The main focus of this thesis is on the brain’s TRMs, which 
are called microglia. In addition to more universal roles of TRMs, such as in 
vascular remodeling/maintenance, microglia have brain-specific roles since they 
are thought to remodel and prune synapses, and remodel myelin (21-28). To be 
able to manipulate the behavior, function or presence of TRMs in disease, in 
depth understanding of their emergence, differentiation, and functions in vivo is 
warranted. 

Recently, transcriptomic experiments revealed both the general 
macrophage transcriptome and specific TRM gene expression profiles (29-35). 
The core macrophage signature includes genes involved in hematopoiesis, 
macrophage differentiation and typical macrophage functions important for all 
types of macrophages, including pathogen recognition, engulfment of apoptotic 
cells, and lysosomal degradation (30). During development, macrophages 
undergo step-wise gene expression changes correlating with changes in their 
microenvironment, and the transcription factor ZEB2 is essential for TRMs to 
gain and retain their identity (30, 31, 36). Macrophages are, regardless of their 
origin, highly plastic in acquiring or losing their TRM properties, which is likely 
regulated by factors in their microenvironment (29, 37-39). Importantly TRMs 
require inducing factors from the microenvironment continuously (32, 37, 39, 
40). This TRM identity is most likely regulated at the transcriptional level. For 
several TRM populations transcription factors that induce TRM properties are 
identified. For example, locally produced retinoic acid induces the expression 
of the transcription factor GATA6 and other TRM genes specifically in peritoneal 
macrophages (41). Taken together, the microenvironment appears necessary 



Chapter 112

1
for the conversion of normal macrophages into their modified tissue resident 
counterparts, independent of their ontogeny. Therefore, to understand the genetic 
regulation and molecular pathways involved in the development and function of 
macrophages, it is important to gain insight in vivo while they reside in their native 
environment. Thereby the micro-environmental factors and genes involved in the 
induction of TRM properties could be elucidated. 

Regulation of macrophage development by CSF1R
A key gene essential for macrophage development is colony-stimulating factor 
1 receptor (CSF1R). CSF1R was originally discovered as the oncogene c-fms, 
homologous to the feline sarcoma virus (v-fms)(42). CSF1R is a tyrosine kinase, 
which regulates macrophage development. CSF1R dimerizes upon ligand 
binding and activates downstream signaling cascades, including BRAF/MAPK/
ERK signaling (43-52). Two ligands for CSF1R exist, colony stimulating factor 1 
(CSF1) and interleukin 34 (IL34), which show mostly non-overlapping expression 
patterns (53-56). Csf1 mutant mice have mild microglia defects, but are also 
osteopetrotic, deaf and blind, whereas Il34 deficient mice appear to primarily show 
reduced numbers of Langerhans cells and microglia (53, 54). Thus, Csf1 and Il34 
knockout mice present with mostly non-overlapping aspects of the phenotype 
observed in Csf1r knockout mice. In vitro experiments have been fruitful in 
elucidating the molecular mechanisms of CSF1R signaling in macrophages. 
However, to generate or maintain macrophages in vitro, the addition of either of 
the two ligands for CSF1R is required, suggesting functional overlap of ligand 
function in macrophage differentiation, proliferation and survival (57)Interestingly, 
CSF1R signaling seems selectively essential for several TRM populations 
in brain, bone, and skin, known respectively as microglia, osteoclasts, and 
Langerhans cells. These populations are lacking in Csf1r mutant mice and rats, 
whereas other macrophage populations are reduced in numbers to a variable, 
but lesser extent (58-60). Many macrophages are still present in Csf1r knockout 
mice and rats, despite the lack of CSF1R signaling, this suggests that the role of 
CSF1R in vivo is more subtle than that in vitro and lowers the number of TRMs to 
different extent in several tissues and organs. 

Thus, the precise role of CSF1R in vivo, particularly how CSF1R governs 
the generation of tissue specific macrophages, remains to be unraveled. Based 
on Csf1r-/- in vivo phenotypes, loss of CSF1R appears to affect particularly TRMs. 
This is important to understand, since the neurodegenerative disorder, adult-
onset leukoencephalopathy with axonal spheroids and pigmented glia (ALSP), is 
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caused by heterozygous loss of function mutations in CSF1R and it is unknown 
how microglia are affected by such mutations (61). Last, CSF1R inhibition 
provides an increasingly used therapeutic option in cancer, arthritis and possibly 
neurological disease, and better understanding which aspects of macrophage 
biology are precisely affected by CSF1R will therefore be important (62, 63).
 
Microglia in brain homeostasis and in neurodegenerative disease
In many brain disorders, including Alzheimer’s disease, microglia are abundantly 
present, particularly in affected brain regions, suggesting their involvement in the 
pathogenesis. Alterations in the activation state of microglia during development, 
for example due to infection, are linked to neurodevelopmental disorders, 
including autism (23, 64). ALSP is one of several neurodegenerative disorders 
that are caused by mutations in genes expressed selectively on microglia, called 
microgliopathies (61, 65-68). Thus, it seems that microglia do not only play a role 
in diseases related to aging but also in neurodevelopmental diseases and can be 
disease causing in for example microgliopathies. 

Microglia fulfill functions in brain development by keeping close contact 
with neuronal synapses to support their growth, but also prune excessive 
synapses via complement components and clear apoptotic neurons, especially 
during development (21, 23, 69). In addition, in microglial absence (Pu.1-/- and 
Csf1op/op mice), blood vessels are less abundantly present in the brain, implying a 
role for microglia in the formation of blood vessels (70-74). Microglia also affect 
the presence of oligodendrocyte precursor cells, oligodendrocytes, as well as 
myelination and myelin remodeling (22, 26, 28). To understand the molecular 
mechanisms underlying ALSP, and other diseases involving microglia, it is 
important to discover the functions affected by mutations in disease-causing 
microglia genes in vivo. In addition, by performing this type of studies we could 
learn how microglial dysfunction can lead to disease, and how microglia affect 
progression of neurodegenerative disorders. 

The role of other highly microglia expressed genes in neurological 
disorders: the lysosomal storage disorder Sandhoff disease
Microglia have a specific gene expression signature compared to other 
macrophages or compared to other brain cells (32, 75-79). Several of these 
signature genes are linked to neurodegenerative disease including TREM2, in 
which homozygous mutations cause a severe white matter disorder and single 
variants contribute to dementia (80, 81). Another, much less studied microglia 
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signature gene, HEXB, causes a severe neurological, lysosomal storage disorder 
in humans when mutated, but its function in microglia is unclear. Lysosomal 
storage disorders (LSDs) comprise a group of ~ 55 disorders, which are caused 
by genetic variants in lysosomal enzymes leading to loss of protein function 
(82). LSDs frequently involve progressive neurodegeneration, and for most of 
them there is no treatment available yet. Sandhoff disease (SD), is caused by 
bi-allelic mutations in HEXB, leading to deficiencies in both β-Hexosaminidase 
A and β-Hexosaminidase B hydrolases, formed by HEXA/B or HEXB/B dimers, 
respectively (83, 84). β-Hexosaminidase plays a role in ganglioside metabolism 
and hydrolyzes GM2 gangliosides into smaller GM3 gangliosides in lysosomes. 
SD neuropathology involves GM2 accumulation, neuronal loss, hypomyelination 
in the infantile form, and the presence of increased numbers of activated 
microglia and astrocytes (85-89). In SD mice, GM2 storage is found in lysosomes 
of neurons, but also in lysosomes of astrocytes and microglia (90-92). In an SD 
mouse model, microglial activation was found to precede neurodegeneration 
(93). In addition, several studies showed that suppression of microglial or 
astrocytic inflammation could reduce SD pathology, suggesting both glial cells 
might be involved in SD pathogenesis (90, 93, 94). Based on pathology and 
gene expression data, it appears glia cell types contribute to the initiation and 
progression of disease. It is important to determine how HEXB deficiency affects 
glial function and whether gliosis is a consequence of neuronal problems caused 
by the loss of HEXB. Recently, it is becoming more clear that defects in glia cells 
–e.g. microglia, astrocytes or oligodendrocytes- often contribute or even cause 
neurological diseases. For brain diseases in general, it is therefore important to 
investigate them using a holistic approach, taking into account effects in various 
cell types in the brain. 

Zebrafish as a model to study TRMs and glia in vivo
To study tissue-specific functions of TRMs, it is important to keep them in their 
native microenvironment, which is possible by using in vivo imaging. Zebrafish 
are small vertebrates that have several specific properties, which make them 
highly suitable to study macrophages in their native environment. For example, 
their offspring develops ex utero, transparently, and rapidly, as a complete embryo 
is present 24 hours after fertilization. In addition, zebrafish contain homologs of 
at least 70% of human genes (95). These properties make them highly suitable 
for forward genetics screens, which have been fruitful in identifying previously 
unknown processes that are essential for microglia development, for example 
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lysosomal function and suppression of inflammation (96-99). More recently, by 
using CRISPR/Cas9 to disrupt genes, it has now become possible to generate 
mutant alleles for target genes effectively and even reverse genetic screening is 
feasible (100). Many cell types and organ systems are highly conserved across 
evolution, and for example between mammals and zebrafish, including innate 
immunity and hematopoiesis, and findings from zebrafish research has proven 
to be relevant to understand human disease biology, including hematopoietic 
disorders and cancer (101-103). In addition, our recent work showed that many 
genes highly expressed specifically in mouse and human microglia are also highly 
expressed specifically in zebrafish microglia, suggesting that TRM properties are 
well conserved (76). The availability of transgenic reporter lines, using different 
fluorescent proteins, makes it possible to track, by in vivo imaging, the various 
cell types in the developing embryo, including macrophages and several glial cell 
types. Thereby zebrafish studies provided unprecedented insights in basic in vivo 
cellular mechanisms, ranging from phagocytosis and myelination to the discovery 
that microglia can tune neuronal activity (104-108). These properties facilitate 
functional genetic experiments in vivo to study macrophage and glial biology, 
which we can relate to human genetic diseases such as ALSP. 
 
Contents of this thesis
In this thesis we aimed to gain insight in the mechanisms and genetics regulating 
the embryonic development of macrophages, particularly microglia, and their 
role in disease. We therefore designed a reverse genetic screen to identify 
genes important for early microglia development in zebrafish larvae (Chapter 
2). In this screen, we identified il34 as a regulator of microglia development by 
attracting precursors towards the brain to form microglia. We used CRISPR/
Cas9-based direct gene targeting to disrupt genes, followed by microglia 
visualization, using the vital dye neutral red, to quantify the number of microglia. 
To increase throughput, we developed automated image analysis software 
for quantification of microglia phenotypes. To further study the role of Csf1r-
signaling in macrophage development in vivo, we generated zebrafish lacking 
both copies of the Il34 receptor, Csf1r, which are described in chapters 3, 4 
and 5. In chapter 3, we studied the role of Csf1r during embryonic and larval 
macrophage development and found that Csf1r mainly regulates macrophage 
proliferation, while differentiation to core-macrophages is Csf1r-independent. The 
defective macrophage proliferation in csf1r mutants results in large differences 
in macrophage numbers between csf1r mutants and controls. By following 
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macrophage development over time, up to 24 days post fertilization (dpf), we were 
able to detect the onset of definitive myelopoiesis both in controls and in csf1r 
mutants. In csf1r mutants macrophage numbers increased rapidly, but they failed 
to obtain a TRM phenotype based on in vivo imaging, and transcriptome analysis.  
In chapter 4 we described a human patient with severe brain abnormalities who 
had homozygous loss of function mutations in CSF1R, and, as indicated by post 
mortem analysis, lacked microglia. We used the zebrafish to study how a lack 
of microglia affects brain development, in an attempt to identify a mechanism 
underlying the absence of major white matter tracts in the patient. We identified, 
both in zebrafish and in the human patient, reduced expression of the neuronal 
transcription factor CUX1, which is involved in the neuronal projections needed 
for generation of the corpus callosum. In chapter 5 we used the zebrafish to 
study the role of Csf1r on embryonic and adult microglia. Hereby, we gained 
insight in the role of microglia in the rare neurodegenerative disorder and 
leukodystrophy ALSP, caused by heterozygous mutations in CSF1R. We showed 
that CSF1R regulates the distribution and density of microglia in the brains of 
zebrafish and in ALSP patients. Therefore, alterations in microglia distribution 
and reduced numbers may be an early event in the brain pathology observed 
in ALSP patients, which could contribute to white matter pathogenesis. Many 
other highly expressed microglia genes are involved in brain disease, including 
lysosomal genes, in which mutations cause lysosomal storage diseases (LSDs). 
Therefore, we investigated in chapter 6 the role of the microglia signature gene 
HEXB, which causes Sandhoff disease when mutated. We generated hexb 
deficient zebrafish and discovered pathologies, both in microglia and in radial 
glia, during early embryonic brain development, suggesting a role for multiple glia 
in early Sandhoff disease pathogenesis. Hereby, we showed glial contribution to 
early pathologies in hexb mutant zebrafish, which could be relevant for Sandhoff 
disease. In chapter 7 our findings are outlined and their significance is discussed 
in the context of current literature. 
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Abstract
Microglia are brain resident macrophages, which have specialized functions 
important in brain development and in disease. They colonize the brain in 
early embryonic stages, but few factors that drive the migration of yolk sac 
macrophages (YSMs) into the embryonic brain, or regulate their acquisition of 
specialized properties are currently known. 
 Here, we present a CRISPR/Cas9-based in vivo reverse genetic 
screening pipeline to identify new microglia regulators using zebrafish. Zebrafish 
larvae are particularly suitable due to their external development, transparency 
and conserved microglia features. We targeted putative microglia regulators, by 
Cas9/gRNA-complex injections, followed by neutral red-based visualization of 
microglia. Microglia were quantified automatically in 3-day-old larvae using a 
software tool we called SpotNGlia. We identified that loss of the zebrafish colony 
stimulating factor 1 receptor (CSF1R) ligand IL34, caused reduced microglia 
numbers. Previous studies on the role of the IL34 on microglia development in 
vivo were ambiguous. Our data, and a concurrent paper, show that in zebrafish, 
il34 is required during the earliest seeding of the brain by microglia. Our data 
also indicate that Il34 is required for YSM distribution to other organs. Disruption 
of the other CSF1R ligand, Csf1, did not reduce microglia numbers in mutants, 
whereas overexpression increased the number of microglia. This shows Csf1 
can influence microglia numbers, but might not be essential for the early seeding 
of the brain. In all, we identified il34 as a modifier of microglia colonization, by 
affecting distribution of YSMs to target organs, validating our reverse genetic 
screening pipeline in zebrafish.
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Introduction 
Tissue macrophages, in addition to their immunological roles, modulate 
organogenesis and exhibit organ-specific regulatory properties that are thought 
to affect virtually all organs in vertebrates (1, 2). Microglia are the brain’s 
resident macrophages, which have roles in brain development and homeostasis. 
Described functions of microglia include the removal of dead cells and debris, 
modulation of neuronal connectivity by synaptic pruning and maintenance of 
myelin-producing cells (3-6). Defects in microglia function have been implicated 
in neurodevelopmental disorders such as autism spectrum disorder (ASD)
(3). Pathogenic variants in genes thought to primarily affect microglia cause 
rare white matter disorders including Nasu-Hakola disease and adult onset 
leukoencephalopathy with axonal spheroids (ALSP), which may be caused by 
loss of microglia activity (7-10). In line with this, there is accumulating evidence 
that replenishing brain myeloid cells by hematopoietic cell transplantation (HCT) 
has powerful therapeutic potential in leukodystrophy and metabolic diseases 
affecting the brain, and better understanding the molecular regulation of brain 
colonization by microglia could lead to ways to facilitate this (11-13). However, 
the exact genes and mechanisms underlying the emergence of microglia in the 
brain and acquisition of their functional properties are still poorly understood. 
 Microglia originate from macrophage progenitors in the embryonic 
yolk sac, known as yolk sac macrophages (YSMs), which colonize the brain 
during early embryonic development (14, 15). Once they arrive in the brain, 
they acquire a highly ramified morphology, proliferate extensively and form 
a brain-wide network with non-overlapping territories (16). The transition from 
YSM to mature microglia or other tissue resident macrophages involves several 
differentiation stages characterized by distinct transcriptional profiles (17, 18). 
The progression through these transcriptional states is synchronised with, and 
most likely driven by, the different stages of brain development as microglia gene 
expression is highly sensitive to changes in the microenvironment and tissue 
macrophage identity is mostly determined by the host environment (17, 19-21). 
For the majority of the genes specifically expressed in microglia the function is 
still unknown, and as many of these genes are rapidly downregulated when they 
are taken out of the brain, it is difficult to study their functions in vitro (22, 23). 
In mammals, microglia development is relatively inaccessible to study, as YSMs 
emerge during development in utero. Despite progress in identifying methods to 
recreate microglia-like cells in vitro, improved understanding of their ontogeny is 
needed to guide in vitro efforts (24, 25) . Therefore, identification of the functions 
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of genes affecting microglia development could provide valuable insights into 
regulation of microglia development and function in vivo. 

Zebrafish embryos are relatively small, transparent, are relatively easy to 
manipulate genetically and develop ex-utero, which makes them highly suitable 
for in vivo genetic studies (26). We recently showed that microglia gene expression 
is well conserved between zebrafish and mammals and that, as shown in mice, 
loss of the two zebrafish homologs of the colony-stimulating factor 1 receptor 
(Csf1ra and Csf1rb) leads to absence of microglia (10, 27-29). Phenotype-driven, 
forward genetic screens in zebrafish have identified several microglia mutants 
with a defect in microglia development or function. Processes affected in these 
mutants include hematopoiesis, regulation of inflammation, phosphate transport 
and lysosomal regulation, which implies that these various processes are all 
critical for microglia development and function (30-34). However, such forward 
genetic screens are laborious and relatively low-throughput. A candidate-driven 
reverse genetic screening approach could lead to identification of additional 
genes important for microglia. The CRISPR/Cas9-system can be used to create 
insertions or deletions (indels) in target genes via the repair of Cas9-induced 
double strand breaks by error-prone non-homologous end joining (NHEJ) (35). 
Injection of gene specific guide RNAs (gRNAs) and Cas9 mRNA, can lead to gene 
disruption sufficiently effective to allow small-scale reverse genetic screening, 
for example to identify new genes involved in electrical synapse formation (36). 
Alternatively, active Cas9-gRNA ribonucleoprotein complexes injected into 
fertilized zebrafish oocytes can more efficiently induce indels in target genes and 
the resulting genetic mosaic zebrafish can phenocopy existing loss-of-function 
mutants (CRISPants) (37, 38). 
 Here, we present a scalable CRISPR/Cas9-based reverse genetic 
screening pipeline in zebrafish to identify important genetic microglia regulators. 
In zebrafish larvae, microglia can be visualized by the vital dye neutral red, which 
shows a selective and pronounced staining in microglia over other macrophages 
and has been used as an effective readout for microglia numbers in forward 
genetic screens (15, 30-32). We developed an image quantification tool, 
SpotNGlia, to automatically detect the brain boundaries and count neutral red-
positive (NR+) microglia. Out of the 20 putative microglia regulators we targeted 
by CRISPR/Cas9-mediated reverse genetics, disruption of interleukin 34 (il34) 
showed the strongest reduction in microglia numbers in developing zebrafish 
larvae. In mammals, Il34 is one of two ligands of the microglia regulator CSF1R. 
Further analysis in stable il34 mutants revealed that il34 is mainly important for the 
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recruitment of microglia to the brain, and likely other tissue resident macrophage 
populations, including Langerhans cells, to their target organs. Thus, we here 
present a scalable reverse genetic screening pipeline to identify additional new 
regulators important for microglia development and function. 
 
Results
CRISPants phenocopy existing mutants with microglia developmental 
defects 
Loss of one of several key macrophage regulators, including Spi1 (encoding 
PU.1), Irf8 and Csf1r, and their zebrafish homologs spi1b (Pu.1), csf1ra and 
csf1rb, and irf8, leads to defects in microglia development (15, 28, 39-43). To 
investigate whether Cas9-gRNA ribonucleoprotein complexes (RNPs) targeting 
these regulators can be used to induce mutant microglia phenotypes directly, 
we injected zebrafish oocytes with RNPs targeting either csf1ra or spi1b. To 
assess whether CRISPR/Cas9-based targeting of those genes affects microglia 
development we determined microglia numbers by neutral red (NR) staining at 
3 days post fertilization (dpf). At this time point, microglia have just colonized 
the optic tectum, are highly phagocytic and have low proliferative activity, 
which makes it an ideal time point to identify genes required for the earliest 
steps of microglia development (15, 44). We quantified NR+ microglia in csf1ra 
CRISPants, in controls and in csf1ra loss-of-function mutants found in an ENU 
mutagenic screen (hereafter called csf1ra-/-)(45). Similar to csf1ra-/- mutants, 
csf1ra CRISPants showed an 80% reduction in the number of NR+ microglia 
compared to controls suggesting highly effective targeting in F0 injected embryos 
(Fig 1A). To assess the targeting efficiency of the csf1ra gene we performed 
Sanger sequencing of the targeted locus of a small pool of csf1ra CRISPants 
and calculated the spectrum and frequency of indels in the csf1ra gene using 
TIDE (tracking indels by decomposition) software (46). The mutagenic efficiency 
was >90%, showing efficient mutagenesis (Fig 1B). Similarly, spi1b CRISPants 
showed a strong reduction in the number of microglia and 65-95% mutagenic 
efficiency (Fig 1C, D). This shows that CRISPR/Cas9-based mutagenesis can 
be used to reproduce mutant microglia phenotypes in Cas9-gRNA RNP injected 
zebrafish larvae. 

SpotNGlia semi-automatically counts microglia numbers
Manual quantification of NR+ microglia, across z-stack images, is time-consuming 
and can be subjective. To standardize and speed up quantification, we developed 
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a software tool, SpotNGlia, that automatically counts NR+ microglia in the optic 
tectum where most microglia are located at 3 dpf. The SpotNGlia tool aligns 
stacked images of stained zebrafish larvae taken at different axial positions and 
blends the images into a single 2D image in which all NR+ cells are in focus (Fig 
2A). Next, the images are segmented by using polar transformation and dynamic 
programming to identify the edges of the optic tectum. Finally, NR+ cells are 
detected and counted by a spot detection technique based on multiscale wavelet 
products (47). To test the SpotNGlia software tool, we created and manually 
annotated a dataset with representative z-stack images of 50 neutral red stained 
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Fig 1. csf1r CRISPants 
phenocopy existing 
csf1r microglia mutants. 
A Neutral red (NR+) 
images and quantification 
of WT, csf1ra-/- and csf1ra 
CRISPant zebrafish 
larvae at 3 dpf. B Indel 
spectrum of a pool 
of csf1ra CRISPants 
calculated by tide. C 
Neutral red images and 
quantification of WT, 
and spi1b CRISPant 
zebrafish larvae at 3 
dpf. D Indel spectrum 
of a representative 
individual spi1b CRISPant 
calculated by tide. R2 
value represents reliability 
of the de indelspectrum. 
*** p < 0.001. One-way 
anova and t-test. Each 
dot represents one larvae. 
Error bars represent s.d. 
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zebrafish larvae. To assess the accuracy of brain segmentation, Jaccard and 
Dice indices were determined, revealing indices of 0.86 (Jaccard) and 0.93 (Dice)
(Fig 2B, C). To assess the accuracy of microglia detection we determined the 
precision, recall and F1 scores of the computed annotation, resulting in average 
scores of 0.85, 0.91 and 0.87, respectively (Fig 2B,C,D). These results indicate 
that SpotNGlia is able to automatically identify the boundaries of the midbrain 
region, and the microglia within that region, in the vast majority of cases. To 
correct manually for those instances where brain segmentation and microglia 
detection were not completely accurate -as determined by visual inspection, our 
tool offers the possibility of post-hoc correction. In our experiments we have found 
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Fig 3. Reverse genetic screen reveals zebrafish il34 as a regulator of microglia development. 
A Accumulated data from all gRNA injections showing the number of NR+ microglia as quantified 
with SpotNGlia. Red bars represent genes which showed a significant reduction in microglia numbers 
upon CRISPR/Cas9-based targeting. B NR+ microglia numbers in 3 dpf zebrafish larvae injected 
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that SpotNGlia results in about 80% reduction in the time it takes to quantify 
NR+ microglia numbers. In all, this indicates that SpotNGlia is a powerful tool for 
fast quantification of NR+ microglia numbers to assist in identifying novel genes 
important for generation of functional microglia. 

Reverse genetic screen reveals zebrafish Il34 as a regulator of microglia 
development
To identify new microglia regulators using direct CRISPR/Cas9-targeting 
and microglia phenotyping by SpotNGlia, we targeted 20 candidate genes 
individually. These genes were selected based on either our recently identified 
zebrafish microglia transcriptome (e.g. slco2b1, hcst/dap10 and mrc1b), microglia 
expressed genes with a connection to brain disease (e.g. usp18), or genes which 
could affect microglia in a non-cell autonomous manner (CSF1R ligand encoding 
genes il34, csf1a and csf1b)(Fig 3A, Fig S1, Table S1)(27). Next, gRNAs were 
designed to effectively target these genes in one of their first exons. Cas9-gRNA 
RNPs targeting candidate genes were injected in fertilized oocytes, after which 
they were NR stained at 3 dpf, phenotyped and genotyped by Sanger sequencing 
followed by indel decomposition using TIDE (Table S1)(46). We did not observe 
obvious signs of developmental delay, morphological abnormalities or increased 
mortality upon Cas9-gRNA RNP injections, indicating that the observed microglia 
phenotypes were not due to Cas9-gRNA toxicity. The gRNAs for 6 of the targeted 
genes caused a significant reduction in the number of NR+ microglia (Fig 3A). 
The largest decrease in NR+ numbers was observed in embryos in which the 
zebrafish homolog of interleukin 34 (IL34) was targeted (Fig 3A, B)(48). 
 To validate our approach and confirm that this microglia phenotype is 
caused by loss of il34 function, we generated a premature stop codon in exon 5 
of the il34 gene (Fig 2C). Neutral red labelling of homozygous il34 mutants at 3 
dpf revealed a ~60% reduction in NR+ microglia compared to wildtype siblings, 
suggesting this is a loss of function allele (Fig 3D). Similarly, live imaging of GFP 

with gRNA-Cas9 RNPs targeting il34. Controls in A and B are non-injected wildtype larvae. C -5 bp 
deletion in exon 1 of il34 directly introduces a stop codon D NR+ microglia numbers in il34 mutants 
with a premature stop codon in exon 5 and their heterozygous and wildtype siblings at 3 dpf. E 
GFP+ microglia in the optic tecti (dotted line) of 3 dpf il34 mutants and controls and quantification of 
their numbers and the fraction of microglia containing more than one protrusion (ramified microglia). 
Controls in D and E are wildtype (il34+/+) larvae. * p < 0.05, ** p < 0.01, *** p < 0.001. One-way 
anova and t-test. Bonferroni correction for multiple testing. Scale bar represents 100 µm. Each dot 
represents one larvae. Error bars represent s.d.
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expressing microglia (GFP+), driven by the mpeg1 promoter, in the optic tecti of 
il34 mutants showed lowered microglia numbers compared to controls (Fig 3E). 
In mice, Il34 knockout led to slightly different outcomes, causing, in one study, 
lowered microglia numbers already in early postnatal development that remained 
low into adulthood and, in another study, only reduced adult microglia numbers 
(49, 50). Therefore, the precise role of Il34 in early microglia development 
remains ambiguous. In addition, the precise role of Il34 in adult microglia has 
not been described yet (49, 50). Our results are consistent with an evolutionary 
conserved role for Il34 in early microglia development (49). This is further 
supported by a concurrent study where, using another premature stop mutation 
in il34, the authors showed a similar reduction in microglia numbers at the same 
developmental stage (51). Interestingly, the receptor for Il34, colony stimulating 
factor 1 receptor (Csf1r), has two other ligands in zebrafish: Csf1a and Csf1b. To 
determine whether the other Csf1r ligands also affect early microglia development 
we generated stable frameshift mutants for csf1a and csf1b (Fig S3). However, 
individual csf1a and csf1b mutants did not show reduced microglia numbers 
(Fig S2A-B)(51). Surprisingly, larvae containing mutations in both zebrafish csf1 
homologs, csf1a and csf1b (csf1a-/-b-/-), also showed no reduction in microglia 
numbers (Fig S2C). As the mutants presented with the absence of yellow pigment 
cells, known as xanthophores, a phenotype also observed in csf1ra-/- mutants, this 
suggests that the csf1a-/-b-/- fish are loss of function mutants (45, 52-54). Many in 
vitro studies have shown that CSF1 can induce proliferation of myeloid cells (55, 
56). Consistently, we find that overexpression of Csf1a (Tg(hsp70l:csf1a-IRES-
nlsCFP(52)) caused an increase in microglia numbers quantified (Fig S2D). This 
data suggests that increased Csf1a is capable of influencing microglia numbers, 
but Csf1 is not essential for early microglia development. In all, the loss of Il34, 
but not Csf1, causes a reduction in microglia numbers in 3 dpf zebrafish.

Il34 facilitates the distribution of macrophages, without affecting their 
proliferation
In mice, tissue resident macrophages of the skin, known as Langerhans cells 
(LCs), are highly dependent on IL34/CSF1R-signaling for their maintenance and 
self-renewal (49, 50, 57). We therefore hypothesized that Il34 in zebrafish might 
regulate the proliferative expansion of microglia, similar to LCs in mice, leading 
to the lower microglia numbers we observed. Microglia numbers increase sharply 
after 3 dpf, and to determine whether microglia numbers remained lower over 
time we quantified NR+ microglia also at 5 dpf (Fig 4A). Surprisingly, compared 
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to 3 dpf, microglia numbers in il34-/- mutants were closer to those of controls at 
5 dpf (~30% reduction 5 dpf vs ~60% reduction at 3dpf). To determine whether 
the increase in numbers was due to the continuation of seeding the brain or 
proliferative expansion we performed EdU pulse labelling between 3 and 4 dpf. 
EdU/L-plastin double labelling showed reduced microglia and reduced Edu+ 
microglia, but the fraction of EdU+ microglia did not differ between il34 mutants 
and controls (Fig 4B Fig S4A). Thus, loss of il34 does not change the proliferative 
fraction of microglia, therefore the decreased microglia numbers are unlikely 
explained by a defect in proliferation. Since the decrease in microglia numbers in 
il34 mutants compared to controls was largest at 3 dpf, Il34 likely affects YSMs, 
including microglia progenitors, preceding brain colonization. Indeed, Wu and 
colleagues showed that Il34 deficiency causes impaired colonization by failing to 
attract YSMs to enter the brain in a Csf1ra-dependent mechanism (51). We used 
live-imaging to visualize mpeg1-GFP+ yolk sac macrophages (YSMs), which are 
the progenitors of microglia, but also of many other macrophages at this stage. 
At 2 dpf, YSM numbers and morphology were not different between il34 mutants 
and controls (Fig 4C). Thus, reduced microglia numbers are likely not attributed 
to reduced YSM numbers. Therefore, impaired migration of il34 deficient YSMs 
towards the brain could explain the lower microglia numbers. Imaging in the rostral/
head region at 2 dpf showed an >80% decrease in the number of macrophages/
microglia, suggesting that il34 is indeed involved in the recruitment of YSMs to 
the brain (Fig 4D). To determine whether this effect is exclusive to microglia, we 
determined the fraction of total macrophages that was found in the head or in the 
trunk region at 3 dpf. This showed again an ~80% reduced infiltration of microglia 
in the brain in il34 mutants compared to controls. Colonization of the trunk was 
also decreased in il34 mutants compared to controls, but to a lesser extend (~ 
25% reduction)(Fig 4E-F Movie S1). This was confirmed by time-lapse imaging 
of il34 mutants and controls, which showed largely reduced colonization of all 
embryonic regions (Movie S1). In addition, we observed frequent proliferative 
events between 2-3 dpf, both in control but also in il34 mutant larvae, and 
therefore proliferation of il34 mutant YSMs caused an increase in the number 
of YSMs that had infiltrated the tissue (Movie S1). Analysis of entire larvae at 8 
dpf revealed that total macrophage numbers were not reduced in il34 mutants, 
suggesting normal macrophage development and expansion. However, whereas 
in control fish almost 60% of the total macrophages were found to have migrated 
away from the hematopoietic sites, into the embryonic tissues, in il34 mutant 
fish only 40% of the macrophages colonized the embryo. Therefore, loss of Il34 
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affects the distribution of macrophages into various embryonic tissues including 
the brain, analogous to the effect of IL34 on the maintenance and development 
of LCs, as described in mice (49, 50, 57)(Fig 5). 

Discussion
In this study, we developed a scalable CRISPR/Cas9-based reverse genetic 
screening pipeline using semi-automated image quantification to identify new 
regulators of microglia biology using zebrafish embryos. We showed that direct 
genetic targeting of known microglia regulators including csf1ra and spi1b by 
Cas9/gRNA injections in zebrafish embryos phenocopies previously identified 
microglia mutants. We next developed a software tool (SpotNGlia) that allows 
for automated phenotyping by quantification of neutral red positive microglia. As 
zebrafish are well suited for in vivo drug discovery, our strategy could potentially 
also be used to identify small molecules affecting microglia development (58). 
Using this pipeline, we here tested 20 candidate genes for a role in microglia 
development and found 6 genes significantly affecting microglia numbers when 
mutated. Loss of il34 function caused the largest decrease in microglia numbers, 
which we confirmed by analysis of stable il34 mutants. Furthermore, we uncovered 
Il34 as a regulator of distribution of tissue macrophages, needed to recruit YSMs 
to the brain and other embryonic tissues. 

Even though we here examined 20 genes, there are several ways to 
increase the throughput of our screening strategy. First, mounting of the injected 
zebrafish larvae and subsequent image acquisition are the most time-consuming 
parts of our pipeline. Neutral red stained larvae were manually embedded in low 
melting point agarose before imaging, which restricts the number of animals that 

Fig 4. Il34 does not affect proliferation but the distribution of YSMs to target organs. A NR+ 
microglia numbers in il34 mutants and their heterozygous and wildtype siblings at 5 dpf. B EdU/
Lplastin staining of microglia in the optic tecti (dotted line) of 4 dpf il34 mutants and wildtype controls 
and quantification of microglia numbers, EdU+ microglia numbers and the fraction of EdU+ microglia 
among total numbers. C In vivo imaging of GFP+ macrophages located on the yolk sac (dotted line) 
in il34 mutants and wildtype controls, transgenic for mpeg1-GFP, and ,quantification at 48 hpf. YSMs 
with more than 1 protrusion were counted as branched YSMs. D In vivo imaging of mpeg1:GFP+ 
macrophages located in the head region (dotted line) in il34 mutants and wildtype controls and 
its quantification at 48 hpf. E In vivo imaging of GFP+ macrophages located in the head region 
(dotted line) in il34 mutants and wildtype controls and its quantification at 3 dpf. F In vivo imaging of 
mpeg1:GFP+ macrophages located in the tail (dotted line) in il34 mutants and wildtype controls and 
its quantification. Scale bar represents 100 µm. * p < 0.05, ** p < 0.01, *** p < 0.001. One-way anova 
and t-test. Each dot represents one larvae. Error bars represent s.d.
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can be screened per day. Automated imaging systems that can load zebrafish 
larvae from liquid medium in multi-well plates and image them in the orientation 
of interest in glass capillaries could overcome this hurdle (59). Together with the 
SpotNGlia tool this would permit a significantly increased screening throughput 
and efficiency. Additionally, we aimed to achieve maximal CRISPR/Cas9 
mutagenic efficiency for individual genes of interest, and therefore targeted 
individual genes. Shah et al. previously reported a strategy where pools of up to 
8 gRNAs are injected simultaneously to target multiple genes at once (60), which 
could lead to reduced targeting efficiency of the individual gRNAs. Although, a 
pooling strategy could significantly increase the number of genes that can be 
screened, we observed that, especially for genes with a relatively subtle microglia 
phenotype, a high mutagenic efficiency increases the chance of detecting the 
phenotype. Additionally, due to the clonal nature of hematopoietic progenitors, 
including yolk sac macrophages, a high targeting efficiency is likely required, 
because non-targeted cells could expand and compensate for mutated cells. 

IL34 is one of two ligands of the colony stimulating factor 1 receptor 
(CSF1R), a main regulator of development of the macrophage lineage (55). Even 
though adult Il34 deficient mice have fewer microglia, and no Langerhans cells, 
the precise role of IL34 in microglia development is unclear. Wang and colleagues, 
showed that neonatal Il34-/- mice have lower microglia numbers, whereas Greter 
et al showed normal microglia numbers in Il34-/- mice throughout embryonic 
development (49, 50). The exact function of IL34 in microglia development in 
vivo, and how this may differ from CSF1, remains therefore ambiguous. These 
discrepancies could be attributed to factors such as genetic background, or 
slightly different methods leading to different interpretations regarding the role of 
Il34 in embryonic and early postnatal microglia numbers (49, 50). 

Our data revealed a ~60% reduction in microglia numbers in il34 mutant 
larvae at 3 dpf, indicating that il34 is required for early microglia development in 
zebrafish. We show that upon arrival in the brain, between 3 and 5 dpf, microglia 
numbers increase by proliferation in both controls and il34 mutants, suggesting 
that the proliferative capacity of microglia is not affected by the loss of il34 (Fig 
5). In addition, YSM numbers were not affected by il34 deficiency, indicating that 
there is a defect in the colonization of the embryonic brain, likely due to a failure 
to attract YSMs expressing Csf1ra and/or Csf1rb. Consistent with this, analysis 
of migration towards the brain at both 2 and 3 dpf showed much fewer microglia 
colonized the brains of il34 deficient larvae. Our findings are consistent with a 
concurrent manuscript, where the authors show that nervous system expression 
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of Il34 can attract YSMs to migrate into the brain by the Il34/Csf1 receptor Csf1ra 
(51). However, we additionally found that distribution of il34 mutant YSMs into 
trunk regions was reduced, indicating that the effect of Il34 is not limited to 
microglia, but also affects the migration and colonization of other tissue resident 
macrophages. Consistent with this idea, recent single cell RNA seq studies show 
widespread expression of il34 mRNA in early embryonic zebrafish (61). At 24 
hpf, il34 is already expressed in e.g. brain, but also in muscle, heart, pharyngeal 
arches, epidermis and neural crest (61). In mice IL34 is also expressed in the brain 
during embryonic development (E11.5, and possibly earlier) and for example in 
the epidermis (50, 62). This early expression in brain and other cells supports 
our model that Il34 attracts YSMs towards the brain and into other parts of the 
embryo, including the epidermis.   

As we previously showed that mutants for both receptors, Csf1ra and 
Csf1rb, lack all microglia, in contrast to Csf1ra mutants, which have fewer 

control il34-/-

macrophages

microglia

5 dpf

2 dpf

Fig 5. Schematic representation 
of role of Il34 in distribution of 
YSMs to target organs. 



Chapter 238

2

microglia only in early development, the expansion of microglia following 
colonization of the brain is likely regulated by other, possibly compensatory or 
redundant factors, including through CSF1 homologs Csf1a or Csf1b (10, 29). 
Although we repeatedly identified a decrease in microglia numbers in csf1a gRNA 
injected zebrafish, we did not identify a change in csf1a mutants, generated with 
the same gRNA. Our data is consistent with an already published csf1a-/- line 
that also shows normal microglia numbers (51). Even when we combined csf1a 
and csf1b frameshift mutations, we did not find reduced microglia numbers. The 
pigmentation phenotype observed in csf1a-/-b-/- larvae, and not in the individual 
mutants, suggests that the mutations in csf1a and csf1b are likely loss of function 
and possibly compensate for each other. This suggests that genetic compensation, 
where alternative pathways are upregulated upon mutation of exonic regions, 
does not occur regarding the pigment phenotype (63, 64). Our csf1 gRNA 
injections reduce microglia numbers, and overexpression of csf1a increases 
microglia numbers. Therefore, csf1 in zebrafish seems capable of influencing 
microglia numbers. We cannot currently explain the discrepancy between results 
obtained with gRNA injections and stable mutants, and it is possible that genetic 
compensation for csf1, perhaps by other ligands, could occur in csf1 mutants 
regarding microglia. This stresses the importance of using multiple independent 
approaches to detect false positive, but also false negative results (63-65).

Csf1 and Il34 were both found to be expressed in the adult mouse 
brain, although in non-overlapping regions, however, during early embryonic 
development, Il34 expression precedes Csf1 expression in mice (49, 66). This 
corroborates our findings that Il34 acts as a beacon for YSMs to migrate towards 
the brain, whereas loss of Csf1 appears not to affect microglia numbers at this 
early developmental stage. In il34 mutants, YSMs that arrive in the brain at 3 dpf, 
start to proliferate and reach 70% of control levels at 5 dpf. Time-lapse imaging 
showed frequent proliferative events in other tissues of il34 mutants as well. Thus, 
we find that whereas Csf1 appears able to influence microglia numbers, it seems 
not essential for the early embryonic microglia development. On the other hand, 
il34 is a critical, non-cell autonomously regulator of seeding of the brain and other 
organs by YSMs, but does not appear to be required for their proliferation.
  In conclusion, we here present a scalable reverse genetic screening 
method for the identification of novel regulators of microglia development and 
function. Microglia are key players in brain disease and there is strong evidence 
that microglia defects can be a primary cause of brain disease (7-10). Replenishing 
microglia, for example by hematopoietic stem cell transplantation (HCST) can 
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provide therapeutic benefit in human brain diseases. Better understanding of 
microglia development and acquisition of their specific cell fate in vivo, could 
lead to improved strategies to replace defective microglia. However, the 
mechanisms and genes regulating microglia development and function are still 
largely unknown. Therefore, better understanding of microglial gene functions 
could be a valuable step in the elucidation of mechanisms underlying microglial 
biology. As zebrafish larvae have proven their suitability for drug discovery, 
SpotNGlia automated analysis software in combination with automated imaging 
systems could also be used to screen for compounds affecting microglia (67). In 
all, we identified il34 as a regulator of tissue resident macrophage distribution, 
primarily affecting macrophage colonization of the zebrafish embryonic brain 
by affecting the recruitment of YSMs to target organs including the brain. Our 
reverse genetic screening pipeline can be used to address genetic regulation of 
microglia development and function, and identify regulators essential to generate 
functional microglia in vivo. 

Materials and methods
Fish care
For all experiments Tg(mpeg1:EGFP) fish expressing GFP under the control of 
the mpeg1 promotor or Tg(Neuro-GAL4, UAS:nsfB-mCherry, mpeg1:EGFP) with 
neuronal specific nitroreductase expression, transgenic zebrafish lines were used 
(68). Zebrafish embryos were kept at 28°C on a 14h/10h light-dark cycle in HEPES-
buffered E3 medium. At 24 hpf 0.003% 1-phenyl 2-thiourea (PTU) was added to 
prevent pigmentation. For overexpression of Csf1a we used Tg(hsp70l:csf1a-
IRES-nlsCFP)wp.r.t4 fish kindly provided by David Parichy (University of Virginia) 
(52). Fish were heat-shocked twice at 37°C for 1 hour at 4 dpf, after heat-shock 
treatment fish were selected on CFP expression and divided in CFP- controls and 
CFP+ fish. In this manuscript we describe three new mutant fish lines il34re03/re03 
containing a 5 bp deletion in exon 5 (Fig 2C), csf1are05/re05 containing a 4 bp insertion 
in exon 2, and csf1bre06/re06 containing 4 bp deletion in exon 2, and a version 
in the csf1are05/re05 background containing a -3bp deletion +28 insertion leading 
to a +25 bp insertion causing a frameshift in exon 2 (csf1bre07/re07)(Figure S4). 

Ethics statement
Animal experiments were approved by the Animal Experimentation Committee at 
Erasmus MC, Rotterdam. Zebrafish embryos and larvae were anesthetized using 
tricaine and euthanized by ice-water.
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sgRNA synthesis
To design sgRNAs the online program CRISPRscan (www.crisprscan.org) was 
used (69). The gRNAs were designed to target exons, except for exon 1, to be as 
close as possible to the transcription start site and to have no predicted off-target 
effects. The sgRNAs were generated from annealed primers, one containing a 
minimal T7 RNA polymerase promoter, the target sequence and a tail-primer 
target sequence and a generic tail-end primer (Vejnar et al., 2016). To generate 
primer-dimers the FastStart™ High Fidelity PCR System from Sigma was used. 
A solution was prepared containing 1 mM forward sgRNA oligo, 1 mM reverse 
oligo consisting of 20 nt overlap with sgRNA oligo and the Cas9-binding part, 0.8 
mM dNTPS, 1x FastStart Buffer and 6.25 U / µL FastStart Taq polymerase in 20 
µL total volume. Annealed DNA oligo dimers were generated by denaturation at 
95°C for 5 minutes followed by annealing by reducing the temperature by 1°C 
per second during 20 seconds to 75°C f and extension at 72°C for 10 minutes. 
The gRNAs were synthetized from annealed DNA oligo’s, containing a minimal 
T7 RNA polymerase promoter, with the mMESSAGE mMACHINE™ T7 ULTRA 
Transcription Kit (Invitrogen) according to the manufacturer’s instructions. 

Cas9/gRNA complex injections into zebrafish larvae 
The SP-Cas9 plasmid used for the production of Cas9 protein was a gift from 
Niels Geijsen (Addgene plasmid #62731) (70). Cas9 nuclease was synthetized 
as described (70). 600-900 ng of gRNA was mixed with 4 ng of Cas9 protein to 
form active gRNA-Cas9 RNPs. Next, 0.4 µL of 0.5% Phenol red (Sigma) and the 
volume was adjusted with 300 mM KCl to a total volume of 6 µL. Approximately 
1 nL of the mix was injected in fertilized zebrafish oocytes. For the creation of 
the mutant lines CRISPants were grown to adulthood and outcrossed to the AB 
background, and Sanger sequencing was used to identify mutations. 

Neutral red staining and imaging 
To label microglia, 3 or 5 dpf larvae were incubated in E3 medium containing 
neutral red (Sigma) (2.5 ug/ml) for 2 hours at 28 °C, after which they were 
rinsed with E3 medium containing 0.003% PTU. Larvae were anaesthetized with 
0.016% MS-222 and embedded in 1.8% low melting point agarose in E3 with the 
dorsal side facing upwards. Serial images (3-6) in the z-plane were acquired with 
a Leica M165 FC microscope using the 12x dry objective and a Leica DFC550 
camera.
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Larvae genotyping (Sanger sequencing)
Lysis Zebrafish larvae were euthanized and placed in single tubes containing 100 
µL lysis Buffer (0.3% 1M KCl, 1% 1M TrisHCl pH 9.0, 0.1% Triton, 0.15 mg/mL 
Proteinase K) per larva. The mix was incubated at 55 °C for 10 minutes and 95 
°C for 10 minutes. The lysate was centrifuged for 5 to 10 minutes at 4000 rpm, 
and 1 µl was used for PCR. 

Sanger sequencing to determine CRISPR/Cas9 targeting efficiency For Sanger 
sequencing 500 bp long PCR products were obtained. For the sequencing reaction 
BigDye® Terminator v3.1 Cycle Sequencing Kit from Applied Biosystems was 
used. The product was placed on Sephadex® columns (Sigma) and centrifuged 
at 910 rcf for 5 minutes. The ABI 3130 genetic analyzer from Applied Biosystems 
was used for sanger sequencing. To assess the indel spectrum and frequencies 
at the target locus we used the program TIDE developed by the Netherlands 
Cancer Institute (NKI)(46)

SpotNGlia 
The SpotNGlia software tool was developed in MATLAB (MathWorks, Natick, 
MA, USA). Its full source code and a technical description of how to use the 
tool is available from GitHub (https://github.com/samuelgeurts/SpotNGlia). The 
software is released under the GNU General Public License. A brief description of 
the three main steps (preprocessing, brain segmentation, and microglia detection) 
performed by the software is given below.

Preprocessing Images acquired from neutral red labelled larvae (n=50) were 
used to optimize the algorithm. For each larva, 3-6 images were taken at different 
depths of focus. Color channels were realigned by finding the translation that 
maximizes the correlation coefficient (71). To remove the background the triangle 
thresholding method was used (72). Next, we generated an all-in-focus image 
with extended depth of field (73).

Brain segmentation The orientation of the fish was determined by maximizing the 
correlation coefficient between the image and a mirrored version of itself, yielding 
the larvae’s rotation angle. The translation parameters were found by directly 
correlating the image to a template image, which was established by averaging 
multiple aligned fish. Because of its near-circular shape, the optic tectum was 
segmented by performing a polar transformation after which the edges of the optic 
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tectum were found by using Dijkstra’s algorithm (74, 75). The brain edge becomes 
an approximately straight line in polar coordinates if it is transformed with respect 
to the center of the optic tectum which we obtained from the template image. To 
make it applicable for the shortest path algorithm, the image was correlated with 
a small image, similar to the average appearance of the brain edge in the polar 
image. Also a priori information of the training set was used to exclude locations 
where the brain edge cannot be. After Dijkstra’s algorithm was applied the found 
path was transformed back resulting in the brain edge coordinates.

Microglia detection To identify neutral red-positive (NR+) microglia a multiscale 
wavelets product was computed on the green channel of the image, which 
contains the highest contrast for the NR signal (47). Multiple smoothed images 
from a single fish image were produced with increasing spatial scale. Subtracting 
adjacent smoothed images resulted in subband images containing different 
scales of detail present in the image. A product of subband images in the range 
of the microglia spot size was performed to obtain an image with only high values 
at the location of the spots, i.e. the multiscale wavelet product. A threshold on the 
multiproduct image was applied to obtain a binary image to determine the spots. 
The identified spots were discriminated further on typical color and size obtained 
from the training set, resulting in accurate quantification of microglia numbers. All 
neutral red quantifications were performed using SpotNGlia, except for the 5 dpf 
larvae in Fig. 4A and S2D.

Immunofluorescence staining 
Immunohistochemistry was performed as described (76, 77). Briefly, larvae were 
fixed in 4% PFA at 4°C overnight. Subsequently, dehydrated to 100% MeOH 
and stored at -20°C for at least 12 hours, and rehydrated to PBS. Followed by 
incubation for three hours in blocking buffer (10% goat serum, 1% Triton X-100 
(Tx100), 1% BSA, 0.1% Tween-20 in PBS) at 4°C was followed by incubation 
in primary antibody buffer at 4°C overnight. Larvae were washed in 10% goat 
serum 1% Tx100 in PBS and PBS containing 1% TX100 for a few hours, followed 
by incubation in secondary antibody buffer at 4°C overnight. Primary antibody 
buffer: 1% goat serum, 0.8% Tx100, 1% BSA, 0.1% Tween-20 in PBS. Secondary 
antibody buffer: 0.8% goat serum, 1% BSA and PBS containing Hoechst. Primary 
antibody L-plastin (1:500, gift from Yi Feng, University of Edinburgh). Secondary 
antibody DyLight Alexa 488 (1:250). 
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EdU pulse-chase protocol 
Larvae of 3 dpf were placed in a 12 wells plate in HEPES buffered (pH = 7.3) E3 
containing 0.003% PTU and 0.5 mM EdU for 24 hours. Next, larvae were fixed 
in 4% PFA at 4°C overnight, dehydrated in 100% MeOH and stored at -20°C 
for at least 12 hours. Rehydrated to PBS in series and inbated in proteinase K 
(10 µg/ml in PBS) for an hour at room temperature. Followed by 15 minute post 
fixation in 4% PFA. Larvae were incubated in 1% DMSO in PBS containing 0.4% 
triton for 20 minutes. Thereafter 50µl Click-iTTM (Invitrogen) reaction cocktail 
was added for 3 hours at room temperature protected from light. Thereafter 
samples were subjected to immunolabelling using L-plastin antibody (see section 
on immunofluorescent labelling). 

Confocal imaging
Intravital imaging was largely performed as previously described (76). Briefly, 
zebrafish larvae were mounted as described for neutral red staining. The imaging 
dish containing the embedded larva was filled with HEPES-buffered E3 containing 
0.016% MS-222. Confocal imaging was performed using a Leica SP5 intravital 
imaging setup with a 20x/1.0 NA water-dipping lens. Imaging of GFP and L-plastin 
labelled with Alexa 488 was performed using the 488 nm laser, EdU labelled 
with Alexa 647 was performed using the 633 laser. Analysis of imaging data was 
performed using imageJ (Fiji) and LAS AF software (Leica). The sequence in 
which larvae were imaged (live-imaging) was randomized to avoid any adverse 
effects due to the anaesthetics or to mounting. 

Statistical analysis
For image processing and quantitative analysis SpotNGlia, ImageJ and Prism 
(Graphpad) were used. Statistical significance was calculated using the one-
way ANOVA with Bonferroni correction or Student’s t-tests. Standard deviations 
(s.d.) are shown as error bars and p < 0.05 was considered significant. Exclusion 
criteria: fish showing signs of developmental delay, improper staining or incorrect 
mounting and/or annotation by SpotNGlia.
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S Fig 1. Expression of putative regulators of microglia development in the zebrafish brain. 
Bar graphs represent expression values of putative microglia regulators in microglia (green) and other 
brain cells (blue) observed in the microglia transcriptome (27). Error bars represent s.d.
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S Fig 2. Mutations in csf1 alleles do not affect microglia numbers at 3 dpf A csf1a heterozygous 
cross shows similar numbers of microglia in csf1awt/wt, csf1awt/+4, and csf1a+4/+4 larvae at 3 dpf. B csf1b 
heterozygous cross shows similar numbers of microglia in csf1bwt/wt, csf1bwt/-4, and csf1b-4/-4 larvae at 
3 dpf. C Loss of csf1b in the csf1a+4/+4 background does not change the numbers of microglia at 3 
dpf. csf1a+4/+4 and csf1a+4/+4csf1b+25/+25 show similar numbers of microglia. D Overexpression of Csf1a 
increases microglia numbers at 5 dpf. * p < 0.05, *** p < 0.001. One-way anova and t-test. Each dot 
represents one larvae. Error bars represent S.D.
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S Fig 3. Schematic representation of out of frame mutations in csf1a and csf1b 

CCC CTC TCC ATG TCA TGT GTA AGG ACA TGT CAT GTG TAA GGA CAT 
P L S M S C V R T C H V STOP

csf1b+25/+25

CCC CTC TCC ATG ATG GAC ATC CCC GGT CCT TGC AAA CAT GCC ATA
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Supplementary Figure 3.
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S Fig 4. Loss of Il34 reduces overall tissue colonization by macrophage progenitors
A Representative images of an individual Lplastin+/Edu+ microglia related to Fig. 4B. Arrowheads de-
pict the Lplastin+/Edu+ microglia. Scale bar represents 20 µm B Representative images of 8 dpf wild-
type control and il34 mutant fish with in addition a magnified image of the trunk region. Quantification 
of total macrophage numbers, and the fraction that infiltrated the embryo (number of macrophages 
counted outside the area depicted by the dashed line divided by total macrophage count). Scale bar 
represents 100 µm, *** p < 0.001, t-test. Each dot represents one larvae. Error bars represent s.d.
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S Table 1. gRNAs and their mutagenic efficiencies. 

S Movie 1. Timelapse imaging of a wildtype control (left) and il34 mutant larva (right) between 
2 and 3 dpf

Supplementary table 1 

Gene gRNA sequence Efficiency R2 

alox5ap GGATACGTACCCTACATTTC 32% 0.98 

apoc1l GGCCCAGGAGGAGCCCACAC 84% 0.90 

asah1 AGCTGGAGGATTGCAGAAGT 52% 0.92 

cstD CGCGTCGGACGTGCAGAAAA 74% 0.90 

csf1a TGGGTGACAGAGTGCTTACA 91% 0.91 

ch25h GGTAGACTGTAATTGAGAAG 64% 0.89 

csf1b AGGACCGGGGATGTCCATCA 79% 0.79 

f13a1a GGTCAAACAAGATGTCGATG 30% 0.96 

fabp11a GGAGTCCACAATAGAGAGAG - - 

havcr1 GGGAGCATATGATGGACTGA 85% 0.92 

hcst GGCTAGCGTACCAGTAGGTGG 49% 0.93 

il34 CCATGGTCCAGTCCGAATGC 77% 0.8 

mrc1b GCGCACCACAGACGCTGGTC 83% 0.85 

tgm2l GGGTCTCTACAGCATGACTG 92% 0.92 

gpr183 GACTCTGTACTCAGCCAACC 86% 0.94 

lgals3bp GGTCTACCATGATGGACAGT 84% 0.88 

sall3a GGAGTGGATGATTCAGACAG 79% 0.91 

smpd1 CGACGGGGATGTAGAGACGG 83% 0.91 

tmem176.4 GGGTCATCAATATTGCATTG 31% 0.94 

usp18 TATGTCCAGCAGTTCAGTTG 11% 0.97 
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Abstract 
Tissue resident macrophages (TRMs), are important for organogenesis and 
homeostasis, and reside in virtually all vertebrate tissues. Despite being terminally 
differentiated, they retain self-renewal capability. It is unknown precisely how 
these TRMs retain this ability and how they acquire their specific properties to 
meet their target organs’ demands. Colony stimulating factor 1 receptor (CSF1R) 
is a key regulator of macrophages, but different populations TRMs are affected by 
loss of function at varying degree. To elucidate the role of CSF1R in macrophage 
development in vivo, we used zebrafish deficient in csf1r. Live imaging revealed 
that embryonic macrophages were present on the yolk sac (YSMs) in csf1r 
deficient fish. RNA sequencing analyses indicated that csf1r deficient YSMs and 
early macrophages had normal differentiation, but became cell cycle arrested 
from 2 days post fertilization (dpf), which we confirmed in vivo. Therefore, csf1r 
deficient fish that were older than 2 dpf contained fewer macrophages than 
controls did. We show that YSM development precedes subsequent waves of 
macrophage appearing between 12-22 dpf both in controls and in csf1r deficient 
fish. In addition, csf1r deficient fish lack the macrophages that contain a branched 
morphology in the skin, Langerhans cells (LCs), suggesting csf1r is essential 
for LC differentiation. To address this we analyzed fish mutant for il34, one of 
the two ligands for Csf1r, which according to mouse knockouts should also lack 
LCs, where we indeed found a similar phenotype. In all, Csf1r appears largely 
dispensable for core macrophage development, but is a critical regulator driving 
TRM expansion and tissue specific differentiation during embryogenesis and in 
juvenile stages. We speculate that macrophages need Csf1r signaling to become 
resident to several, but possibly all tissues and maintain their population by self-
renewal. 
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Introduction
Tissue resident macrophages (TRMs) exert important functions in immune 
defense, but also actively contribute to organogenesis and tissue homeostasis of 
most, if not all, organs (1, 2). Each population of TRMs has to fulfil unique tissue 
specific functions encoded in specific transcriptomes (3-6). Microglia derive 
from embryonic macrophages emerging on the yolk sac at E7.25 (YSMs)(7-10). 
Most other TRMs are replaced by erythroid myeloid precursors (EMPs), which 
also emerge on the yolk sac (11, 12). During their colonization of the vertebrate 
embryo, embryonic macrophages gradually differentiate into TRMs, during 
which they acquire distinct, tissue specific gene expression profiles (6, 13). After 
birth, most TRM populations are (partly) replenished by hematopoietic stem and 
progenitor cell (HSPC) derived macrophages from the bone marrow (BMDMs)
(14-16). The ontogeny of TRMs is determined by the availability and accessibility 
of the niche (reviewed in:(17)). Therefore, TRMs in tissues protected by barriers, 
e.g. microglia in the brain, are thought to remain of embryonic origin (8, 14, 
18). The microenvironment seems to play a major role in determination of TRM 
morphology and function, regardless of ontogeny (5, 19, 20). Perturbations in 
TRM production or activity can have a broad range of detrimental consequences 
ranging from abnormal organ development to neurodegeneration and cancer (2, 
21-23). However, the mechanisms involved in TRM colonization, and specification 
remain to be determined. 
 Colony stimulating factor 1 receptor (CSF1R) is a well-known conserved 
regulator of macrophage development and is controlled by two ligands; colony 
stimulating factor 1 (CSF1), and interleukin 34 (IL34). In vitro, CSF1R signaling, 
via either of its ligands, is essential to differentiate and maintain macrophages 
in culture (24). In vivo, the absence of Csf1r results in a complete lack of 
microglia, Langerhans cells, and osteoclasts whereas other subsets of TRMs 
are interestingly enough affected to a varying degree in mice (8, 25-29). Further 
analysis of this remarkable phenotype, should allow identification of specific and 
universal features of organism wide development of macrophages. Previously, 
Ginhoux and colleagues showed that, from E12.5 onwards, Csf1r-/- mice show a 
large decrease in YSMs/EMPs on the yolk sac (8). However, already at ~E7.5, 
the first YSMs are generated, after which, at E10.5, they colonize the fetal liver 
(7, 8, 30). The presence of macrophages in Csf1r-/- mice has not been addressed 
at these early developmental stages. It is therefore unknown, whether Csf1r 
is required for the development of early tissue macrophage precursors and it 
remains elusive why only specific TRMs are lacking in the absence of Csf1r. 



Chapter 358

3

Zebrafish are highly suitable to study immune cell development in vivo 
as they develop ex utero, are genetically tractable, and are transparent during 
early development (10, 31, 32). Macrophages emerge in embryonic zebrafish 
from yolk sac macrophages (YSMs)(22 hpf), and EMPs from the posterior blood 
island (PBI)(30-48 hpf)(10, 11, 33-35). Adult hematopoiesis takes place in the 
kidney marrow, the equivalent to mammalian bone marrow. Even though cmyb+ 
HSPCs appear in the pronephric tubules as early as 5 days post fertilization 
(dpf), production of macrophages from HSPCs has not been observed at before 
14 dpf (36-38). The majority of genes found in mammals, including CSF1R, 
are present in the zebrafish (33). Here, we used csf1ra- and csf1rb-deficient 
zebrafish (csf1rDM) to elucidate the role of Csf1r-signaling in TRM development. 
Adult csf1rDM zebrafish have no microglia, but are viable, and other macrophages 
such as those in the skin and the intestine are still present (26). In addition, 
csf1rDM zebrafish, similar to mice and humans, are osteopetrotic and likely lack 
osteoclasts (25, 26, 39).
 In the present study we found that, in csf1rDM zebrafish, early YSMs 
are morphologically indistinguishable from control YSMs. When control YSMs 
adopted a branched morphology and started to colonize the embryo, csf1rDM 
YSMs stopped expanding and mostly remained located on the yolk sac. At the 
transcriptional level csf1rDM yolk sac macrophages showed normal macrophage 
gene expression indicating their normal differentiation. In contrast, they showed 
reduced expression of genes involved in DNA replication involved in the cell 
cycle. Tracing larvae up to juvenile stages in vivo revealed the emergence of 
macrophages arising from definitive myelopoiesis ~15 dpf, both in control 
but strikingly also in csf1rDM suggesting that again macrophages are formed 
independently of Csf1r signaling. Although macrophages are present in csf1rDM 
fish, TRMs including at least microglia and LCs are absent, and remaining 
macrophages show altered morphology and migratory properties. Therefore, 
we also analyzed definitive macrophages by RNA-seq, revealing that TRM-
specific gene-expression classes, including engulfment, are downregulated, 
whereas cell-cell adhesion genes are strongly upregulated, possibly explaining 
their abnormal tissue morphology and migration. Csf1r therefore appears to be 
primarily important to acquire tissue-resident macrophage properties, including 
self-renewal capacity, causing a failure to expand embryonic macrophages, but 
dispensable for primitive and definitive myelopoiesis. 
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Results
Zebrafish embryonic macrophages are formed independently of csf1r 
To determine whether, in the absence of Csf1r signaling, YSMs or erythroid 
myeloid progenitors (EMPs), are still formed we analyzed previously generated 
csf1ra and csf1rb deficient mutants (referred to as csf1rDM)(26). These zebrafish 
have almost no microglia and are osteopetrotic similar to mice, rats and humans 
deficient in CSF1R (25-27, 40). Zebrafish YSMs are present from 22 hour 
post fertilization (hpf) and EMPs are located at the posterior blood island (PBI) 
between 30 and 48 hpf (10, 41). In vivo imaging of GFP-expressing macrophages 
in Tg(mpeg:GFP) control embryos showed that, at 24 hpf, ~15 GFP positive 
(GFP+) YSMs were present in the yolk sac, and their numbers increased to ~45 
at 42 hpf (Fig. 1A)(42). In csf1rDM embryos, even though at 24 hpf YSM numbers 
were slightly lower, YSM numbers at 29 and 42 hpf did not significantly differ from 
those in controls (Fig. 1A). In the PBI or caudal hematopoetic tissue (CHT) GFP+ 
macrophages were present and their numbers did not differ between control 
and csf1rDM zebrafish at 32 hpf (Fig. S1A). This indicates that Csf1r is largely 
dispensable for the development of the earliest embryonic macrophages.
 As csf1rDM larvae lack microglia at 5 dpf, we determined when 
macrophage development gets impaired in csf1rDM animals. Whereas control 
YSMs from ~29hpf onwards, start to acquire a typical branched macrophage 
morphology with several protrusions, csf1rDM YSMs appeared more rounded. 
Quantification of GFP+ YSMs with more than 1 protrusion showed significantly 
fewer YSMs with multiple protrusions in csf1rDM compared to controls (Fig. 1C-D). 
Moreover, at 52 hpf nearly all control macrophages showed multiple protrusions, 
whereas csf1rDM macrophages remained rounded and lacked protrusions. At this 
stage, macrophage numbers on the yolk and in the PBI/CHT, were significantly 
lower in csf1rDM larvae compared to the number in controls (Fig. 1E-F, Fig. S1B). 
The morphological transition in YSMs correlated with the induction of migratory 
behavior, and colonization of the embryo and the brain, as half of the YSMs had 
migrated outside of the yolk sac epithelium in controls at 52 hpf (Fig. 1E-F)(33). 
In contrast, in csf1rDM only 15% of the macrophages were found outside of the 
yolk sac. Migration trajectories of YSMs into the embryonic tissues, as shown 
by projections of images acquired over ~16 hours, were more widespread in 
controls, than those in csf1rDM, and covered the entire embryo (Fig. 1G). Possibly, 
csf1rDM macrophages have a general impairment of cell migration. However, time-
lapse imaging showed directed migration of csf1rDM macrophages, and, strikingly, 
even a few csf1rDM macrophages ended up in the brain (data not shown). Thus, 
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Figure 1.
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Fig. 1 GFP+ YSMs can be detected 
in control and csf1rDM larvae.
A Representative images of GFP+ 
macrophages located on the yolk sac 
(29 hpf) and quantification of YSM 
numbers over time (B). C Representa-
tive images of GFP+ YSMs at 42 hpf 

used to quantify YSMs containing more than 1 protrusion (D). E Representative images of GFP+ 
positive YSMs at 52 hpf. The dotted line indicates the border between the embryonic tissue (I) and the 
yolk sac (II). F Quantification of GFP+ macrophages that colonized the tissue (I) and YSMs located on 
the yolk sac (II). G Representative maximum projection of long term time lapse imaging of control and 
csf1rDM larvae showing migratory trajectories of GFP+ macrophages. Scale bars: 100 µM. Error bars: 
SD. ANOVA or student’s T-tests * < 0,05 ** < 0,01 *** < 0,001. GFP+ cells were quantified on one side 
of the embryo (right side). Each dot represents one fish.
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although the generation of embryonic macrophages appears independent of 
csf1r, suddenly, after two days, macrophage numbers are reduced and their 
morphology and migration is abnormal suggesting their development is halted. 

RNA sequencing of embryonic and early macrophages reveals csf1r-
independent macrophage differentiation 
To explore developmental and molecular processes affected by the loss of csf1r, 
we performed RNA-sequencing on macrophages FAC-sorted from 28 and 50 
hpf mpeg:GFP animals. We chose these time points because at 28 hpf, csf1rDM 
embryonic macrophages were morphologically, and in numbers, indistinguishable 
from controls, whereas at 50 hpf, csf1rDM macrophage development diverged from 
that in controls (Fig. 2A). At 28 hpf, the isolated GFP+ macrophage population 
mainly consisted of YSMs and EMPs, whereas those isolated at 50 hpf contained 
migratory early macrophages colonizing the embryo, but also YSMs and EMPs. 

Principal component analysis (PCA) of the macrophage gene expression 
data sets showed clustering of triplicate samples based on developmental stage 
(component 1) and genotype (component 2)(Fig. 2B). This suggests that, even 
though gene expression differed between control and csf1rDM macrophages at 
both time points, the overall gene expression changes that occurred over time 
were comparable in csf1rDM and control embryos (Fig. 2B,C). As CSF1R is 
needed for macrophage differentiation in vitro, the absence of CSF1R signaling 
in vivo, could result in impaired macrophage differentiation (43, 44). However, 
either at 28 or at 50 hpf, we did not observe major differences in expression of 
genes highly expressed in macrophages, including genes often used in zebrafish 
to label macrophages (e.g. coro1a, lcp1, mfap4), chemokine and pathogen 
recognition receptors (e.g. marco, mrc1, tlr1), and myeloid transcription factors 
(e.g. irf8, spi1a, cebpb, zeb2a)(logFC < 1)(Fig. 2D-E). To assess macrophage 
differentiation in csf1rDM macrophages more systematically, we compared the gene 
expression profiles with a zebrafish macrophage single cell RNA-seq expression 
profile (45). We observed that, at both 28 and 50 hpf, more than 95% of 2031 
macrophage-specific genes were not differentially expressed between control and 
csf1rDM macrophages (Fig. 2F), suggesting Csf1r independent expression of the 
majority of these early macrophage-expressed genes. Together, csf1r deficient 
embryonic macrophages show a core macrophage gene expression profile 
similar to controls, further suggesting that Csf1r is dispensable for macrophage 
differentiation. 
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3Transcriptome analysis reveals that DNA replication in csf1rDM macrophages 
is halted
Even though the expression of typical macrophage genes is not affected by loss 
of Csf1r signaling, there were extensive differences in gene expression profiles 
between control and csf1rDM macrophages. At 28 hpf, 705 genes were differentially 
expressed between genotypes and at 50 hpf 890 genes were differentially 
expressed between genotypes (logFC > |1|; FDR < 0,01). Gene set enrichment 
analysis (GSEA) revealed that, at both timepoints, csf1rDM macrophages had 
lower expression of genes associated with RNA metabolism and DNA replication 
(Fig. 3A), and transcripts encoding all components of the replication complex 
were ~2-fold down regulated in csf1rDM macrophages (Fig. S2A, 3C). Consistent 
with findings from GSEA, Gene ontology (GO) analysis showed that the csf1rDM 
genes, which were downregulated at both time points, were associated with DNA 
replication (logFC < -1; FDR < 0,01)(Fig. 3B). At 50 hpf, csf1rDM macrophages 
showed also lower expression of genes in various other GO classes related to 
cell cycle (Fig. 3A, Fig. S2A). Thus, it appears that after 28 hpf DNA replication 
shuts down, followed by a decrease in general cell cycle related processes at 
50 hpf. Together these analyses suggest that DNA replication is defective in 
csf1rDM macrophages, possibly causing proliferative expansion of embryonic 
macrophages to cease. 
  
Csf1r is required for proliferation of embryonic, early and tissue resident 
macrophages 
To test whether macrophages deficient in Csf1r signaling stop dividing in vivo, 
we performed live imaging on YSMs and quantified cell divisions. Between ~32 
and 48 hpf, the proliferative rates were not significantly different in control and 
in csf1rDM embryos (Fig. 3D; Movie S1). However, whereas between ~56 and 
72 hpf control macrophages (YSMs and early macrophages) still proliferated, 
csf1rDM macrophages had completely stopped dividing (Fig. 3E). This suggests 

on genotype (component 1) and developmental stage (component 2). C Heat map showing all 
significantly differentially expressed genes (logFC > |1|; FDR < 0.01). D CPM values of ‘macrophage 
signature’ genes show high expression in all groups. E CPM values of ‘macrophage signature’ genes 
induced over time in control and csf1rDM macrophages. F Volcano plot showing genes expression 
changes between control and csf1rDM at 28 hpf and 50 hpf respectively. Light grey: all reads, Black: 
Macrophage genes(45); Green: Macrophage genes significantly upregulated in control macrophages; 
Orange: Macrophage genes significantly upregulated in csf1rDM macrophages (logFC > |1|; FDR < 
0.01). Only 4 and 5% of the macrophage genes were significantly differentially expressed between 
control and csf1rDM macrophages at 28 and 50 hpf respectively.
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that YSMs and early macrophages undergo cell cycle arrest between 48 and 56 
hpf. Thus, initially proliferation of emerging YSMs occurs independent of csf1r, 
whereas after 2 days, YSMs and early macrophages require Csf1r signaling to 
proliferate and likely to retain their self-renewal capacity. 

Microglia are the first TRM population present during embryonic 
development, and microglia proliferate extensively upon their arrival in the brain 
(8, 33, 46, 47). Pcna/L-plastin double immunostaining of early microglia in control 
embryos showed that both total microglia numbers increase between 2 and 4 dpf. 
At 2 dpf almost no microglia proliferated, whereas at 3 and 4 days, respectively ~7 
and 20% of the microglia proliferated (Fig. S2A). Therefore, after early microglia 
arrive in the brain their proliferation becomes prominent from 3 dpf onwards in 
control zebrafish. 

Next, we determined whether Csf1r signaling is involved in microglia 
proliferation. In csf1rDM larvae occasionally a few microglia appeared in the brain, 
however none were Pcna+ in almost all csf1rDM larvae (Fig. S2A). This suggests 
that csf1r deficient microglia do not proliferate. We next used EdU pulse labeling, 
which marks all proliferative events within the pulsed time window. We found that, 
whereas all controls showed ~7 EdU+ microglia, EdU+ microglia were completely 
absent in all csf1rDM larvae at 5 dpf, (Fig. 3F). Thus, proliferation is impaired both 
in csf1rDM early YSMs and in early microglia. 

Microglia, as well as osteoclasts, and the Langerhans cells of the skin, 
are largely absent in Csf1r deficient vertebrates (25-28). Nevertheless, although 
their numbers are generally reduced, many macrophages are still present. In 
addition to its effect on proliferation, Csf1r can influence survival and migration 
(48). Therefore, we assessed the presence of macrophages in developing csf1rDM 
animals systemically. We live imaged individual whole larvae longitudinally for 4 

Fig. 3. Csf1r deficient macrophages show a proliferation defect after 2 days. A Bar graph show-
ing the GO terms associated with enriched genes downregulated in csf1rDM macrophages. B Venn 
diagram showing the amount of DE genes between control and csf1rDM at 28 and 50 hpf and overlap 
between gene sets. C Cartoon representing the vertebrate DNA replication complex. D Snap shots 
from dividing GFP+ YSMs in control and csf1rDM larvae (~36 hpf) and quantification of proliferative 
YSMs during 16 hour time lapse imaging (~32 hpf – 48 hpf). E Quantification of fraction proliferative 
YSMs during 16 hour time lapse imaging (~56 hpf – 72 hpf) in control and csf1rDM larvae. F Repre-
sentative images and quantification of L-plastin/Edu double positive microglia at 5 dpf. Scale bar 
represents 25 µM. G Representative images of GFP+ macrophages in the anterior part of 5, 7 and 
9 day old zebrafish and quantification of total number of macrophages at the imaged half of the total 
embryo and quantification. GFP+ cells were quantified on one side of the embryo (right side). Error 
bars: SD. ANOVA * < 0,05 ** < 0,01 *** < 0,001. Each dot represents one fish.



Chapter 366

3

days, starting at 5 dpf. Fish were imaged on each consecutive day, enabling 
us to determine absolute, individual changes in macrophage numbers over 
time. At 5 dpf, we visualized ~450 macrophages in control animals, and ~100 
in csf1rDM animals, indicating an > 4-fold reduction in macrophage numbers in 
csf1rDM animals (Fig. 3G). Over the next 4 days, macrophage numbers in both 
groups did not show major changes (Fig. 3G). By analyzing time lapse imaging 
data of csf1rDM larvae between 5 and 6 dpf we did not observe proliferative or 
newly appearing macrophages (Data not shown). This indicates that csf1rDM 
macrophages are not compensating for their reduced numbers by proliferation, 
which therefore appears to remain impaired up to at least 9 dpf, or by supply of 
macrophages from an alternative source. Together these data show that, from the 
start of organ colonization onwards, the proliferative expansion of macrophages 
requires Csf1r signaling.  

Macrophages are generated by definitive myelopoiesis independently of 
csf1r 
Consecutive waves of myelopoiesis produce TRMs, the primitive myelopoiesis 
and the definitive myelopoiesis. Previously we showed that many Lplastin+ 
macrophages are present in the skin and intestine of adult csf1rDM zebrafish 
(26). These cells could be derived from definitive myelopoiesis. We analyzed 
Lplastin+ macrophages in several other organs (e.g. spleen, intestine, gills, 
heart and skin) in 4.5-month-old adult zebrafish, which were abundantly 
present both in control and csf1rDM animals (Fig. S3A). Nevertheless, whereas 
in controls the liver macrophages, likely Kuppfer cells, were highly branched, 
csf1rDM liver macrophages lacked a branched morphology (Fig. S3A). Similarly, 
in controls skin macrophages showed a branched morphology, whereas csf1rDM 
macrophages in the skin were more rounded. In all other tissues both control 
and csf1rDM macrophages showed a rounded morphology (Fig. S3A). Consistent 
with a loss of microglia from the CNS, the retina was largely devoid of microglia 
in csf1rDM fish. This shows that, also in zebrafish, many macrophages are still 
present, suggesting that some populations of macrophages can be generated 
independently of Csf1r signaling. As embryonic csf1rDM macrophage numbers 
were very low, and they failed to proliferate, the macrophages we observed in 
adult animals macrophages likely arise from definitive myelopoiesis. This would 
suggest that macrophages can be generated both from primitive and definitive 
myelopoiesis, independently of CSF1R. 
 The zebrafish kidney marrow initiates definitive myelopoiesis likely 
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after 7 dpf, and consistently, lineage tracing studies have shown that definitive, 
likely HSPC-derived, macrophages, including microglia and Langerhans cells, 
are present around 20 dpf (36-38, 49-51). To determine whether and when new 
macrophages are generated in csf1rDM, we live imaged entire zebrafish from 8 
until 24 dpf (Fig. 4A). Between 10 and 13 dpf, control macrophages increased in 
numbers ~1.6 fold, whereas csf1rDM macrophage numbers increased more than 
two-fold (2.4 fold), as a result of their lower macrophages numbers at the start of 
the experiment (Fig. 4B). Since csf1rDM macrophages are cell cycle arrested, the 
increase in macrophage numbers can likely be attributed to definitive myelopoiesis. 
From 15-17 dpf onwards, macrophage numbers continue to increase almost 
exponentially, both in controls and in csf1rDM fish. This increase coincides with 
the expected initiation of myelopoiesis in the kidney marrow (36, 38). We noticed 
large differences in the size of the fish, among controls and mutants, as they 
grew older, and therefore we plotted macrophages against fish size (Fig. 4B). 
Juvenile zebrafish rapidly grow in size, and their size often correlates better with 
developmental hallmarks than time in days (52). csf1rDM fish smaller than 5 mm in 
length did not show an increase in macrophage numbers, whereas fish that were 
larger than 5 mm had an almost linear correlation with macrophage numbers, 
comparable to that in controls. Taken together, we show that beyond 15 dpf, 
or larger than 5 mm in size, macrophages numbers increase drastically, which 
correlates with the putative initiation of definitive kidney marrow myelopoiesis. In 
all, macrophages are generated by successive waves of primitive and definitive 
myelopoiesis, macrophages from progenitors including YSMs, EMPs and likely 
HSPCs, independently of Csf1r.

Csf1r deficient fish have abnormal Langerhans cells/skin macrophages 
Despite the relatively large numbers of macrophages in the skin of csf1rDM 
animals, we observed major morphological differences between control and 
csf1rDM macrophages between 8 and 24 dpf. Since the animals size increases, 
and transparency decreases over time, it is likely that we mainly quantified 
macrophages located quite superficially (e.g. skin, intestine and retina) by 
in vivo imaging. Analyzing 24-day-old control zebrafish, we found that they 
contain roughly two macrophage morphologies: macrophages with thin and 
long protrusions, containing secondary and tertiary branches, and macrophages 
that appeared smaller and had only short, thick primary protrusions (Fig. 4C). 
Macrophages have been noted to exhibit two modes of migration including 
mesenchymal migration, which is dependent on proteolysis and cell-matrix 
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Fig. 4 Tracing larval fish to juvenile stages shows the emergence of a ‘second wave’ of 
macrophages A Representative images of a control and csf1rDM fish at 20 dpf. Dotted line represents 
the outline of the fish and its eye. B Quantification of the total number of macrophages in one side of 
the fish at different time points between 8 and 24 dpf. Plot showing the relationship between number 
of macrophages and fish size. Each dot represents one fish. C Representative images of GFP+ cells 
in different body regions at 24 dpf showing differences in morphology between controls and csf1rDM 
macrophages. GFP+ cells were quantified on one side of the embryo (right side). 
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adhesion and amoeboid migration, which is independent of cell adhesion (53). 
In contrast,csf1rDM fish only contain the latter, amoeboid type of macrophages, 
suggesting that more mesenchymal macrophages fail to form. Time-lapse 
imaging showed that, both in controls and csf1rDM fish, the smaller, amoeboid 
macrophages were very motile. In contrast, the branched macrophages found 
only in controls, even though they showed long, continuously extending and 
retracting protrusions, and showed a non-overlapping distribution, were largely 
confined to their location during 3-hour imaging periods (Movie S2). Many of these 
highly branched macrophages, which are absent in csf1rDM fish, were located 
in the skin and based on their location, morphology and behavior, represent 
Langerhans cells (LCs)(50). This is consistent with the requirement of the Csf1r 
ligand, Il34, for LCs, as LCs are also absent in Il34-/- mice (25, 50, 54-57). We 
therefore visualized highly branched macrophages in il34-/- zebrafish at 22 dpf, 
and found that hardly any were present, and they had a phenotype strikingly 
similar to csf1rDM zebrafish, indicating that both mutants lack highly branched 
skin macrophages, LCs (Fig. 5B)(58). However, in contrast to csf1rDM, which have 
much fewer macrophages, the total numbers of macrophages were not different 
in il34 mutants compared to total numbers in controls (Fig. 5A)(57, 58). These 
findings imply that Il34 hardly affects macrophage proliferation, as their numbers 
in skin did not differ from controls. Instead, it primarily regulates the acquisition 
of the highly branched macrophage morphology and their specific migratory 
behavior. This is consistent with our previous work, where we showed that Il34 
has a role in microglia development which also relies on migration and not on 
regulation of proliferation (58). Thus, after largely Csf1r-independent generation 
of definitive macrophages, their further differentiation to highly branched TRMs, 
including the LCs and likely others such as Kuppfer cells, is arrested in the 
absence of Csf1r signaling.

RNA sequencing of juvenile macrophages reveals reduced expression of 
genes involved in engulfment of apoptotic cells
Based on the aberrant morphology and migratory behavior of macrophages in the 
skin of csf1rDM and il34 mutant juvenile fish, we hypothesized that Csf1r signaling 
is needed for the final differentiation of definitive macrophages into tissue resident 
macrophages, including LCs. To determine the molecular changes in these 
macrophages we collected mpeg1-GFP positive cells from 33 dpf and 1.5 mpf 
wildtype control, csf1rDM and il34 mutant juvenile fish for RNA sequencing. Similar 
to what has been observed in mice and rats, overall csf1rDM macrophages numbers 
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Fig. 5 Larval to juvenile il34-/- fish show normal macrophage numbers but lack a branched 
population in the skin similar to csf1rDM fish. A Representative images of a control, csf1rDM and 
il34-/- fish at 22 dpf. Dotted line represents the outline of the fish and its eye. B Quantification of the 
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total number of macrophages in one side of the fish at 8, 15 and 22 dpf. Each dot represents one 
fish. C Representative images of GFP+ cells in different body regions at 24 dpf showing differences 
in morphology between controls and csf1rDM and il34-/- macrophages. GFP+ cells were quantified on 
one side of the embryo (right side). Statistical significance is calculated using ANOVA * < 0,05 ** < 
0,01 *** < 0,001.
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were largely reduced compared to those in control and il34 mutants (Fig S4B)
(25, 27). PCA analysis showed clustering of triplicates, and segregation based 
on genotype (component 2: csf1rDM versus controls, component 1: il34 mutants 
versus controls)(Fig. 6A). A heat map consisting of all differentially expressed 
genes shows that the majority of the differentially expressed genes are related to 
differences between csf1rDM and controls (logFC > |1|; FDR < 0.05)(Fig. 6B). To 
evaluate whether loss of Csf1r affects macrophage differentiation we compared 
our expression again to the macrophage signature determined by Tang and 
colleagues (45). We found, similar to our results in embryonic macrophages, that 
more than 95% of the 2039 macrophage genes were not differentially expressed 
between controls and csf1rDM cells (87/2039, logFC > |1|; FDR < 0.05)(Fig. 6C). 
The 5% macrophage genes that were differentially expressed included many 
genes involved in engulfment of apoptotic cells (e.g. anxa1a, mertka, havcr1/2, 
c1qa/b/c).Therefore, we analyzed a larger panel of “engulfment” genes and found 
the majority of these genes downregulated in csf1rDM macrophages (e.g. elmo1, 
stab1, pparg)(Fig. 6D).This suggests that csf1rDM macrophages have a reduced 
capability of, or activity in, engulfing apoptotic cells. 
 GO analysis on genes downregulated in csf1rDM macrophages at 1.5 mpf 
(logFC > |1|; FDR < 0.05) revealed downregulation of mainly classes involved in 
cell migration, immune response, translation and complement activation. In all, 
our data extend our observations that Csf1r does not affect core macrophage 
differentiation from primitive myelopoiesis to definitive myelopoiesis. Instead, 
Csf1r seems critical to acquire macrophage gene expression involved in 
engulfment of apoptotic cells and cell migration. 
 
Discussion
Here, we investigated the developmental regulation of tissue macrophages in 
embryonic, juvenile and adult zebrafish by Csf1r. We showed that initially embryonic 
macrophages (YSMs and EMPs) emerge and proliferate independently of csf1r, 
and exhibit a normal macrophage morphology, behavior and gene expression 
profile. However, relatively normal embryonic csf1rDM macrophages subsequently 
fail to distribute across the embryo and cease to expand in numbers. By tracing 
larval to juvenile fish in vivo we showed the emergence of a second wave of, likely 
definitive, macrophages, which occurred both in controls and in csf1r mutant fish. 
This revealed that around 15-17 dpf or in fish > 5 mm in size, a new set of 
macrophages is generated, likely from HSPCs that seeded the kidney marrow 
(36, 49, 50). Loss of Il34-Csf1r signaling results in the lack of highly branched 
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skin macrophages, known as LCs. This suggests the final differentiation of LCs 
is defective in the absence of Csf1r signaling. RNA seq on juvenile macrophages 
reveals normal “core” macrophage expression, but reduced expression of genes 
involved in engulfment of apoptotic cells in csf1rDM macrophages. In all, Csf1r 
signaling is dispensable for the generation of primitive and definitive derived 
macrophages but required for the proliferation of late YSMs, early macrophages 
and TRMs, except for the earliest YSMs. 
 In the mouse, Csf1r-/- embryonic yolk sac macrophages were reported to 
be largely absent at E12.5, but it is yet unknown if YSMs are present at a younger 
age (8). At E10.5 however, YSMs have already migrated to the fetal liver and to 
the embryonic organs (7), and this would, based on our findings, correspond 
to 2 - 2.5 dpf in zebrafish. At this stage we also found reduced macrophage 
numbers in csf1rDM fish compared to controls, which therefore corresponds well 
with the Csf1r-/- mouse model (8). Thus, it remains to be determined whether 
Csf1r signaling is essential for embryonic macrophage development in mice at 
earlier stages as well.

Although TRMs are terminally differentiated cells, they retain the ability to 
self-renew, which involves the relief of transcriptional suppression of proliferative 
enhancers by MAFB (61). Our findings suggest Csf1r also plays a central role 
in the maintenance of this proliferative capacity specifically in macrophages. 
Our embryonic macrophage transcriptome data revealed a twofold reduction of 
the majority of DNA replication genes in csf1rDM embryos, pointing towards a 
Csf1r-dependent proliferation defect in the transition from G1 to S phase (DNA 
synthesis phase). Csf1 can indeed rapidly stimulate S-phase entry and DNA 
replication of macrophages in vitro (62). The Csf1r-independent proliferation of 
the earliest YSMs, could be explained by signaling through others member of the 
type III receptor tyrosine kinase family, including Flt3 or C-kit. Indeed, Flt3 was 
found to be involved in the generation and proliferation of primitive macrophages 
and definitive hematopoietic stem cells in zebrafish (63). Zebrafish C-kit homolog 
kitb and its ligand was shown to regulate expansion of HSPCs (64). Furthermore, 
C-kit is essential for the proliferation of hematopoietic stem cells and down 
regulated upon differentiation, whereas csf1r is expressed rather low in HSPCs 
and is induced upon myeloid differentiation (18, 65-71). This could explain that 
initial proliferation of progenitors is not affected by csf1r deficiency, however upon 
-csf1r independent- differentiation, proliferation becomes dependent on csf1r 
signaling. 

Even though CSF1R is considered essential for macrophage development, 
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particularly in vitro, nevertheless, macrophages are detected in most tissues of 
Csf1r deficient mice in numbers ranging between 10-50% of numbers found in 
controls (25, 44). Similar to mice, we find that macrophages are present in many 
adult csf1rDM organs, except for microglia, LCs and likely osteoclasts (26). Our data 
suggests that Csf1r signaling is not essential for initial macrophage differentiation, 
regardless of their origin. The finding that Csf1r-deficient bi-potential granulocyte-
macrophage precursors (GMPs) have a normal lineage potential corroborates 
our findings that Csf1r deficient primitive & definitive hematopoiesis produces 
macrophages (25, 72, 73). Although macrophages are present, in particular 
the TRMs are morphologically very different from control TRMs. For example, 
csf1rDM macrophages are present in the liver, but lack the branched morphology 
observed in controls. Similarly, macrophages are present in skin, but lack the 
highly branched and migratory phenotype that Langerhans cells typically have. 
Recent data, from Csf1r deficient rats, showed that splenic macrophages fail to 
express splenic TRM specific genes, and instead show gene expression more 
similar to BMDMs (27). Transcriptome analysis of macrophages from juveniles 
revealed that in csf1rDM macrophages genes involved in engulfment of apoptotic 
cells were downregulated. It was suggested that TRMs are locally primed to engulf 
apoptotic cells and that engulfment can also induce alterations in macrophage 
gene expression (74-76). We previously showed that Il34 (most likely via Csf1r 
signaling) facilitates the tissue colonization by embryonic macrophages (58). 
Together this data would suggest Csf1r signaling is essential for acquisition of the 
tissue resident properties of macrophages, possibly by confining macrophages 
to their microenvironment, which was discovered to induce TRM properties (5, 
19, 20). 

In accordance to the ‘niche’ theory HSPC derived macrophages might 
only be able to seed the better accessible organs such as the liver and spleen but 
not organs protected by a barrier like the skin, bone, brain and lungs (15, 77, 78). 
We hypothesize that in csf1rDM fish, instead of TRMs maintaining their population 
by proliferation, macrophages are continuously replaced by monocytes from 
the kidney marrow that differentiate into macrophages (79, 80). The absence of 
macrophages in selective organs could be attributed to the inaccessibility due to 
physical barriers, or the lack of migratory signals via Il34-Csf1r needed to attract 
macrophages to the organ and keep them there long enough to acquire TRM 
properties. Indeed, Il34 has been shown to be involved in the final differentiation, 
maintenance and proliferation of LCs (57). Also, Il34 is involved in seeding the 
brain with microglia precursors in zebrafish (58, 81). Therefore, Csf1r signaling 
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seems not only involved in the proliferative capacity of macrophages, but also 
regulates their final differentiation, maintenance and migration to several tissues, 
likely via Il34. Regardless of origin, the microenvironment induces TRM properties, 
suggesting macrophage precursors only need to enter the tissue and stay there 
long enough (3, 5, 6, 17, 19). Here we provide new insight in the function of Csf1r 
since loss of Csf1r signaling does not affect the generation of core macrophages 
during either primitive or definitive myelopoiesis. Our data shows that Csf1r is 
required for macrophage proliferation, proper tissue colonization and acquisition 
of TRM specific properties. 

Materials and Methods
Animals
Csf1r mutants were created as described (26). Tg(mpeg1:egfp, Neuro:Gal4, 
UAS:NTR-mCherry) were used as control animals(82). Adult and larval fish were 
kept on a 14h/10h light–dark cycle at 28°C. Larvae were kept in HEPES-buffered 
E3 medium. Media was refreshed daily and at 24 hpf 0.003% 1-phenyl 2-thiourea 
(PTU) was added to prevent pigmentation. Animal experiments were approved 
by the Animal Experimentation Committee of the Erasmus MC. 

Live imaging
Intravital imaging in zebrafish brains was largely performed as previously described 
(82). Briefly, zebrafish larvae were mounted in 1.8% low melting point agarose 
containing 0.016% MS-222 as sedative and anesthetic in HEPES-buffered E3. 
The imaging dish containing the embedded larva was filled with HEPES-buffered 
E3 containing 0.016% MS-222. For the experiment where larvae were followed 
over time between 5 and 9 dpf, larvae were removed from the low melting point 
agarose after imaging and put individually in wells of a 6 wells-plate containing 
HEPES-buffered E3 with PTU in which they were fed paramecia. For the 
experiment with juvenile fish between 8 and 24 dpf fish were kept in E3 medium 
until 5 dpf. From 5 dpf onwards they were raised under normal circumstances in 
the system and fed paramecia and dry food. From 13 dpf onwards they were fed 
brine shrimps, paramecia and dry food. Confocal imaging was performed using a 
Leica SP5 intravital imaging setup with a 20x/1.0 NA water-dipping lens. Imaging 
of mpeg1-GFP was performed using the 488 nm laser. Analysis of imaging data 
was performed using imageJ (FIJI) and LAS AF software (Leica). 



Chapter 376

3

Immunofluorescence staining 
Immunohistochemistry was performed as described(82, 83). Briefly, larvae were 
fixed in 4% PFA at 4°C overnight. Subsequently, they were dehydrated with a 
25%, 50%, 75%, 100% MeOH series and stored at -20°C for at least 12 hours, 
and rehydrated in series followed by incubation in 150 mM Tris-HCl (pH=9.0) 
for 15 minutes at 70°C. Samples were then washed in PBS containing 0.04% 
Triton (PBST) and incubated in acetone for 20 minutes at -20°C. After washing 
in PBST and ddH2O larvae were incubated for three hours in blocking buffer 
(10% goat serum, 1% Triton X-100 (Tx100), 1% BSA, 0.1% Tween-20 in PBS) 
at 4°C, followed by incubation in primary antibody buffer at 4°C for three days. 
Larvae were washed in 10% goat serum 1% Tx100 in PBS and PBS containing 
1% TX100 for a few hours, followed by incubation in secondary antibody buffer 
at 4°C for two and a half days. Hereafter the secondary antibody was washed 
away using PBS. Primary antibody buffer: 1% goat serum, 0.8% Tx100, 1% BSA, 
0.1% Tween-20 in PBS. Secondary antibody buffer: 0.8% goat serum, 1% BSA 
and PBS containing Hoechst. Primary antibodies: PCNA (1:250, Dako), L-plastin 
(1:500, gift from Yi Feng, University of Edinburgh). Secondary antibodies used 
were DyLight Alexa 488 (1:250) and DyLight Alexa 647 (1:250). Samples were 
imaged as described above. 

Immunohistochemistry to stain macrophages in adult zebrafish
Csf1rDM and control zebrafish were euthanized in ice water at 4.5 months of age. 
Fish were fixated in 4% PFA over the weekend at 4°C. Bone was decalcified 
by putting the fish in 20% EDTA at room temperature for several weeks. Fish 
were embedded in paraffin to cut 10 µm sagittal sections that were deparaffinized 
and rehydrated to distilled water before staining. Sections were heated in 0.1 
M sodiumcitrate pH = 6 for 13 minutes for antigen retrieval. After cooling down, 
endogenous peroxidase activity was blocked by 30 minute incubation in 0.6% 
H2O2, 1,.5% sodiumazide in PBS at room temperature. Slides were rinsed in PBS+ 
(0.5% protifar, 0.15% glycine) and stained with the L-plastin antibody (1:1000, 
thanks to Yi Feng, Edinburgh) overnight at 4°C in PBS+. Slides were rinsed 
with PBS+ before incubation with conjugated secondary antibody (anti-rabbit-
HRP 1:100) for 60 minutes at room temperature. After washing steps slides were 
incubated in DAB-substrate (DAKO liquid DAB substrate-chromogen system). 
After washing with distilled water slices were counterstained with hematoxylin, 
dehydrated and mounted with Entellan (Merck). Images were acquired using an 
Olympus BX40 microscope with a 40x NA 0.65 objective and Olympus DP72 
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camera.

EdU pulse-chase protocol 
Larvae of 4 dpf were placed in a 24 wells plate in HEPES buffered (pH = 7.3) 
E3 containing 0.003% PTU and 0.5 mM EdU for 24 hours. Next, larvae were 
fixed in 4% PFA for 3 hours at room temperature, dehydrated with a 25%, 50%, 
75%, 100% MeOH series and stored at -20°C for at least 12 hours. Rehydrated 
in series followed by a proteinase K (10µg/ml in PBS) incubation for an hour. 
Followed by 15 minute post fixation in 4% PFA. Larvae were further permeabilized 
in 1% DMSO in PBS-T. Thereafter 50 µl Click-iTTM (Invitrogen) reaction cocktail 
was added for 3 hours at room temperature protected from light. After washing 
steps larvae were subjected to immunolabelling using L-plastin (see section 
immunofluorescent labelling). Samples were imaged as described above. 

Isolation of mpeg1-GFP+ cells from zebrafish larvae 
At 28 hpf, 35 larvae were collected in 0.16% MS-222 solution to euthanize them 
before adding 5x Trypsin-EDTA (0.25% Trypsin, 0.1% EDTA in PBS). For csf1rDM 
cells, at 50 hpf, 70 larvae were used as these mutants had fewer mpeg1-GFP 
positive cells. Microcentrifuge tubes containing zebrafish embryos were incubated 
on ice on a shaking platform to dissociate the cells. At 33 dpf and 1.5 mpf, single 
fish were euthanized in ice water, an image was taken to measure their length, 
and they were cut in small pieces with a razor blade and incubated in 5x Trypsin-
EDTA on ice for 1 hour to dissociate. Next, the cell suspension was transferred 
to FACS tubes by running it over a 35 μm cell strainer cap. PBS containing 10% 
fetal calf serum (FCS) was added over the strainer caps and the samples were 
centrifuges for 10 minutes 1000rpm at 4°C. The pellet was taken up in 300 µl 
PBS-10% FCS containing DAPI (1:1000). After analysis based on mpeg1-GFP 
expression, dapi signal and singlets, the cells were FAC-sorted and collected in 
Trizol, followed by RNA isolation (Fig. S2, S4). 

RNA sequencing
cDNA was synthesized and amplified using SMART-seq® V4 Ultra® Low Input 
RNA kit for Sequencing (Takara Bio USA, Inc.) following the manufacturer’s 
protocol. Amplified cDNA was further processed according to TruSeq Sample 
Preparation v.2 Guide (Illumina) and paired end-sequenced (2×75 bp) on the 
HiSeq 2500 (Illumina). Reads were mapped against the GRCz10 zebrafish 
genome. For differential gene expression analysis, GSEA and gene ontology we 
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used the Bioconductor packages edgeR, Gage, and goseq, respectively (84-87). 

Statistical analysis For statistical analysis GraphPad was used to perform 
Student’s t tests,ANOVAs, linear regression and non-linear regression analysis. 
Results were regarded significant at p < 0.05. 
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Fig. S1 GFP+ cells can be detected in the PBI/CHT of control and csf1rDM larvae A Representative images of 
GFP+ myeloid progenitors located in the PBI/CHT at 32 hpf and quantification. B Representative images of GFP+ 
myeloid progenitors located in the PBI/CHY at 50 hpf and quantification. Scale bars represent 100 µM. Error bars 
represent standard deviation. Statistical significance is calculated using student’s T-tests *** < 0,001. GFP+ cells 
were quantified on one side of the embryo (right side). Each dot represents one fish.
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Fig. S2 Macrophage gene 
expression is not different 
between controls and 
csf1rDM larvae. 

A Normalized CPM values of genes involved in DNA replication/cell cycle. B Representative images of L-plastin 
immunohistochemistry of microglia in different csf1rDM larvae at 4 dpf. Scale bar represents 20 µM. Quantification of 
L-plastin+ microglia in control and different csf1r mutants at 2, 3 and 4 dpf and quantification Pcna+/L-plastin double 
positive microglia at 2, 3 and 4 dpf. Statistical significance is calculated using ANOVA * < 0,05 ** < 0,01 *** < 0,001. 
Each dot represents one fish.
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Fig. S3 csf1r deficient macrophages 
are present in several organs in adult 
zebrafish 
A Representative images of L-plastin 
immunolabeling of macrophages in gut, 
kidney marrow, liver, testis and retina of 4.5 
mpf old control and csf1rDM fish. Scale bar 
represents 100 µM.
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Fig. S4 FACS strategy for isolating mpeg+ macrophages from juveniles
A FACS sorting strategy showing one representative example for each genotype. B Quantification of the length of 
the fish and the percentage macrophages out of live cells *** < 0,001. Each dot represents one fish.
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Abstract
Microglia are CNS-resident macrophages that scavenge debris and regulate 
immune responses. Proliferation and development of macrophages, including 
microglia, requires Colony Stimulating Factor 1 Receptor (CSF1R), a gene 
previously associated with a dominant adult-onset neurological condition (Adult-
onset Leukoencephalopathy with axonal Spheroids and Pigmented glia). Here, 
we report two unrelated individuals with homozygous CSF1R mutations whose 
presentation was distinct from ALSP. Post-mortem examination of an individual 
with a homozygous splice mutation (c.1754-1G>C) demonstrated several 
structural brain anomalies, including agenesis of corpus callosum. Immunostaining 
demonstrated almost complete absence of microglia within this brain, suggesting 
that it developed in the absence of microglia. The second individual had a 
homozygous missense mutation (c.1929C>A, causing p.His643Gln), and 
presented with developmental delay and epilepsy in childhood. We analyzed 
a zebrafish model (csf1rDM) lacking Csf1r function, and found that their brains 
also lacked microglia, and had reduced levels of Cux1, a neuronal transcription 
factor. CUX1+ neurons were also reduced in sections of homozygous CSF1R 
mutant human brain, identifying an evolutionarily conserved role for CSF1R 
signaling in production or maintenance of CUX1+ neurons. Since a large fraction 
of CUX1+ neurons project callosal axons, we speculate that microglia deficiency 
may contribute to agenesis of the corpus callosum via reduction in CUX1+ 
neurons. Our results suggest CSF1R is required for human brain development 
and establish the csf1rDM fish as a model for microgliopathies. In addition, our 
results exemplify an under-recognized form of phenotypic expansion, in which 
genes associated with well recognized, dominant conditions produce different 

phenotypes when biallelically mutated.
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Introduction
Microglia are tissue-resident macrophages of the brain that scavenge cellular 
debris and regulate CNS immune responses. Although research has focused 
on their role in age-related neurodegenerative disorders, more recently roles 
for microglia in normal nervous system development, both in the presence and 
absence of environmental stressors (prenatal inflammation, low birth weights) 
have emerged. For example, microglia remodel neuronal circuits, engulf neuronal 
progenitors, prune synapses and control axonal projections, and mice engineered 
to develop without microglia show structural brain abnormalities, including 
ventriculomegaly and agenesis of corpus callosum (ACC).1-6 Microglia originate 
from macrophages within the embryonic yolk sac, and their development requires 
signaling through the colony stimulating factor 1 receptor (CSF1R).7-9 This 
receptor tyrosine kinase is expressed in macrophages and is thought to regulate 
their proliferation and development.10 In humans, heterozygous mutations in 
CSF1R cause Adult-onset Leukoencephalopathy with axonal Spheroids and 
Pigmented glia (ALSP [MIM: # 221820]), a fatal neurologic disorder that presents 
with progressive cognitive and motor impairment and seizures in the fourth to fifth 
decade of life.11-16 Imaging shows diffuse signal changes and atrophy of the white 
matter, suggesting primary white matter disease.17 ALSP is a newer diagnostic 
term that includes both Hereditary Diffuse Leukoencephalopathy with axonal 
Spheroids (HDLS) and Pigmented Orthochromatic Leukodystrophy (POLD), 
now recognized as a single clinicopathological entity.13 ALSP is a prototypical 
“microgliopathy” because genetics point to microglial dysfunction as the primary 
disease mechanism.13; 18; 19 

 Here, we describe two individuals with homozygous CSF1R mutations 
who presented with pediatric phenotypes distinct from ALSP. One individual 
had severe developmental delay in early childhood, developed epilepsy at 7 
years of age, and was found to have severe leukodystrophy and periventricular 
calcifications at age 24. The other presented prenatally with structural brain 
malformations, including agenesis of the corpus callosum (ACC), and died before 
1 year of age. Post-mortem analysis identified a complete absence of microglia 
within the brain, suggesting that it developed in the absence of microglia. To 
further investigate how absence of CSF1R signaling affects affect brain 
development, we generated CSF1R-deficient zebrafish.20 These CSF1R deficient 
fish (csf1rDM) also lacked microglia. Proteomics analysis (mass spectrometry) in 
csf1rDM fish brain, in conjunction with immunostaining of human CSF1R mutant 
cortex, identified reduced levels of the neuronal transcription factor CUX1. Since 
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a large fraction of CUX1+ neurons project axons into the corpus callosum,21 we 
speculate that a deficiency of microglia numbers or function leads to decreased 
CUX1+ cells, possibly via reduced trophic support, contributing to an agenesis of 
corpus callosum phenotype. These results establish the csf1rDM fish as a model 
for microgliopathy, and provide a starting point for unraveling the role of microglia 
in brain development.

Materials And Methods
Study Participants
Informed consent was obtained from subjects prior to enrollment in the study. 
Approval for research on human subjects was obtained from IRBs at Mashhad 
University of Medical Sciences and Seattle Children’s Hospital.

Exome Sequencing
Exome sequencing (ES) was performed as part of clinical care on peripheral 
blood samples from probands and both biological parents, using the Agilent 
Clinical Research Exome kit. Targeted regions were sequenced simultaneously 
on an Illumina HiSeq with 100bp paired end reads. Bidirectional sequence was 
assembled and aligned to human reference genome build GRCh37/UCSC hg19. 
Data were analyzed for sequence variants as previously described. 22; 23

Zebrafish maintenance
For the experiments WT (TL), csf1rDM and csf1ra-/-;b+/- mutants were used. The 
csf1r mutants were described in detail elsewhere.20 Briefly, csf1raj4e1/j4e1 mutants 
have a p.Val614Met substitution in the first kinase domain.24 The csf1rb deletion 
mutant was created by TALEN-mediated genome editing.25 The TALEN arms 
targeted exon 3 of the csf1rb gene, resulting in a 4 bp deletion and premature 
stop codon. The zebrafish were kept at 28°C and fed brine shrimp twice a day. 
Animal experiments were approved by the Animal Experimentation Committee of 
the Erasmus MC, Rotterdam.

Zebrafish Histology and Immunostaining procedures 
L-plastin antibody and neutral red staining performed as described previously.26-28

Human Cortical Sectioning and CUX1 Immunohistochemistry and Quantification
As a control for CUX1 immunohistochemistry in cerebral cortex, sections were 
taken from another autopsy case with similar age, sex, and tissue processing. 
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The control patient was a seven-month, two-week old male with 22q11 deletion 
syndrome who had died of aseptic shock. The post-mortem interval was 4 
hours. Sections of cerebral cortex from three different brain lobes were obtained 
from patient and control brains, sectioned identically as described for other 
histological studies, deparaffinized, processed for CUX1 immunofluorescence 
using anti-CUX1 antibodies (ab54583, Abcam), and counterstained with DAPI, 
as described.29 Fluorescence images were collected using the same exposure 
settings for all images. The number of CUX1+ cells was counted within 
segments of cerebral cortex extending from pia to white matter within a defined 
area, as described previously.30 Using ImageJ, the areas of the rectangles were 
measured. Finally, the density of CUX1+ cells was calculated by dividing cell 
counts by area. Cell densities were compared statistically by t-test using each 
cortical sample as a separate count (n=3), with significance defined as p<0.05. 

Alizarin red staining
Size-matched adult zebrafish were eviscerated and incubated in 4% PFA at 4°C 
overnight. Next, they were rinsed in 80% EtOH for 1 h, after which they were 
washed in 70% MeOH for 5 min, and incubated in 70% MeOH at 4°C overnight. 
The fish were then washed in 50% MeOH for 5 min and 0.2% Triton X-100 for 
5 min twice. Bleach (0.8% KOH, 0.9% H2O2, 0.2% Triton X-100) was used 
to remove the pigment. Bleaching was followed by two 5 min wash steps in 
0.2% Triton X-100. The fish were neutralized in concentrated Borax for 15 min. 
Next, the fish were digested with 0.1% Trypsin, 0.6% Borax and 0.08% Triton 
X-100 for 4 hours). Then the fish were incubated in an alizarin red solution 
(0.05% Alizarin red, 25% glycerol, 100 mM Tris pH 7.5) at room temperature 
overnight. The fish were incubated in 0.5% KOH in 50% glycerol overnight, 
followed by incubation in 0.3% KOH in 70% glycerol for several weeks until 
sufficient staining is achieved as desired. 

Mass spectrometry and proteomics analysis 
Protein lysates were obtained from dissected brains from 6-8 month-old zebrafish 
(3 brains per sample, samples in triplicate) with the following genotypes: csf1rDM, 
csf1ra-/-;b+/-, and csf1ra+/+;b+/+ (aka wild type littermates). After endoproteinase 
and tryptic digestions, peptides were labelled with 10-plex tandem mass tag 
(TMT) reagents (Thermo Fisher Scientific) and subjected to orthogonal high-pH 
and reverse phase fractionation. Mass spectra were acquired on an Oribtrap 
Lumos (Thermo) coupled to an EASY-nLC 1200 system (Thermo), and peak 
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lists were automatically created using the Proteome Discoverer 2.1 (Thermo) 
software. Further analysis we used the R packages vsn and limma.31; 32 For 
complete proteomics methods, see Supplemental Methods.

Results
Clinical Findings and Exome Analysis
Trio-based exome sequencing (ES) identified homozygous variants 
(NM_005211.3:c.1754-1G>C) in the gene CSF1R (Figure 1) in a male 
infant (family CSF1R_01, individual II-1 in Figure 1) with multiple congenital 
anomalies. No other pathogenic variants were identified. Both parents and two 
grandparents carried this variant in the heterozygous state. All four of these 
individuals denied any neurologic symptoms; however they were all less than 
40 years, the average age of symptom onset for ALSP. This infant presented 
with prenatal structural brain abnormalities, including ACC, ventriculomegaly, 
and pontocerebellar hypoplasia. These abnormalities were confirmed by 
postnatal brain MRI, which also demonstrated periventricular calcifications and 
Dandy-Walker malformation (Figure 2A-D). There was known shared ancestry, 
and a chromosomal microarray found 3.1 % of the autosomal genome to 
be homozygous. There was hypocalcemia requiring intravenous calcium 
supplementation, and x-rays showed generalized increased bone density 
(osteopetrosis) and irregular metaphyses (Figure 2L-N). His clinical course 
was complicated by respiratory failure, oromotor discoordination requiring 
gastrostomy feeding, and intractable epilepsy (Table 1). He died at ten months 
of age from streptococcal bacteremia, and a brain-only autopsy was performed 
(see below). A more complete clinical description can be found in Supplemental 
data.

The c.1754-1G>C variant disrupts a splice acceptor site, and is 
predicted to cause exon 13 skipping and production of an in-frame protein 
product (p.Gly585_Lys619delinsAla). Amino acids 585-619 are within the 
tyrosine kinase domain, like all but two of the previously reported pathogenic 
variants in this gene (Figure 1 and Table S1). We classified this variant as 
likely pathogenic using American College of Medical Genetics and Genomics 
(ACMGG) guidelines: it is absent from the ExAC and gnomAD population 
databases (PM2), predicted to change the length of the protein (PM4) in a 
functional domain where pathogenic mutations have previously been reported 
(PM1).33 In addition, a de novo heterozygous variant at the -2 position of 
the same splice acceptor site (c.1754-2A>G) has been previously reported 
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as pathogenic in ALSP.14 Our patient’s phenotype was distinct from ALSP, 
suggesting that biallelic variants in this gene cause a more severe, prenatal 
onset disorder. Additional support of pathogenicity comes from an independent 
report of siblings with a very similar phenotype whose parents both carried a 
heterozygous truncating mutation in CSF1R (c.620T>A, causing p.Tyr540*).34 

However, DNA was not available from the affected siblings for confirmation in 
this report.

To increase our confidence that homozygous mutations in CSF1R cause 
a phenotype distinct from ALSP, we used Genematcher to find an additional family 
(CSF1R_02) with homozygous CSF1R mutations (NM_005211.3:c.1929C>A, 
p.His643Gln), identified by trio exome sequencing. No other pathogenic variants 
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Figure 1: Pedigrees and distribution of CSF1R mutations. A Pedigrees of family CSF1R_01 
and CSF1R_02 shown, with genotypes indicated. CSF1R sequencing was not performed for II-5, 
but this individual is shaded to reflect his leukodystrophy and periventricular calcifications B Exons 
11-22 of the CSF1R protein (NP_005202.2) are shown. No mutations have been reported in the five 
immunoglobin (Ig) domains and transmembrane domain upstream of exon 11, which are not shown. 
The intracellular protein tyrosine kinase (PTK) domain is indicated. The 65 previously reported 
pathogenic variants causative for ALSP are shown (truncating variants in red squares, missense 
and in-frame indel variants in black circles, splice variants in blue triangles). The novel splice site 
variant identified in family CSF1R_01 (NM_005211.3:c.1754-1G>C) is indicated by the blue star. The 
novel missense variant identified in family CSF1R_02 (NM_005211.3:c.1929C>A, p.His643Gln) is 
indicated by the black star. Amino acids containing multiple variants are specified by proportionally 
taller lines. A complete list of previously reported variants in supplemental table 1. 
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Figure 2: Macroscopic abnormalities of brain and bone in CSF1R deficiency. 
A-D T1 weighted MRI without contrast of individual II-1 from family CSF1R_01. A Midsagittal 
section shows agenesis of corpus callosum (asterisk), pontocerebellar hypoplasia (arrowhead), 
and small and upwardly rotated cerebellar vermis (arrow) with large posterior fossa cyst (“X”). B 
Parasagittal section shows diffuse calcifications along lateral ventricles (arrowhead) and small 
cerebellum and posterior fossa cyst (arrow). C Horizontal section shows periventricular calcification 
around 3rd and lateral ventricles (arrow and asterisks, respectively). D Coronal section showing 
ventriculomegaly (asterisks), hypoplasia of cerebellar hemispheres and large posterior fossa cyst 
(arrow). E-F T2 Flair images of individual II-4 from family CSF1R_02. E Midsagittal section showing 
cerebellar vermis hypoplasia/atrophy (arrow) F Horizontal section shows leukodystrophy (arrow) 
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were identified. This 24-year old man (individual II-4 in Figure 1) presented 
with epilepsy and developmental regression at age 12 years (Table 1). MRI at 
age 24 years showed ventriculomegaly, severe leukodystrophy, periventricular 
calcifications, cerebellar vermis atrophy, cavum septum pellucidum, and mega 
cisterna magna (Figure 2E-F). Since the age of 12 he steadily lost developmental 
milestones and at the present time he is unable to walk, speak, read, or feed 
himself. His seizures were classified as generalized tonic-clonic and did not 
respond to multiple anti-epileptic drugs (AEDs); however he is currently seizure 
free and has not been taking AEDs for several years. His family history was 
notable for parental consanguinity and a brother (II-5) with a similar phenotype, 
died at age 21 (Figure 1). This individual (II-5) also had leukodystrophy, 
periventricular calcifications, developmental delay and epilepsy. Another sibling 
(II-6) died at age 4, but imaging and phenotypic details of this individual were 
not available. DNA was not available from either of these deceased individuals, 
but both parents (I-1 and I-2) and all three unaffected siblings (II-1, II-2 and 
II-3) were heterozygous for this variant (Figure S1). X-rays of individual II-4 at 
age 24 showed no evidence of osteopetrosis and there was no known history 
of hypocalcemia. There was no history of adult-onset neurologic disorder in the 
parents (ages 50 and 56 years) or the siblings (ages 18-34).

Using ACMGG guidelines33 we classified this variant as likely 
pathogenic as follows: 1) it is absent from ExAC and gnomaAD, as well as the 
Greater Middle East Variome and Iranome population databases (PM2); 2) it 
is located within the kinase domain, where the majority of pathogenic variation 
in this gene has been reported (PM1); 3) multiple in silico tools (polyphen, 

periventricular calcification (arrowhead), and cavum septum pellucidum (asterisk). G-K Gross 
neuropathology of individual II-1 from family CSFR1_01. G Medial view of left hemisphere. The 
corpus callosum and cingulate sulcus were absent. H Coronal slice of cerebrum at the level of the 
thalamus revealed small bilateral Probst bundles (arrows), reduced white/gray ratio, abnormally 
configured hippocampi, small basal ganglia, and periventricular heterotopia (arrowheads) 
protruding into the temporal horns of the lateral ventricles. I High magnification view of another 
periventricular heterotopia (arrowhead) in left temporal lobe. J Postero-inferior view of brainstem 
and cerebellum. The foramen of Magendie was dilated, revealing the fourth ventricle 4v. The 
leptomeninges formed irregular adhesion-like connections between brainstem and cerebellum, 
which loosely covered the open foramen of Magendie but were disrupted after brain removal. 
K Medial view of left brainstem and cerebellum after sagittal bisection. A small arachnoidal cyst 
(arrowheads) displaced the posterior vermis superiorly. Scale bars: 1 cm for G, H; 1 cm for I-K. L-M 
X-rays of individual II-1 from family CSF1R_01 showing generalized increased bone density and 
metaphyseal dysplasia (arrows).
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SIFT) predict this variant to be damaging (PP3); and 4) segregation data 
is consistent (PP1). Together, our data suggest that homozygous CSF1R 
mutations cause a severe, pediatric onset neurodevelopmental condition that 
includes neuroimaging features that overlap with and are distinct from the adult 
onset condition caused by heterozygous CSF1R mutations. 

Autopsy Findings
We were able to perform brain-only autopsy on the individual from 
family CSF1R_01 (II-1 in Figure 1). Gross examination identified ACC, 
ventriculomegaly, periventricular calcification and an expanded 4th ventricle 
with upward rotation of the cerebellar vermis (Dandy-Walker malformation), 
as detected by MRI (Figure 2G-K). Periventricular heterotopias of the lateral 
and 4th ventricles not recognized by MRI were detected at autopsy (Figure 2I). 
Histologic examination identified features also seen in ALSP, including scattered 
foci of white matter atrophy, gliosis and dystrophic calcification, as well as 
abundant axonal spheroids in most white matter tracts, including corticospinal, 
dorsal column, and intracortical pathways (Figure 3A-H). In contrast to ALSP, 
where microglia numbers are present but locally depleted,20 we were unable to 
identify any microglia in the brain parenchyma (Figure 3I-T). We did identify a 
few CD68 and IBA1 positive cells, but these were clustered around small blood 
vessels and exhibited round rather than normal ramified morphology (Figure 
3I-T; complete brain autopsy report found in Supplemental data). This data 
supports our conclusion that the homozygous c.1754-2A>G CSF1R mutations 
led to a brain that developed in the absence of normal numbers of microglia 
with numerous structural brain malformations.
 We were unable to directly evaluate skeletal pathology in this patient, 
but hypothesize that a reduction in CSF1R signaling and developmental failure 
of yolk-sac derived tissue macrophages led to reduced numbers or function 
of osteoclasts. The presence of hypocalcemia and osteopetrosis is consistent 
with osteoclast failure (Table 1 and Figure 2L-N).

Model Organism Studies
To further explore mechanisms of brain development in the absence of microglia, 
we used recently developed zebrafish mutants.20 Zebrafish have two CSF1R 
homologs, csf1ra and csf1rb. We engineered a 4 bp frameshifting deletion in 
exon 3 of csf1rb that results in a premature stop and crossed these fish to a 
previously generated missense mutation in csf1ra.24 Microglia were not present 
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in the brains of csf1ra/csf1rb double homozygous mutant (csf1rDM) fish at five 
days post fertilization (Figure 4A-C). Similar to human CSF1R homozygous 
brain, we identified a few cells positive for zebrafish microglia marker L-plastin, 
which also lacked ramifications and were rounded (Figure 4C). To determine if 
csf1rDM fish also showed evidence of osteopetrosis, similar to CSF1R_01, we 
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A C Figure 3: Microscopic 
brain abnormalities in 
CSF1R deficiency
A-H, L-N,R-T Sections 
from individual II-1 from 
family CSF1R_01; I-K, 
O-Q sections from control 
brain. A,B Adjacent sec-
tions through right frontal 
cortex, stained with H&E A 
and neurofilament protein 
immunohis tochemist ry 
B. The white matter con-
tained a focus of calcifica-
tion, necrosis, and axon 
loss (arrowheads). C Deep 
cerebellar white matter 
contained disorganized 
heterotopia (arrowheads) 
beneath the cerebellar 
cortex, and multiple peri-
ventricular foci of calcifica-
tion and severe gliosis (ar-
rows). Stained with H&E. 
D-H Neurofilament immu-
nohistochemistry demon-
strated axonal spheroids 
in many regions, such as 
right frontal white matter 
D,E, anterior F and lateral 

G corticospinal tracts, and nucleus cuneatus H. I-K Iba1 immunohistochemistry in control white 
matter labeled numerous microglia with long, ramified processes insinuating through brain tissue. 
J and K are enlarged two-fold relative to I. L-N Iba1 immunohistochemistry in white matter from 
individual II-1 revealed decreased numbers of microglia, with abnormal rounded morphology, lo-
cated mainly in perivascular spaces. M and N are enlarged two-fold relative to L. O-Q CD68 im-
munohistochemistry in control white matter. P and Q are enlarged two-fold relative to O. R-T CD68 
immunohistochemistry in white matter from individual II-1. S and T are enlarged two-fold relative 
to R Scale bars: A 1 cm for A, B. C 1 cm for C only. D 20 µm for D-H. 40 µm for I, L, O, R; 20 µm 
for J, K, M, N, P, Q, S, T. 
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Figure 4: Analysis of csf1rDM zebrafish and CSF1R deficient human cortex 
A Neutral red staining and quantification of microglia in zebrafish larvae (5 days post fertilization). 
B) Microglia immunostaining (L-plastin) in larval brains and adult brain sections of control 
and csf1rDM zebrafish. C Microglia morphology in adult control and csf1rDM zebrafish (L-plastin 
immunostaining). D Alizarin red staining of vertebrae and arches of adult control and csf1rDM 
zebrafish (size-matched, age 6-8 months) Neural arch (upper arrow) and hemal arch (lower arrow) 
indicated E Principal component analysis (PCA) of mass spectrometry data of WT, csf1ra-/-;b+/- and 
csf1rDM adult zebrafish brains. Csf1ra-/-;b+/- also have reduced microglia numbers. F Volcano plot 
showing differentially regulated proteins in csf1rDM mutant brains as colored dots (FDR < 0.05, 
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cord (neural) and dorsal aorta (hemal) were smaller in csf1rDM fish compared to 
controls, as previously reported in osteopetrotic zebrafish mutants.35 Therefore 
csf1rDM fish display both deficiency in brain microglia as well as osteopetrosis, 
recapitulating some of the bone and brain phenotypes seen in the homozygous 
c.1754-2A>G CSF1R human patient. 
 Next, we performed proteomic analysis of csf1rDM brains to explore 
underlying pathogenic mechanisms in human CSF1R mutant brains. Principal 
component analysis showed that the samples of the same genotype clustered 
together (Figure 4E), indicating consistent changes in protein levels among 
groups. The most highly downregulated protein was Cux1a (Figure 4F and see 
Table S2 for proteomic dataset), the zebrafish homologue of CUX1. CUX1 is 
a transcription factor present in subsets of neurons in all cortical layers, and is 
required for the formation of layer II/III callosal projections.21 We were intrigued 
by this finding, as it suggested a mechanism for the absence of corpus callosum 
seen in our patient that we could test by immunostaining cortical sections from 
CSF1R_01.

CUX1 cortical immunohistochemistry
Based on the zebrafish results, we hypothesized that CUX1+ neurons would 
also be decreased in CSF1R homozygous human brain. Sections of cerebral 
cortex from three different brain lobes from individual II-1 in family CSF1R_01 
were processed and compared with sections from another age and sex 
matched autopsy case. The overall CUX1 laminar pattern was preserved, 
but immunoreactivity and density of CUX1+ cells was reduced (Figure 4G-L). 
Our data, together with the observation that CUX1 is also downregulated in 

LogFC > |1|). Volcano plot of csf1ra-/-; b+/- vs control brain is included as Figure S2. G-L CUX1+ cells 
were reduced in the cerebral cortex of CSF1R_01. CUX1 immunofluorescence (green) in control 
G,H and patient I,J lateral temporal neocortex. The images with DAPI (blue) counterstain are shown 
in G,I, and corresponding CUX1+ cell plots in H,J. K The density of CUX1+ cells was reduced in 
the cortex from three different areas of individual II-1, family CSF1R_01. Cortical regions in this 
analysis included left medial parietal, left lateral parietal, and left lateral temporal cortex (control) 
and left lateral temporal, right dorsolateral frontal, and right medial occipital cortex (CSF1R_01). 
Whiskers indicate 95% confidence interval, and difference between patient and control CUX1+ cell 
density was statistically significant (p<0.05, one-sided t-test, and p=0.05, one-sided exact Wilcoxon 
rank sums test). Scale bars: B 40 µm (larval brain), 100 µm (adult brain), C 20 µm, G-I 100 µm.
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CSF1R deficient mice,36 suggest an evolutionarily conserved role for CSF1R 
signaling in production or maintenance of CUX1+ neurons. We speculate that 
the decrease in the number of CUX1+ cells in the brains of our patient may 
have contributed to the ACC phenotype, as neurons from layers II-III contribute 
heavily to the corpus callosum.

Discussion
We report a detailed neuropathologic description of a human brain containing 
almost no microglia. Although scarce expression of CSF1R in neurons has 
recently been reported,36; 37 we believe the structural brain abnormalities are 
likely secondary to absence of myeloid cells, particularly microglia. Several 
observations support this claim. Brains of mice with neural lineage specific 
deletion of Csf1r (Nestincre/+;Csf1rfl/fl) do not exhibit ventriculomegaly, olfactory 
bulb atrophy, or ACC, all of which are seen in complete Csf1r-null mice.2; 

36 Neonatal microglia have recently been shown to contribute to normal 
myelinogenesis in the developing mouse brain by secretion of trophic factors, 
including IGF1,3; 6 and oligodendrocyte differentiation from neuronal precursor 
cells (NPCs) is enhanced by soluble CSF1 ligand only in the presence of 
microglia in culture.36; 38 Microglia have also been reported to influence axonal 
outgrowth and positioning/migration of interneurons.5 In addition, a very recent 
study demonstrated transplanted bone-marrow derived cells could rescue the 
phenotypes of Csf1r-null mice.39 Although a minor microglia-independent role 
for CSF1R cannot be completely ruled out,38 these data suggest that the major 
neurodevelopmental defects caused by loss of CSF1R signaling are due to 
a lack of microglia. Although we do not precisely know how lack of microglia 
leads to the brain malformations seen in CSF1R_01 and _02, we speculate 
that their absence disrupts oligodendrocyte differentiation and myelinogenesis, 
as well as migration of interneurons, that could directly and indirectly lead to 
the widespread white matter abnormalities and heterotopias seen in these 
individuals. Further research is needed to address these questions.
 More than 60 mutations in CSF1R have been reported in individuals 
with ALSP, the majority of which are missense or in-frame indels within the 
tyrosine kinase domain (Figure 1, Table S1). It has been suggested that 
these mutations produce disease via a dominant-negative mechanism, in 
which kinase-deficient CSF1R molecules dimerize with wild-type molecules, 
inactivating them.14; 40 Haploinsufficiency has also been proposed as a disease 
mechanism, with the adult onset of ALSP being caused by a steady decrease in 
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CSF1R levels, until it reaches a critical level.36; 41; 42 Our results provide genetic 
support that these mutations result in decreased CSF1R activity, possibly via 
both haploinsufficient or dominant negative mechanisms, depending on the 
mutation. Additional support for a loss-of-function disease mechanism comes 
from individuals with polycystic lipomembranous osteodysplasia with sclerosing 
leukoencephalopathy (PLOSL, aka Nasu-Hakola disease). Individuals with 
PLOSL develop progressive dementia and cognitive decline in their 4th decade 
of life, similar to ALSP; however, they also develop bony symptoms (bone cysts 
and pathological fractures) around the same time.18; 43-45 PLOSL is an autosomal 
recessive disease caused by loss of function mutations in components of the 
TREM2-TYROBP signaling complex, which interacts with CSF1R signaling, 
regulates osteoclast function, and is also present in microglia.46-48 Our patient’s 
brain and bone features overlap somewhat with pathology observed in PLOSL, 
although with much earlier symptom onset. Together the evidence supports 
a loss-of-function mechanism for CSF1R mutations, both in ALSP and in 
individuals with homozygous CSF1R mutations. 
 There are at least two previous reports of individuals with similar 
features. In 1995 Rees et al. described two siblings with “infantile neuroaxonal 
dystrophy and osteopetrosis,” and, with great foresight, noted similarity to 
the spontaneously arising osteopetrosis mouse, now known to be due to 
mutations in colony stimulating factor 1 (CSF1), the CSF1R ligand.49 More 
recently, Monies et al. described two siblings with brain malformations and 
osteopetrosis, whose parents both carried the same heterozygous truncating 
CSF1R mutation, but DNA was unavailable from the siblings to confirm that 
they were both homozygous, and no pathologic data was available.34 We 
summarized key phenotypic features of individuals with confirmed homozygous 
mutations (individual II-1 from family CSF1R_01 and individual II-4 from family 
CSF1R_02), likely homozygous mutations (Monies et al. sibs 1 and 2), and 
unsequenced individuals (Rees et al. sibs 1 and 2) in Table 1. Although the size 
of this cohort is insufficient to know the full phenotypic spectrum, agenesis of 
corpus callosum, periventricular calcifications, ventriculomegaly, osteopetrosis 
and hypocalcemia were seen in the majority, and axonal spheroids were seen 
in all individuals who underwent neuropathological examination.
 Both individuals reported here had pediatric onset of disease, 
significantly earlier than been reported for ALSP. However, the phenotype of 
the individual from family CSF1R_01 (II-1) was significantly more severe than 
the individual from family CSF1R_02 (II-4), who remains alive at 24 years of 
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age, and whose brain MRI findings overlap with ALSP. We speculate that the 
p.H643Q single amino acid substitution is hypomorphic and results in relatively 
more CSF1R protein function than the exon 13 splice acceptor mutation (c.1754-
1G>C) seen in CSF1R_01. Consistent with this hypothesis is the fact that the 
siblings reported by Monies et al., who likely had a null mutation (c.620T>A, 
causing p.Tyr540*), demonstrated a perinatal lethal phenotype. Further studies 
of the impact of these mutations on CSF1R function are needed.
 Several features of CSF1R_01’s presentation -namely 
thrombocytopenia, transaminitis, intracranial calcifications, white matter 
loss, and failing the newborn hearing screen- are reminiscent of congenital 
infection. However, this individual presented with significant macrocephaly (+5 
SD), whereas newborns with congenital infections are typically microcephalic. 
Aicardi-Goutieres syndrome (AGS) and the microcephaly-intracranial 
calcification syndrome (MICS, also known as pseudo-TORCH), also have 
overlapping presentations. Lumbar puncture was never performed in this 
individual, so we could not measure CSF cell counts or interferon-alpha levels. 
At the present we can only speculate as to the mechanism of the inflammatory 
like phenotype within the brain in the absence of microglia, the primary immune 
cells of the brain. Microglia, like other macrophages, have immune-regulatory 
roles as well, and it is possible that the lack of microglia leads to a failure 
to suppress immune responses. Alternatively, astrocytes have been shown to 
produce interferon-alpha, suggesting that cells other than microglia could also 
drive inflammation.50 
 Significantly, there was no family history of adult onset neurodegenerative 
symptoms in either of the families we report, despite numerous individuals 
carrying heterozygous CSF1R mutations. Possible explanations include the 
age-related onset of symptoms, incomplete penetrance, or less deleterious 
variants in parents of children with pediatric-onset disease. This is similar to 
individuals with biallelic mutations in components of DNA mismatch repair 
proteins, who typically lack a family history of Lynch syndrome.51 The absence 
of a family history of ALSP cannot be used to rule out a possible diagnosis of 
biallelic CSF1R deficiency.
 The zebrafish csf1rDM model recapitulates both the bone and specific 
brain features of these disorders, making it an excellent new model to 
study microgliopathies and the consequences of microglia absence. As a 
demonstration of how this model can lead to new insights, we identified Cux1a 
as a protein whose levels were significantly decreased in csf1rDM fish. We then 
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demonstrated that there is also a decrease in the density of CUX1+ neurons in 
human CSF1R brain sections. Further studies of csf1r-deficient zebrafish brain 
are needed to identify the precise cellular consequences of a lack of Csf1r 
signaling/depletion of microglia. Although our hypothesis- that a reduction in 
density of CUX1+ layer II/III neurons contributes to the ACC phenotype seen in 
our patient- remains speculative, it demonstrates the translational capacity of 
our new zebrafish microgliopathy model.
 Lastly, our study exemplifies an under-recognized type of 
phenotypic expansion, in which genes associated with well-recognized, 
dominant phenotypes can produce different phenotypes when present in 
biallelic, recessive states. This is very important for interpretation and filtering 
of variants from genomic data, as candidate variants cannot be dismissed 
based on perceived poor phenotypic fit.34 
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CSF1R_01: 
II-1

CSF1R_02: 
II-4

Monies et al. 
sib1

Monies et al. 
sib2

Rees et al. 
sib1

Rees et al. 
sib2

CSF1R Mutation 
(NM_005211.3)

c.1754-1G>C
c.1929C>A
(p.His643Gln)

c.1620T>A 
(p.Tyr540*)a

c.1620T>A 
(p.Tyr540*)a

not 
sequenced

not 
sequenced

Symptom onset Prenatal <7y Perinatal Perinatal Perinatal Perinatal

Age at last 
evaluation

10m
(death)

24y
(living)

Perinatal
(death)

Perinatal
(death)

9m
(death)

1m
(death)

Consanguinity + + + + - -

More than 1 
affected family 
member

- + + + + +

Ethnicity
Native 
American

Arab Arab Arab unk unk

Gender M M unk unk F M

Developmental 
delay (onset)

+ (3m)
- (regression 
12y)

unk unk unk unk

Macrocephaly
present
 (+5SD)

absent unk unk
absent 
(10%)

“tower 
shaped”

Infantile hypotonia + unk unk unk unk unk

Spasticity Mild
+
(spastic quad.)

unk unk unk unk

Hyperreflexia - + unk unk unk unk

Epilepsy (onset) Yes (8m) Yes (12y) unk unk unk unk

Agenesis of 
corpus callosum

+ + (hypoplastic) + + + +

Venticulomegaly + + + + + +

Periventricular 
Calcification

+ + + + unk unk

Cerebellar 
hypoplasia/atrophy

+ + + + unk unk

Heterotopia + - unk unk unk unk

Leukodystrophy + + unk unk + unk

Mega Cisterna 
Magna

+ + + + unk unk

Upwardly rotated 
cerebellar vermis

+ - + + unk unk

Axonal spheroids + unk unk unk + unk

Osteopetrosis + - + + + +

Hypocalcemia + - + + + unk
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Table 1: Phenotypes of 6 individuals with confirmed or possible biallelic CSF1R mutations 
amutation not confirmed but likely based on “linkage by exclusion”; “spastic quad.” = spastic 

quadriplegia; CSP = cavum septum pellucidum; unk = unknown because not reported in publication
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Supplemental data
Supplemental Text 1: Complete Clinical Report for individual II-1, family 
CSF1R_01
This individual initially presented as a 1-day old, ex-35 week 4 day gestation 
male infant with macrocephaly, multiple congenital brain abnormalities including 
agenesis of the corpus callosum, ventriculomegaly, cerebellar hypoplasia, and 
skeletal anomalies. He had dysmorphic features including cranial asymmetry, 
flattened midface, depressed nasal bridge, deep palmar creases, and bony 
prominences in the bilateral parietal skull.
 He was born via scheduled primary low cesarean section for multiple 
fetal anomalies to a primiparous mother of Native Alaskan ancestry with 
known consanguinity. There were no known antenatal infections or teratogenic 
exposures during pregnancy. Prenatal testing revealed elevated AFP (+8 
MoM) on first trimester screen. Fetal MRIs repeatedly showed structural brain 
abnormalities including ventriculomegaly, pontocerebellar hypoplasia, agenesis 
of the corpus callosum, and small thorax/femur. Fetal echocardiogram was 
normal. Amniocentesis and microarray were performed, which did not show any 
pathogenic copy number variants but did reveal six regions of homozygosity 
totaling 89 Mb (3.1% of the autosomal genome). Birth weight was 4106 g (99th 
%tile, +3 SD) and head circumference was 40 cm (+5 SD). The macrocephaly was 
quite unusual, as most congenital infections (e.g TORCH) cause microcephaly. 
He was mechanically ventilated for respiratory failure shortly after birth and 
transferred to the NICU for higher level of care.
 Postnatal brain MRI showed pontocerebellar hypoplasia, agenesis of the 
corpus callosum with colpocephaly, periventricular calcifications, and incomplete 
infolding of the perisylvian fissures (Figure 2). A retrocerebellar cyst and upturned 
roof of the 4th ventricle were also observed. Abdominal ultrasound showed 
borderline hepatomegaly but no splenomegaly, and grade 1 left pelviectasis. 
Skeletal survey showed generalized dense skeleton and irregular metaphyses 
(Figure 2). There was significant hypocalcemia but serum alkaline phosphatase 
levels were normal. Serum creatine kinase (CK) was elevated (6700 IU/L), all 
of which was MM isoenzyme by electrophoresis. He had mild but persistent 
transaminitis and thrombocytopenia. He failed BAER hearing screen. TORCH 
evaluation for congenital infections (toxoplasmosis IgG and IgM, urine CMV PCR) 
was negative. Ophthalmologic examination showed no evidence of chorioretinal 
lesions, cataracts, or coloboma. Urine organic acids and serum amino acids 
were non-diagnostic. CSF studies were not performed. Given the radiographic 
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and clinical findings suggestive of Raine syndrome, FAM20C was sequenced, 
but no pathogenic variants were found. Trio-based whole exome sequencing 
revealed biallelic homozygous pathogenic variants (NM_005211.3:c.1754-1G>C) 
in CSF1R (Figure 1).
 Exome sequencing results demonstrated both parents (individuals I-1 
and I-2) to possess the c.1754-1G>C CSF1R variant in heterozygous state. 
In light of this, the family history was extensively reviewed for any individuals 
with neurodegenerative condition or symptoms. There were no individuals in 
4 generations who were described as having symptoms of neurodegeneration 
that could represent ALSP; however, the proband’s parents were only 17 and 19 
years of age, and all of the grandparents were in their mid to late 30’s, so possibly 
too young to show symptoms of this age-related onset disorder. 
 His clinical course was complicated by progressive macrocephaly 
(+4.5 SD), hypercapnic respiratory failure, oromotor incoordination requiring 
gastrostomy feeding, intractable seizures starting at 8 months of age, and 
persistent hypocalcemia requiring IV calcium supplementation. He died at the 
age of 10 months in the setting of group A streptococcal bacteremia. The parents 
consented to a brain-only autopsy (see below).
 
Supplemental Text 2: Autopsy Report for individual II-1 from family 
CSF1R_01
A) GROSS NEUROPATHOLOGICAL EXAMINATION:
The whole brain fresh without dura weighed 1139 g, fixed 1041 g with ventricular 
fluid (without dura). The dura is normal without evidence of hemorrhage or mass 
lesions. The superior sagittal sinus is patent. 
 Externally the brain shows no evidence of herniations. The cerebral 
vasculature is unremarkable and the cranial nerves and olfactory bulbs are intact. 
The leptomeninges are normal over the cerebral convexities, but demonstrate 
thickening and redundancy over the posterior brainstem, forming a cystic cavity 
continuous with the fourth ventricle, resembling a Dandy-Walker cyst. There is no 
external evidence of cerebral cortical atrophy, asymmetry, or cerebral edema. The 
gyral configuration is unremarkable. The cerebellum is small but appropriately 
divided into vermis and hemispheres. The brainstem exhibits small pyramidal 
tracts in the medulla, and no definite decussation.
 Coronal sections of the cerebral hemispheres reveal a normal gyral 
cerebral architecture with an even cortical ribbon distinctly separated from 
subcortical white matter. There is complete absence of the corpus callosum with 
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associated collapse of the fornix onto the thalamus inferiorly. The lateral ventricles 
are moderately enlarged, especially posteriorly (colpocephaly). The volume of 
hemispheric white matter relative to gray matter appears reduced, especially in 
periventricular zones (selective white matter atrophy). Multiple periventricular foci 
of discoloration and granular texture are observed, suspicious for calcifications. 
In the temporal lobes, multiple presumed periventricular heterotopia protrude 
into the lateral ventricles. The hippocampi appear malformed with anomalous 
gyrations. The deep grey nuclei, including the thalamus and neostriatum, appear 
unremarkable. The subcortical white matter displays scattered small foci of 
discoloration, possibly small calcifications. 
 There is a small cyst (~0.8 cm diameter) located within the enlarged 
fourth ventricle, attached to the ventricular surface of the left cerebellum. The 
cisterna magna is also enlarged and covered by thickened and redundant 
meninges, possibly representing a type of Dandy-Walker cyst. However, the 
vermis, although small and moderately rotated, appears well-formed with normal 
configuration of folia. Slices of the cerebellar hemispheres reveal small, irregular 
folia and indistinct deep nuclei. The cerebellum also has chalky calcifications 
within the periventricular white matter. Horizontal sections of the brainstem reveal 
small pyramidal tracts of the medulla, and no obvious decussation in the lower 
medulla. 

C) MICROSCOPIC NEUROPATHOLOGICAL DESCRIPTION:
General observations: The brain shows numerous periventricular white matter 
calcifications with associated loss of axons and myelin. Numerous axonal 
spheroids are found throughout white matter (confirmed by neurofilament IHC). 
There is extensive moderate to severe reactive gliosis, involving white and 
gray matter, as seen by GFAP IHC. Multiple immunohistochemical stains for 
microglia, including CD11b, CD68, and IBA1, demonstrate a severe deficiency 
of immunoreactive cells. There are rare microglia, predominantly around blood 
vessels, characterized by abnormally round morphologies.
Cerebral cortex: Appropriately oriented sections of cerebral cortex exhibit normal 
laminar architecture with mild gliosis. Subcortical white matter demonstrates 
pallor with scattered calcifications, axonal spheroids, reactive astrocytes 
and Alzheimer’s type II astrocytes. There is no significant inflammation or 
hypercellularity. 
Ventricles and periventricular white matter: The lateral ventricles demonstrate 
multifocal loss of the ependymal lining with associated reactive gliotic surface. 
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Extending into the lateral ventricles are multiple exophytic heterotopia containing 
neurons and neuropil. The periventricular white matter exhibits scattered 
dystrophic calcifications, as well as focal small cystic and necrotic lesions. 
Hippocampus: The hippocampus and adjacent temporal neocortex are abnormally 
convoluted. The dentate gyrus is small, wavy, and irregular but exhibits the usual 
trilaminar architecture. Reactive gliosis is demonstrated on GFAP IHC; however 
there is no evidence of selective loss of CA pyramidal neurons, or hypoxic-
ischemic injury of the subiculum or hippocampus. 
Brainstem and cerebellum: Axial sections of brainstem show large dystrophic 
calcifications scattered throughout. The cerebellar cortex is composed of 
attenuated and slightly distorted folia with intact external granule, molecular, 
Purkinje cell, and internal granule cell layers; however, there is patchy loss of 
Purkinje neurons. Cerebellar white matter tracts show scattered dystrophic 
calcifications and reactive gliosis. The fourth ventricular cyst is multiloculated with 
a gliotic lining that dissects up into the cerebellum, and is associated with atrophy 
of the cerebellar tissues. Adjacent to the cyst, within the cerebellum, there is 
also a focus of grey heterotopia. The meninges of the fourth ventricular cyst are 
largely fibrous, with an attenuated arachnoid lining. 

D) NEUROPATHOLOGICAL DIAGNOSES
1. Severe microglia deficiency, consistent with genetic diagnosis of homozygous 
CSF1R mutation
2. Multiple brain malformations
 a. Agenesis of corpus callosum
 b. Periventricular heterotopia, temporal lobes, bilateral
 c. Hippocampi with abnormal convolutions
 d. Cerebellar heterotopia
 e. Ventriculomegaly, moderate
 f. Cystic fourth ventricle with non-dysplastic vermis (“mega cisterna magna”)
 g. Subependymal cyst (0.8 cm), left cerebellum
 h. Non-decussation of pyramidal tracts
3. Extensive axonal degeneration with numerous spheroids
4. Scattered intraparenchymal calcifications associated with brain tissue degen-
eration and gliosis, most abundant in white matter, especially periventricular re-
gions
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Supplemental Text 3: Detailed mass spectrometry and proteomics analysis 
Dissected brains from 6-8 month-old zebrafish (3 brains per sample, samples in 
triplicate) were snap-frozen in liquid nitrogen. The brain tissue was cut and lysed in 
1 ml 50 mM Tris/HCl pH 8.2, 0.5 % sodium deoxycholate (SDC) and MS-SAFE™ 
protease and phosphatase inhibitor using a Bioruptor ultasonicator (Diagenode). 
Protein concentrations were measured using the BCA assay (Thermo Scientific). 
Lysates were reduced with 5 mM DTT and cysteine residues were alkylated with 
10 mM iodoacetamide. Protein was extracted by acetone precipitation at -20 °C 
overnight. Samples were centrifuged at 8,000 g for 10 min at 4 °C. The acetone 
was removed and the pellet was allowed to dry. The protein pellet (~4 mg protein) 
was dissolved in 1 ml 50 mM Tris/HCl pH 8.2, 0.5 % SDC and proteins were 
digested with LysC (1:200 enzyme:protein ratio) for 4 h at 37 °C. Next, trypsin 
was added (1:100 enzyme:protein ratio) and the digestion proceeded overnight 
at 30 °C. Digests were acidified with 50 μl 10 % formic acid (FA) and centrifuged 
at 8,000 g for 10 min at 4 °C to remove the precipitated SDC. The supernatant 
was transferred to a new centrifuge tube. The digests were purified with C18 solid 
phase extraction (Sep-Pak, Waters), lyophilized and stored at -20 °C. 

Isobaric labeling of the enriched peptides was performed using the 10-
plex tandem mass tag (TMT) reagents (Thermo Fisher Scientific) with some 
modifications to the method of Böhm et al.1 Peptides were loaded onto 20 mg 
C18 cartridges prepared in-house. The C18 cartridges were washed once with 
1 ml 0.1% TFA and two times with 1 mL of 50 mM KH2PO4 (pH 4.5). TMT 
reagents (0.8 mg) were dissolved in 10 μl of dry ACN and diluted with 200 μl 50 
mM KH2PO4. This TMT solution was immediately loaded onto the column and 
labeling on column proceeded for 1 h at RT. Each of the 9 samples was labeled 
with a different TMT tag. After labeling columns were washed twice with 1 ml 2 % 
ACN / 0.2 % FA and the labeled peptides eluted with 1 ml 50 % ACN. TMT labeled 
samples were pooled and lyophilized.

TMT labeled peptides were subjected to offline orthogonal high-pH and 
reverse phase fractionation. TMT labeled peptides were solubilized in 0.1 % TFA 
and loaded onto a 20 mg PLRP-S cartridge made in-house. Cartridges were 
washed once with 1 ml 0.1 % TFA and three times with 1 ml milliQ water. Peptides 
were eluted step-wise from column with 5%, 10%, 15% and 50% ACN/ 10 mM 
ammonium formate (pH 10). The 4 fractions were dried by vacuum centrifugation 
and each fraction was reconstituted with 2 % ACN / 0.2 % FA for nLC-MS/MS 
analysis.

Mass spectra were acquired on an Oribtrap Lumos (Thermo) coupled to 
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an EASY-nLC 1200 system (Thermo). Peptides were separated on an in-house 
packed 75 μm inner diameter column containing 50 cm Waters CSH130 resin 
(3.5 μm, 130 Å, Waters) with a gradient consisting of 2−20 % (ACN, 0.1 % FA) 
over 200 min at 300 nl/min. The column was kept at 50 °C in a NanoLC oven - 
MPI design (MS Wil GmbH). For all experiments, the instrument was operated 
in the data-dependent acquisition (DDA) mode. MS1 spectra were collected at a 
resolution of 120,000, with an automated gain control (AGC) target of 2E5 and 
a max injection time of 50 ms. The most intense ions were selected for MS/MS, 
top speed method 3 seconds cycle time. Precursors were filtered according to 
charge state (2-7), and monoisotopic peak assignment. Previously interrogated 
precursors were dynamically excluded for 70 seconds. Peptide precursors were 
isolated with a quadrupole mass filter set to a width of 1.2 Th. When applying the 
MS3 method, ion trap MS2 spectra were collected at an AGC of 5E4, max injection 
time of 50 ms and CID collision energy of 35 %. For Orbitrap MS3 spectra, the 
operation resolution was 60,000, with an AGC setting of 1E5 and a max injection 
time of 120 ms. The HCD collision energy was set to 65 % to ensure maximal 
TMT reporter ion yield. Synchronous precursor selection (SPS) was enabled at 
all times to include up to 5 MS2 fragment ions in the MS3 scan. 
 Peak lists were automatically created from raw data files using the 
Proteome Discoverer 2.1 (Thermo) software. The Mascot search algorithm 
(version 2.2, MatrixScience) was used for searching spectra against the Uniprot 
database (taxonomy: Danio rerio, version from December 2016). The peptide 
tolerance was set to 10 ppm and the fragment ion tolerance was set to 0.6 Da. A 
maximum number of 2 missed cleavages were allowed. TMT tags on peptide N 
termini/lysine residues (+229.162932 Da) and carbamidomethylation of cysteine 
residues (+57.02146 Da) were set as static modifications methionine oxidation 
(+15.99492 Da) was set as variable modification. The target false-discovery 
rate for both PSMs and peptides was set to 0.01. Only peptides marked ‘high 
confidence’ were taken into account for further analysis. Proteins were marked 
with ‘high confidence’ when they fulfilled the requirement for an FDR = 0.01. The 
co-isolation threshold was set to 75 % and the minimum signal-to-noise ratio to 
10. For TMT quantification, a 0.01 Th window centered on the theoretical m/z 
value of each reporter ion was queried for the nearest signal intensity. Reporter 
ion intensities were adjusted to correct for the isotopic impurities of the different 
TMT reagents (according to the manufacturer’s specifications). For further 
analysis we used the R packages vsn and limma2,3. 
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Nucleotide (NM_005211.3) Amino Acid Change Reported by

c.620T>A p.Tyr540* Monies 4

c.699delA p.Thr567Argfs*45 Guerreiro 5

c.1745T>C p.Leu582Pro Scuberth 6

c.1754-1G>C, c.1754-2A>G p.Gly585_Lys619delinsAla this paper, Rademakers 7

c.1765G>A p.Gly589Arg Konno 8

c.1766G>A p.Gly589Glu Rademakers 7

c.1786G>A pVal596Met Lynch 9

c.1889T>G p.Leu630Arg Guerreiro 5

c.1897G>A p.Glu633Lys Rademakers, Lynch 7,9

c.1901T>G p.Leu634Arg Lynch 9

c.1929C>A p.His643Gln this paper
c.1954G>C p.Aal652Pro Konno 8

c.1957T>C p.Cys653Arg Battisti 10

c.1958G>A p.Cys653Tyr Mitsui 11

c.1990G>A p.Glu664Lys Eichler 12

c.2060dup p.Ser688Glufs*13 Konno 8

c.2276C>T p.Ser759Phe Jin 13

c.2287G>C p.Ala763Pro Van Gerpen, Lynch 9,14

c.2294G>A p.Gly765Glu Konno 8

c.2296A>G p.Met766Val Jin 13

c.2297T>C p.Met766Thr Rademakers 7

c.2308G>C p.Aal770Pro Rademakers 7

c.2320-2A>G p.Cys774_Asn814del Rademakers 7

c.2324T>A p.Ile775Asn Rademakers 7

c.2329C>T p.Arg777Trp Guerreiro 5

c.2330G>A p.Arg777Gln Mitsui 11

c.2342C>T p.Ala781Val Karle 15

c.2342C>A p.Ala781Glu Konno 8

c.2344C>G p.Arg782Gly Foulds 16

c.2345G>A p.Arg782His Kinoshita 17

c.2350G>A p.Val784Met La Piana 18

c.2375C>A p.Ala792Asp Ueda 19

c.2378A>C p.Lys793Thr Kondo 20

c.2381T>C p.Ile794Thr Rademakers, Guerreiro 5,7

c.2442+1G>A,+1G>T, 
+2T>C,+5G>C

p.Cys774_Asn814delins-
Gln…Gln

Saitoh, Konno, Kawakami, Rade-
makers 7,8,21,22

c.2450T>C p.Leu817Pro Guerreiro 5

c.2468C>T p.Ala823Val
Terasawa 23 (reported as c.2467C>T 
in paper)
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c.2470C>T p.Pro824Ser Konno 8

c.2473G>A p.Glu825Lys Lynch 9

c.2480T>C p.Ile827Thr Guerreiro 5

c.2483T>C p.Phe828Ser Kleinfeld 24

c.2498C>A p.Thr833Lys Codjia 25

c.2509G>T p.Asp837Tyr Rademakers 7

c.2512G>C p.Val838Leu Karle 15

c.2522A>G p.Tyr841Cys Codjia 25

c.2525G>T p.Gly842Val Codjia 25

c.2527A>T p.Ile843Phe Battisti 10

c.2528T>A p.Ile843Asn Karle 15

c.2534T>C p.Leu845Pro Codjia 25

c.2539G>A p.Glu847Lys Di Donato 26

c.2540A>T p.Glu847Val Gore 27

c.2541G>C p.Glu847Asp Guerreiro 5 

c.2546_2548delTCT p.Phe849del Rademakers  7

c.2546T>C p.Phe849Ser Rademakers 7

c.2562T>A p.Asn854Lys Sundal 28

c.2563C>A p.Pro855Thr Cheng 29

c.2566T>C p.Tyr856His Guerreiro 5

c.2570C>T p.Pro857Leu Lynch 9

c.2603T>C p.Leu868Pro Rademakers 7

c.2624T>C p.Met875Thr Rademakers 7

c.2629C>T p.Gln877* Karle 15

c.2632C>A p.Pro878Thr Rademakers 7

c.2655-2A>G p.Ile885Metfs*29 Guerreiro 5

c.2699G>A p.Arg900Lys Kortvelyessy 30

c.2701C>T p.Pro901Ser Guerreiro 5

c.2717T>C p.Ile906Thr Battisti 10

Table S1: Complete list of all reported CSF1R variants used in Figure 1

Table S2 Differentially expressed proteins 
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wild type 

I-1 
heterozygous 

II-4 
homozygous 

Figure S1 

Figure S1: Sanger sequencing traces from family CSF1R_02: 
Location of the c.1929C>A (p.His643Gln) in CSF1R variant is highlighted in blue. Top is wild type 
control, middle is individual I-1 (father), and bottom is proband II-4.
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Figure S2 Volcano plot showing differentially expressed proteins in csf1ra-/-;b+/- vs control 
brains. 
The csf1ra-/-;b+/- mutant zebrafish also have reduced microglia numbers.31 Significantly differentially 
expressed proteins are indicated in blue (upregulated) and green (downregulated). Cux1a is labeled 
in the upper left (green). 
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Figure S3 

Figure S3 Cux1a peptide identified by mass spectrometry. Cux1a was the most highly 
downregulated protein. The tryptic peptide (GlyPheGlnAlaGluIleAspAlaLeuSerLys) analyzed to 
identify Cux1a is unique, and BLAST analysis across the zebrafish proteome indicated zebrafish 
Cux1a as the only perfect match. The next best hit was Cux1b, which did not possess a perfect 
match (SerPheGlnAlaGluIleAspAlaLeuSerLys), followed by proteins with poorly matching amino acid 
sequences. BLAST analysis of this tryptic peptide against all uniprot peptides identified only Cux1 
homologs in other fish species, providing further evidence that this is a unique peptide. 
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Abstract 
Microglia are brain resident macrophages with trophic and phagocytic functions. 
Dominant loss-of-function mutations in a key microglia regulator, colony-
stimulating factor 1 receptor (CSF1R), cause adult onset leukoencephalopathy 
with axonal spheroids (ALSP), a progressive white matter disorder. As it remains 
unclear precisely how CSF1R mutations affect microglia, we generated an allelic 
series of csf1r mutants in zebrafish to identify csf1r-dependent microglia changes. 
We found that csf1r mutations led to aberrant microglia density and distribution, 
and regional loss of microglia. Remaining microglia still had a microglia-specific 
gene expression signature, indicating that they had differentiated normally. 
Strikingly, we also observed lower microglia numbers and widespread microglia 
depletion in post mortem brain tissue of ALSP patients. Both in zebrafish and in 
human disease, local microglia loss also presented in regions without obvious 
pathology. Together, this implies that CSF1R mainly regulates microglia density 
and that early loss of microglia may contribute to ALSP pathogenesis. 
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Introduction 
Microglia are specialized brain macrophages whose functions in the brain include 
phagocytosis and provision of trophic support (1-5). Mutations in several genes 
that are highly expressed in microglia cause progressive white matter brain 
diseases (6-9). For example, dominant loss-of-function mutations in colony-
stimulating factor 1 receptor (CSF1R) cause adult-onset leukoencephalopathy 
with axonal spheroids and pigmented glia (ALSP), also known as hereditary 
diffuse leukoencephalopathy with axonal spheroids (HDLS) (10, 11). Even though 
low expression of Csf1r has been reported in some neurons in the hippocampus, 
the expression of CSF1R is almost exclusive to microglia, suggesting that ALSP 
pathogenesis involves microglia dysfunction (12). But where one study showed 
reduced microglia numbers in cortical layers 3 and 4 in postmortem end-stage 
ALSP brain sections, another showed increased microglia numbers during earlier 
ALSP disease stages (13, 14). The mechanism whereby heterozygous CSF1R 
mutations affect microglia, and consequently brain homeostasis, is still unknown. 
Insight into ALSP pathogenesis will therefore contribute to our understanding of 
microglia function in the vertebrate brain and of microglia involvement in other 
brain diseases.

Even though CSF1R signal transduction has been studied extensively 
in macrophages, it is not entirely clear how defective CSF1R signaling affects 
microglia in vivo. Activation by one of the two CSF1R ligands, colony-stimulating 
factor 1 (CSF-1 or M-CSF) or interleukin 34 (IL-34) leads to auto-phosphorylation 
of the tyrosine kinase receptor. In vitro, downstream activation of signal 
transduction pathways regulates the production, survival, differentiation and 
function of macrophages (15-18). Genetic evidence for the consequences of 
CSF1R activation in vivo indicates that CSF1R primarily plays a homeostatic role 
in regulating the viability and proliferation of microglia (19, 20). Indeed, genetic 
deficiency of CSF1R signaling reduces protection against bacterial infection, 
mainly by limiting macrophage supply (15, 21-23). In contrast, by showing that 
Csf1r-/- macrophage precursors have the same lineage potential as those in 
wildtype, differentiating efficiently into macrophages, but failing to form colonies, 
a recent study concluded that Csf1r deficiency has little effect on myeloid 
differentiation in vivo (24). 

Loss of Csf1r in mice leads to an almost complete absence of microglia, 
and also to severe developmental abnormalities and a shorter lifespan (16-
18). Csf1r-/- brains show widened cerebral ventricles, which is also observed in 
ALSP patients. Mice lacking microglia also show cerebrovascular defects and 
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reduced numbers of oligodendrocyte lineage cells (18, 25, 26). In addition, 
postnatal pharmacological inhibition of CSF1R in mice reduces the number 
of oligodendrocytes and oligodendrocyte precursor cells (OPCs) in a region-
dependent manner (25). The latter effect could predispose to myelination defects 
in later life. 

To understand the effect of CSF1R haploinsufficiency on microglia we 
used the zebrafish as a model organism. Zebrafish are an upcoming genetic 
model organism to study brain diseases, including leukoencephalopathies (27). 
They are highly suitable for in vivo imaging, as they develop externally and 
are transparent at early stages (27-29). Previously, we identified the zebrafish 
microglia transcriptome, which shares high similarity with mouse and human 
microglia transcriptomes (30, 31). Zebrafish express two homologs of human 
CSF1R: csf1ra and csf1rb. We found that zebrafish csf1ra mutants show 
reduced microglia numbers only during development, thereby partially mimicking 
mouse mutants. This suggests that the cellular functions of CSF1R are highly 
conserved between species, but that zebrafish csf1rb and csf1ra are likely 
partially redundant. In the present study we therefore created an allelic series 
of zebrafish csf1r loss-of-function mutants in which we observed a local loss of 
microglia, a general reduction in microglia numbers, and an aberrant distribution 
of microglia. As we found that dysregulation of microglia density was a primary 
consequence of csf1r haploinsufficiency, we next investigated whether CSF1R 
haploinsufficiency also affects microglia density in postmortem brain tissue of 
ALSP patients. This revealed widespread depletion of microglia and a general 
reduction in microglia density. In humans and zebrafish alike, changes in microglia 
density and distribution in the absence of obvious myelin pathology implied that 
loss of microglia may be an early event in ALSP pathogenesis. 

Results 
Zebrafish csf1ra and csf1rb together are functionally homologous to 
mammalian CSF1R
To study how CSF1R mutations affect microglia and the brain, we exploited the 
fact that zebrafish have two homologs for human CSF1R: Csf1ra and Csf1rb. 
Both of these are highly expressed in adult zebrafish microglia (Fig. 1A)(30). 
Unlike Csf1r knock-out mice, which are almost completely devoid of microglia, 
zebrafish with homozygous loss-of-function mutations only in csf1ra (from here 
on: csf1ra-/-), show reduced microglia numbers only during early development 
(32). This suggests that csf1rb and csf1ra share a role in microglia development. 
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To test this, we introduced a premature stop codon in exon 3 of the csf1rb 
gene by TALEN-mediated genome editing; and assessed microglia numbers 
by neutral red staining (Fig. 1B, S1A), which can be used to label microglia in 
zebrafish larvae in vivo. Whereas the microglia numbers in homozygous csf1rb 
mutants were a little lower than in wild type, mutants deficient in both csf1ra and 
csf1rb (from here on: csf1rDM), were almost completely devoid of microglia (Fig. 
1C,D). The absence of microglia in csf1rDM mutants was confirmed in larval and 
adult zebrafish by immunostaining for L-plastin (Fig. 1E, 2A, B). Although microglia 
were almost completely absent in csf1rDM, other macrophage populations were 
still present in adult organs, including the skin and the intestine (Fig. S1B). 
Adult csf1rDM animals were viable, and, in-cross mating of csf1rDM adult animals 
produced viable homozygous mutant offspring (data not shown). However, after 
around three months of age, mutant animals occasionally showed seizure-like 
behavior, and their survival rate was lower than that of wild type animals (data not 
shown). Some csf1rDM brains displayed signs of cerebral hemorrhaging that were 
consistent with the hemorrhages previously reported in Csf1r-/- mice (18). These 
data show that zebrafish Csf1ra and Csf1rb both regulate the development of the 
microglia population, and both are thus functionally homologous to mammalian 
CSF1R. 

Csf1r regulates microglia density and distribution independently of brain 
pathology
Previous studies indicate that the density of tissue macrophages, including the 
microglia, is affected by reduced CSF1R signaling (33-36). To validate this in 
zebrafish, we used neutral red labeling and immunohistochemistry to assess 
microglia numbers in a series of csf1r mutant zebrafish larvae consisting of 
csf1ra+/-, csf1ra-/-, csf1rb-/-, csf1ra-/-;b+/- and csf1rDM animals. In the larval stage, 
a gradual reduction in the number of csf1r alleles resulted in a corresponding 
decrease in microglia numbers (Fig. 1C,D,E). The greater reduction in microglia 
numbers in csf1ra-/- mutants than in csf1rb-/- mutants suggests that csf1ra is 
more important during early development. In adult zebrafish, however, microglia 
numbers in csf1rb-/- mutants were strongly reduced, whereas in csf1ra-/- mutants 
they were more comparable to those in wild type (Fig. 2F), suggesting differential 
requirements of csf1ra and csf1rb in microglia at different developmental stages. 
Surprisingly, in 5-month-old adult csf1ra-/-;b+/- mutants, we observed that while 
microglia were absent in the dorsolateral side of the optic tectum, they appeared 
to accumulate in the underlying deep brain regions (Fig. 2G). 



Chapter 5128

5

 To investigate whether any pathological hallmarks of ALSP are also 
present in csf1r mutant zebrafish, we assessed tissue and white matter integrity in 
adult csf1ra-/-, csf1ra-/-;b+/- and csf1rDM mutants. Hematoxilin and eosin labeling did 
not reveal signs of brain pathology (data not shown). Neither did immunolabeling 
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Fig. 2 Altered microglia 
distribution and numbers 
in the adult csf1r mutant 
brain. A Representative 
images of microglia in WT 
, csf1ra-/- , csf1ra-/-;b+/- and 
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csf1rDM. C Representative 
images of microglia in WT , 

csf1ra-/- and csf1rb-/- brain sections from 15 mpf zebrafish stained with antibody against L-plastin 
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for Claudin K (Cldnk) — which labels myelin tracts throughout the zebrafish 
brain — reveal major loss of myelin, even in csf1rDM mutants (Fig. S2A)(37). To 
determine whether csf1r mutants display more subtle myelin abnormalities, such 
as degeneration, hypomyelination, or hypermyelination, we analyzed their white 
matter by electron microscopy (EM). We observed highly myelinated regions in 
the midbrain containing multilayered myelin sheets, which resembled those in 
mammals, but no apparent abnormalities in the multilayered myelin sheets in 
csf1r mutants (Fig. S2B, C). Immunolabeling for Sox10 also indicated normal 
numbers of oligodendrocyte lineage cells in csf1r mutants (Fig. S2D). Together, 
this indicates that csf1r deficiency in zebrafish does not result in overt myelin 
degeneration at this adult stage.

To establish whether loss of csf1r causes more subtle pathological 
changes, we performed RNA sequencing on brains of adult csf1r-mutant 
zebrafish that were ~8 month old (Fig. 3A). Multidimensional scaling of gene 
expression data showed clustering of the samples based on the csf1r mutation 
status (WT, csf1ra-/-, csf1ra-/-;b+/-, csf1rDM), indicating csf1r-dependent changes in 
gene expression (Fig. 3B). Differential gene expression analysis between wild 
type and csf1rDM mutant brains revealed 154 differentially expressed genes, 85 of 
which (e.g. spi1b, irf8, csf1ra and csf1rb) we had previously identified as part of 
the zebrafish microglial transcriptome (Fig. 3C,D,E, Table S2)(30). Hierarchical 
clustering of the samples on the basis of 154 differentially expressed genes 
revealed that csf1ra-/-;b+/- mutants clustered with csf1rDM mutants, whereas 
csf1ra-/- mutants clustered with wild type (Fig. 3D). This suggests that loss of csf1r 
leads mainly to reduced expression of microglia-specific genes, which indicates 
that loss of csf1r in zebrafish predominantly affects microglia. The downregulated 
genes that were not specifically expressed in microglia included the cysteine-
glutamine exchanger slc7a11 and growth hormone 1, as well as many poorly 
annotated genes (Table S2). This indicates that csf1r deficiency and thus loss 
of microglia causes very few molecular changes and no obvious myelin-related 
pathology in ~ 8 month old adult zebrafish. 

Csf1r deficient microglia increase expression of genes involved in 
chemotaxis and migration
To assess in more detail how csf1r deficiency affects microglia independently of 
brain pathology, we performed RNA sequencing on microglia that were FACS-
sorted from wild type, csf1ra-/- and csf1ra-/-;b+/- mutant brains that were dissected 
from ~9 month old zebrafish (Fig. 4A). Multidimensional scaling revealed clustering 
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of the samples on the basis of csf1r mutation status, indicating csf1r-dependent 
changes in microglial gene expression (Fig. 3B). Based on our microglia density 
measurements, and the importance of csf1rb for adult microglia, we reasoned 
that csf1ra-/-;b+/- mutant microglia could mimic CSF1R haploinsufficiency that 
occurs in ALSP patient microglia, and compared microglia gene expression 
of these mutants with that of controls. We identified 1466 genes that were 
differentially expressed between csf1ra-/-;b+/- mutant and wildtype microglia (Fig. 
4C, Table S3). Interestingly, the normalized expression values of 750 out of the 
1466 differentially expressed genes in csf1ra-/- mutant microglia lay in between 
those of csf1ra-/-;b+/- and wild-type microglia (Fig. 4C,D, Table S3). As more than 
half of the genes differentially expressed between wildtype and csf1ra-/-;b+/- 
show csf1r-dependent changes in expression, this indicates that these genes 
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are regulated by Csf1r-signaling and their altered expression could be a primary 
consequence of csf1r deficiency. Gene ontology analysis on genes that showed 
csf1r-dependent changes in expression revealed that downregulated genes were 
associated with brain and nervous system development, and with regulation of 
neuronal differentiation (Fig. 4E). Upregulated genes were mainly associated 
with immune response, immune system process, and leukocyte chemotaxis (Fig. 
4F). The differentially expressed genes in the gene ontology classes associated 
with the upregulated genes were mainly chemokines and chemokine receptors 
(e.g. cxcl12a, ccl25b, ccl19a.1, cxcr4b) (Fig. 4G). In fact, the expression of 
most chemokines and chemokine receptors in zebrafish microglia was higher in 
csf1ra-/-;b+/- mutants than in wild types (Fig. 4G), which may explain the aberrant 
microglia distribution in csf1ra-/-;b+/- mutants. 

To test whether the expressional changes observed in csf1ra-/-;b+/- microglia 
and brain indicated a general microglia differentiation defect, we investigated 
whether adult csf1r-mutants showed a loss of microglia-specific gene expression 
or a gain in gene expression associated with immature microglia or macrophages 
(Figs 4 and 5). Only 8 of the 300 most microglia-specific genes in zebrafish 
(many of which are also included in the mouse and human homeostatic microglia 
signature e.g. slco2b1, pdgfba, scn4bb) were significantly downregulated in 
csf1ra-/-;b+/- microglia, suggesting that there is no loss of a homeostatic microglia 
signature (Fig. 5A,D,E)(30, 31, 38, 39). 

Next, we analyzed the expression of 378 zebrafish orthologs for genes 
that are strongly downregulated during microglia differentiation in the mouse brain 
to assess whether csf1r mutant microglia fail to downregulate genes specific to 
immature microglia (40). Expression of only 10 of these 378 genes was increased 
in csf1ra-/-;b+/- mutant microglia when compared to the expression in wild type 
microglia (Fig. 5B,F). We also found no evidence for increased expression of 
genes that discern microglia and macrophages (Fig. 5C)(41). Additionally, 
csf1ra-/-;b+/- microglia were still highly ramified and showed no signs of activation 
(Fig. 5G). This suggests that the csf1r-dependent changes in microglial gene 
expression are largely independent of differentiation status. Together, these data 
imply that the changes in the expression of genes involved in chemotaxis and cell 
migration in csf1r mutants are a specific consequence of csf1r deficiency and not 
of a global differentiation defect. 
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The damage-induced proliferative response of csf1r mutant microglia is 
delayed 
Microglia respond quickly to damage by migration and proliferation, and CSF1R 
has been linked to this proliferative response of microglia (42). Therefore, to assess 
whether proliferation defects could be linked to aberrant microglia localization, 
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and possibly to microglia migration, we used our previously established neuronal 
ablation model. In this model, metronidazole (MTZ) treatment in zebrafish with 
brain-specific transgenic expression of nitroreductase (NTR) results in neuronal 
cell death (4, 43). We have shown previously that increasing the local demand 
for microglia by inducing neuronal cell death causes a strong local proliferative 
response by microglia (30). To investigate whether microglia proliferation depends 
on csf1r dosage, we used Pcna as a cell-proliferation marker to assess microglia 
proliferation upon induction of neuronal ablation. One day after treatment, control 
NTR transgenic larvae showed that the microglia numbers had increased from 
25 to 32 locally, with a corresponding increase in the fraction of Pcna+ microglia 
(Fig. 6A). In contrast, csf1r mutant microglia, upon MTZ treatment, showed a 
much larger increase in microglia numbers, respectively from 5 to 24 and from 2 
to ~12, but had not yet increased significantly in the fraction of Pcna+ microglia 
(Fig. 6A). Therefore the increased microglia numbers in treated csf1r mutants 
cannot be explained by the fraction of dividing microglia relative to control. 
Based on the much stronger increase in L-plastin+ cells in either of the mutants 
however, one would expect a much higher fraction of Pcna+ cells in MTZ-treated 
vs controls, if the increase is due to proliferation alone. Intriguingly, at 2 days 
post treatment, the fractions of Pcna+ microglia were increased to similar levels 
in control and in csf1r mutants (Fig. 6B). This showed that although csf1ra-/- and 
csf1ra-/-;b+/- mutant microglia were able to mount a proliferative response, the 
proliferative response was delayed. Nevertheless, as numbers still increased it 
seems that potential initial proliferation deficiencies were compensated through 
microglia recruitment. Therefore, the aberrant distribution of microglia upon csf1r 
deficiency may be a compensatory mechanism intended to meet the brain’s local 
demand for microglia. 

Severe microglia depletion in gray and white matter of postmortem ALSP 
patient brains 
It has been reported that degenerated white matter in the brains of ALSP patients 
contains many CD68+ myeloid cells and reduced numbers of IBA1-positive 
microglia (44) (13, 14). We wanted to investigate whether altered microglia 
density and distribution, as we identified in the zebrafish, would recur in the 
non-degenerated brain tissue of ALSP patients. By immunohistochemistry, we 
therefore analyzed microglia morphology, distribution and density in gray matter, 
normal-appearing white matter (NAWM) (occipital lobe), and degenerated white 
matter (middle frontal gyrus and cingulate gyrus) of two ALSP patients and 
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ablation model (4, 43), in which treatment with metronidazole (MTZ) leads to selective ablation 
of neurons with transgenic expression of nitroreductase (the nsfB gene encoding nitroreductase, 
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age-matched controls (Fig. 7; Fig. S4A). As in previous studies, we observed 
numerous HLA-DR+ cells and large, rounded CD68+ cells in degenerated white 
matter, whereas, apart from a few IBA1/CD68 double positive cells, IBA1+ cells 
were almost completely absent (Fig. 7A, S3A,B,C). As we also observed a few 
CD68+ cells with a low level of IBA1 staining, this suggests that highly CD68+ 
cells lose IBA1 expression (Fig. S3D). 

Most IBA1+ microglia still present in the degenerated white matter 
appeared in clusters of ~10-100 cells (Fig. 7B). Interestingly, with the exception 
of sparse microglia clusters, microglia in the NAWM and gray matter were also 
severely depleted (Fig. 7B,C; Fig. S3B,C). Many of these IBA1+ microglia 
clusters were located at the border between the gray and the white matter (Fig. 
7B). Whereas the few IBA1+ cells present in the white matter looked like foam 
cells, microglia in the gray matter and NAWM either looked activated or had a 
normal ramified morphology (Fig. 7B). In all the brain areas examined we also 
observed areas of gray matter in which IBA1+ microglia had a normal distribution 
and a ramified morphology. However, the density of these microglia was ~50 % 
lower in ALSP patient brain sections than in controls (Fig 7D). This is reminiscent 
of the findings in our zebrafish experiments, where we also observed regional 
differences in microglia density in unaffected brain tissue (Fig 2 and 7B,D). The 
loss of IBA1+ microglia, the aberrant microglia distribution and altered morphology 
in microglia clusters — not only in the gray matter, but also in NAWM — indicates 
that microglial changes could precede white matter degeneration. 

Discussion          
Although mutations in genes that are particularly important for the microglia can 
cause severe brain disorders, it is still unclear whether pathogenesis involves 
a gain or loss of specific microglia activities. Here, we used the zebrafish to 
investigate the impact of a gradual reduction in functional csf1r alleles on microglia 
numbers, microglia differentiation status and their response to tissue damage. 
We found that Csf1r haploinsufficiency was correlated with a lower density of 
microglia in the dorsal part of the optic tectum. Additionally, we observed altered 
microglia distribution and local microglia depletion in the ventral and dorsolateral 
part of the optic tectum, respectively. Loss of three csf1r alleles did not severely 
impede the proliferative capacity of microglia to dying neurons, nor did it affect the 
homeostatic microglia signature. Instead, in response to increased phagocytic 
demand, csf1r mutant microglia initially increased their numbers locally through 
recruitment rather than proliferation. Accordingly, the expression of migration and 
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Fig. 7 ALSP patient brains show widespread microglia depletion. Representative images of 
IBA1 and CD68 staining of microglia in white and gray matter of post mortem brain tissue of two 
ALSP patients and two age-matched control donors. A IBA1 and CD68 double labeling in the white 
matter of the cingulate gyrus of ALSP patient and control tissue. B Clusters of IBA1+ microglia 
are apparent at the borders between the gray matter and the white matter. C Severe depletion of 
IBA1+ microglia in the gray and white matter of the occipital cortex. D The ramified morphology 
of microglia in gray matter areas of ALSP patients was similar to that in controls. Quantification of 
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which showed a homogeneous distribution of ramified microglia (5 gray matter areas, 1.5 mm2 in 
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(B, high magnification), 100 µm(C), 50 µm (D) . WM = white matter, GM = gray matter. 
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chemotaxis genes in csf1r mutants was also increased. We also showed that, in 
the absence of extensive white matter degeneration in the occipital lobe of the 
cortex, CSF1R haploinsufficiency results in widespread depletion and aberrant 
distribution of IBA1+ microglia in humans. These findings support the presence 
of a disease mechanism in which CSF1R haploinsufficiency reduces microglia 
density, causes microglial relocation, and results in depletion of functional 
microglia. This indicates that loss of microglia may be an early pathogenic event 
in ALSP patients. 

Although the focus of this study is on brain microglia, CSF1R 
haploinsufficiency could potentially affect other macrophages, such as those in 
the gut, or even neurons, as low level of Csf1r expression was reported in few 
scattered neurons in the mouse hippocampus (12). As the composition of the 
gut microbiome, or perturbed barrier function of the gut, has major effects on 
microglia and on the CNS (45, 46) it is possible that, in ALSP patients, defects 
in other macrophage populations, such as those in the intestine, play a role in 
pathogenesis. Nevertheless, gastrointestinal symptoms related to perturbed 
gut barrier function were not reported in ALSP patients (11). Additionally, our 
zebrafish data do not imply an increased inflammatory response or response 
to microbial infection. Given that a potentially protective role of Csf1r has been 
described in neurons, it is possible that these protective effects are reduced due 
to CSF1R deficiency and could be a contributing factor in disease. As neuronal 
loss is not obvious in ALSP patients, however, we speculate that this is unlikely 
to play a major part. 

CSF1R coding sequence and function are well conserved across 
species. CSF1R-deficient zebrafish, rodents and most likely humans lack 
microglia, are osteopetrotic and occasionally show cerebral hemorrhages (data 
not shown) (16-18, 47). Our data indicate that csf1r haploinsufficiency leads to 
a local loss of microglia, possibly through the maldistribution of microglia. This is 
similar to the aberrant distribution of microglia and widespread loss of microglia 
we observed in the NAWM and gray matter of post mortem ALSP patient brains. 
Interestingly, based on neuropathological analysis of different ALSP stages, in 
the early stages, microglia numbers were predicted to be higher than in controls 
and microglia appear activated in specific brain regions (13). This is reminiscent 
of the increased microglia density we observed in deep brain regions of csf1ra-/-

;b+/- haploinsufficient zebrafish (13). Similarly, microglia numbers are also higher 
in some brain regions in heterozygous Csf1r mutant mice than in control animals, 
but it is unclear whether microglia density is reduced in other areas or at later 
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stages in the mouse (48). Between them, these observations indicate that CSF1R 
haploinsufficiency causes aberrant microglia distribution, where some regions 
become devoid of microglia. 

Although microglia are efficient phagocytes that clear dead cells, 
dysfunctional synapses and myelin (5, 49, 50), the accumulation of myelin debris 
in microglia can compromise their phagocytic capacity and can also lead to 
microglial senescence (5, 51, 52). Based on the size and morphology of large 
numbers of CD68+ cells in degenerated white matter, the accumulation of debris 
could have preceded their presence. We cannot exclude that CD68+ cells include 
infiltrated macrophages, as other macrophage and microglia markers, including 
IBA1 and P2RY12, appear lost or very low in these cells (14). Regardless, 
accumulation of myelin debris, as occurs during normal aging, may contribute to 
the progressive loss of functional IBA1+ microglia over the course of the disease. 
In fact, it was shown in a tuberculosis infection model that, due to reduced csf1r 
signaling, the loss of macrophages was driven by a failure to meet phagocytic 
demand (22). Consistent with this idea, the morphology of microglia among 
clusters in ALSP patients ranged from ramified to completely round and foamy in 
appearance, due most likely to the accumulation of phagocytized myelin debris 
in microglia (51). Simultaneously, it is possible that one functional CSF1R copy 
is not sufficient to sustain both normal microglia survival and proliferation, as 
microglia turn over in humans in adulthood (53, 54). Together, this indicates that 
CSF1R-dependent loss of microglia in ALSP patients may be progressive. 

The absence of overt neuropathology or myelin pathology in csf1r mutant 
zebrafish may be related their relatively young age, to the fact that the central 
nervous system of the zebrafish is smaller and less complex than that of humans, 
or to the time needed for the pathology to develop in humans. The pathological 
hallmarks of ALSP are observed mainly in the neocortex, which is unique to 
mammals and has expanded immensely during evolution, particularly in primates 
and humans (55, 56). As the neocortex is rich in white matter, it may be more 
susceptible to pathology than the zebrafish brain, in which there is relatively little 
white matter (57). Consistent with this, mutations that result in a relatively mild 
pathology in mice can lead to severe leukodystrophy in humans (58). Additionally, 
it takes about 30-40 years before ALSP becomes symptomatic, whereas mice 
and zebrafish live only a few years (11). Even though the csf1r mutant zebrafish 
brain is relatively unaffected, the direct effects of csf1r mutations on microglia as 
described here were very similar to those in humans.     

Although it is still unknown how long-term depletion of microglia in 
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adulthood would affect brain homeostasis, and how it might cause pathology, 
white matter degeneration is a hallmark of several other brain disorders classified 
as microgliopathies. For example, mutations in microglia genes TREM2 and 
TYROBP both cause Nasu-Hakola disease (NHD), which is also characterized 
by white matter pathology. Even though the precise pathogenic mechanisms 
remain elusive, these disorders support the idea that microglia are critical to 
the maintenance of myelin in adulthood. In fact, it was recently shown in the 
adult brain that lower microglia numbers lead to a reduction in the numbers of 
oligodendrocytes or oligodendrocyte precursors (OPCs) in many brain regions 
(25). We anticipate that a progressive depletion of microglia occurs in ALSP, 
which could lead to a lower number of myelinating cells in adulthood, and could 
thereby contribute to ALSP pathogenesis. 

Like tissue macrophages, the microglia influence the development and 
repair of organs by secreting trophic factors including insulin-like growth factor 
1 (IGF1), and by mediating signaling between cells (65-67). Local depletion of 
microglia could lead to a failure to provide such trophic factors, which could 
contribute to ALSP pathogenesis, for example, by affecting the capacity to form 
new oligodendrocytes. 

In conclusion, the greatest effect of CSF1R haploinsufficiency seems to 
be a general reduction in microglia density in addition to large areas completely 
devoid of microglia. The partial or complete lack of microglia occurs in normal 
appearing gray and white matter, which suggests that loss of microglia may 
eventually result in ALSP pathology. Our gene expression data in an allelic series 
of csf1r-deficient microglia and brains therefore provide an opportunity to further 
delineate not only the function of csf1r in microglia, but also the consequences 
for the brain. Elucidating these is crucial to a more comprehensive understanding 
of the physiological functions of microglia and microglia-dependent disease 
mechanisms. Several studies have shown that pharmacological inhibition of 
CSF1R causes microglia depletion and, in mouse models, that it ameliorates 
neurodegenerative disease-like symptoms by depleting microglia or diminishing 
their proliferation and activation (68-70). As microglia depletion may underlie and 
contribute to the development and progression of ALSP, this raises the question 
of whether long-term inhibition of CSF1R in neurodegenerative diseases like 
Alzheimer’s disease is a viable treatment option (69, 70). This warrants further 
studies to determine how the brain is affected by loss of microglia interactions 
and microglia-derived factors, and to devise ways of promoting the supply of 
functional microglia. 
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Materials and methods
Animals 
The following transgenic zebrafish lines were used: Wild type AB, 
Tg(mpeg1:EGFP) fish expressing GFP under the control of the mpeg1 promotor 
(71), Tg(Neuro-Gal4, uas:nsfB-mCherry, mpeg1:EGFP) with neuronal specific 
nsfB expression encoding nitroreductase (NTR)(43), csf1raj4e1/j4e1 with a V614M 
substitution in the first kinase domain (72). Csf1ra mutants were also crossed 
in with the transgenic lines specified above. The csf1rb deletion mutant was 
created by TALEN-mediated genome editing (73). The TALEN arms targeted 
exon 3 (Fig. S1) of the csf1rb gene, resulting in a 4 bp deletion and premature 
stop codon. Animal experiments were approved by the Animal Experimentation 
Committee at Erasmus MC, Rotterdam. 

Vital dye labeling
Neutral red labeling was performed as decribed previously (32). Neutral red 
images were acquired by using a Leica M165FC stereo microscope. 

Induction neuronal cell death
For neuronal ablation, neuro-NTR transgenic zebrafish were used as described 
previously (43). 

Immunofluorescence staining
Whole mount larvae This was usually done as described previously (74). 
Adult brain sections Immunostaining on adult brain slices was performed largely 
as described previously (30). 
Paraffin sections human brain Paraffin sections seven μm in thickness were 
collected on Superfrost Plus glass slides (VWR international, Leuven, Belgium) 
and dried at 37°C. Tissue sections were characterized for the presence of 
microglia by staining for IBA1 and CD68 as previously described (75). 

RNAseq library synthesis and bioinformatics analysis
Microglia Microglia were FAC-sorted, lysed and processed for RNAseq largely 
as described (30). RNA was reverse transcribed using an oligo(dT) primer, and 
cDNA was pre-amplified followed by tagmentation with Tn5. The tagmented library 
was extended with Illumina adaptor sequences. The resulting sequencing library 
was sequenced according to the Illumina TruSeq v3 protocol on the HiSeq2500, 
and mapped against the GRCz10 zebrafish genome followed by differential gene 
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expression analysed using the Bioconductor package edgeR and goseq for gene 
ontology. 
Brain Brains were dissected as described previously (30) and snap frozen in 
liquid nitrogen. Brains were homogenized followed by total RNA isolation using 
Trizol. RNA samples were processed for RNA sequencing and analysis largely 
as described for microglia. 

Electron microscopy
Electron microscopy was performed largely as described previously (43). For 
each myelinated axon present the g-ratio was calculated.

Human brain tissue
Human brain tissue samples were obtained from the Netherlands Brain Bank 
(www.brainbank.nl). All patients and controls, or their next of kin, had given 
informed consent for autopsy and the use of brain tissue for research purposes. 
Relevant clinical information was retrieved from the medical records and is 
summarized in Table S1. We obtained paraffin-embedded post mortem tissue 
blocks of cingulate gyrus, frontal cortex and occipital lobe from 2 ALSP patients 
and 2 age-matched controls without neurological disease. 
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Abstract
Sphingolipidoses are severe, mostly infantile lysosomal storage disorders (LSDs) 
caused by defective glycosphingolipid degradation. Two of these sphingolipidoses, 
Tay Sachs and Sandhoff diseases, are caused by β-Hexosaminidase (HEXB) 
enzyme deficiency, resulting in ganglioside (GM2) accumulation and neuronal loss. 
The precise sequence of cellular events preceding and leading to neuropathology 
remain unclear, but likely involve inflammation and lysosomal accumulation of 
GM2 in multiple cell types. We aimed to elucidate, by mutating hexb in zebrafish, 
how loss of Hexb activity causes cellular pathology in the developing brain. Hexb 
deficient zebrafish (hexb-/-) showed lysosomal abnormalities already early in 
development both in radial glia, which are the neuronal and glial progenitors, 
and in microglia. Additionally, at 5 days post-fertilization, hexb-/- zebrafish showed 
reduced locomotor activity and increased apoptosis in the brain. Lysosomal 
alterations in glia, cell death in the brain and reduced locomotor activity occur 
simultaneously, suggesting that glial abnormalities could precede neuronal loss. 
In all, we identified cellular consequences of loss of Hexb enzyme activity during 
embryonic brain development, showing early effects on glia, which possibly 
underlie the subsequent neurodegeneration and behavioral aberrations. Hereby, 
we identified clues into the contribution of non-neuronal lysosomal abnormalities 
in LSDs affecting the brain and provide a tool to further study the consequences 
of Hexb deficiency in vivo. 
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Introduction
Lysosomal storage disorders (LSDs) comprise a group of at least 55 disorders, 
which are caused by genetic variants in lysosomal enzymes leading to loss of 
protein function. LSDs frequently involve progressive neurodegeneration, and for 
most of them there is no treatment available yet. How lysosomal dysfunction 
leads to neurodegeneration in LSDs is not completely understood. One LSD, 
Sandhoff disease, is caused by mutations in HEXB, leading to deficiencies 
in both β-Hexosaminidase A and β-Hexosaminidase B hydrolases, formed 
by HEXA/B or HEXB/B dimers, respectively. Recessive mutations in HEXA 
cause Tay-Sachs disease, which presents with identical clinical pathology to 
SD. β-Hexosaminidase plays a role in ganglioside metabolism and hydrolyzes 
GM2 gangliosides into GM3 gangliosides in lysosomes. Loss of either HEXA 
or HEXB results in accumulation of the ganglioside GM2, and therefore these 
disorders are clustered as GM2 gangliosidoses. GM2 accumulation is mainly 
found in brain cells, including neurons and glia. It is unknown however what 
molecular and cellular events precede pathology and cause SD.  

In the most common and severe form of SD, symptoms appear during 
infancy. At about 3 to 6 months after birth, after an initially normal post-natal 
development, development slows down and skeletal muscles weaken, causing 
loss of acquired motor abilities such as turning over, sitting upright and crawling 
(1). Most symptoms are neurological and include an exaggerated startle response 
to loud noises, seizures, vision and hearing loss, intellectual disability, and 
paralysis. There is no treatment available and infantile Sandhoff patients typically 
do not live longer than 5 years (1). Due to the very early onset and rapid disease 
progression, the initial cellular events leading to neuronal loss remain obscure.

SD neuropathology involves neuronal loss, the presence of increased 
numbers of activated microglia -the brain’s macrophages- and astrocytes (2-
4). Expansion of both microglia and astrocyte numbers are in fact found in 
many brain disorders including epilepsy, other LSDs, multiple sclerosis, and 
neurodegenerative disorders, and likely play a role in pathogenesis (5-11). In SD 
mice, GM2 storage is found in lysosomes of neurons, but also in lysosomes of 
astrocytes and microglia (12-14). Based on pathology and gene expression data, 
it is still unclear which cell types are responsible for the initiation and progression 
of the pathology. In SD mice microglial activation was found to precede 
neurodegeneration (15). In microglia, HEXB is remarkably highly expressed 
compared to expression in other brain cell types and even considered to be a 
microglial signature gene (16-21). Given that microglia are highly phagocytic, 
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lysosomal function is critical for processing ingested material and HEXB could 
also be important for microglial function. Several studies showed that suppression 
of microglial or astrocytic inflammation could reduce SD pathology, suggesting 
both glial cells might be involved in SD pathogenesis (12, 15, 22). It is important 
to determine if, and to what extent, HEXB deficiency also affects glial function or 
if gliosis is a consequence of neuronal problems directly caused by the loss of 
HEXB. Analysis of Hexb-/- mouse fetal neuronal stem cells (NSCs), also called 
radial glia, revealed a more frequent differentiation towards the astrocyte lineage 
rather than neurons, indicating abnormal differentiation of brain cells (23). SD 
patient IPS cell-derived organoids also showed aberrant neuronal differentiation 
(24). These studies suggest that HEXB deficiency could intrinsically affect 
neuronal differentiation and induce increased astrocyte numbers, which could be 
an initiating event in the pathogenesis of SD. 

Potential therapeutic options for SD include gene therapy, immune 
suppression and bone marrow transplantation. Gene therapy in SD mouse 
models, applied by intravenous viral transduction from postnatal day 1 and 2, 
prevented pathology (25). However, the subclinical disease process preceding 
the onset of symptoms makes early intervention using gene therapy difficult 
to implement. Immune suppression or bone marrow transplantations improve 
neurological function in SD mice, likely by reducing gliosis (15, 26-29). Although 
these therapies seem very promising, it is important to understand to what extent 
such approaches are targeting the cause, rather than inhibiting the symptoms. 
Therefore, understanding the early cellular pathogenic processes will facilitate 
the development of an effective treatment for SD.

Remarkably, natural occurring HEXB or HEXA variants leading to 
gangliosidoses, have been observed in various domesticated as well as wild 
vertebrate species including dogs, cats, sheep, Muntjak deer and flamingos (30-
36). The disease course in these animals is similar to that in humans, showing 
the conserved importance of proper processing of gangliosides. To understand 
SD pathogenesis, we aimed to visualize the earliest lysosomal abnormalities 
to discern the affected cell types during brain development in vivo. We used 
the zebrafish as a model since their offspring develop ex utero allowing the 
visualization of pathology in vivo using live imaging, they have a relative small 
size and are transparent, and have previously been used to study lysosomal (dys)
function (37-42). Moreover, zebrafish harbor a single HEXB homolog, hexb, and 
transgenic reporter lines are available to label different cell types. We generated 
an SD zebrafish model in which we investigated the earliest emergence of cell-



Modeling Hexb deficiency  in zebrafish 153

6

type specific lysosomal abnormalities in the developing brain. Already in the first 
days of brain development, we identified increased lysosomal volume in radial glia 
and altered lysosomal morphology in microglia. With the present study we identified 
some of the cellular consequences of loss of Hexb enzyme activity during embryonic 
brain development, showing early effects on glia, which possibly underlie the 
subsequent neurodegeneration and behavioral aberrations. 

Results 
Direct mutagenesis causes Hexb enzyme deficiency and glial lysosomal 
abnormalities
Zebrafish Hexb has a ~64% sequence identity with the human protein, and is encoded 
by a single hexb gene. We targeted hexb by injecting fertilized zebrafish oocytes 
at the one-cell stage with Cas9 protein/gRNA complex targeting exon 1 of hexb. 
To determine the efficiency of targeting the zebrafish hexb locus, the generation 
of insertions and deletions (InDels) was determined by Sanger sequencing 
genomic DNA from individual 4 dpf larvae (n=24). This was followed by sequence 
decomposition using TIDE showing that, on average, 94% of the alleles harbor 
InDels (i.e. mutagenesis efficiency)(Fig 1A)(43). We refer to the F0 generation of 
larvae that are directly injected with Cas9 protein/gRNA complex as crispants. HEXA 
and HEXB enzyme activity are both affected in SD patients. Therefore, we analyzed 
β-Hexosaminidase (Hexa and Hexb) enzyme activity in dissected heads of control 
and hexb crispants. Tail genomic DNA of these larvae showed highly efficient (97-
100%) InDel generation, and, consistent with loss of Hexb activity, hexb crispants 
showed >95% detectable reduction in substrate conversion by β-Hexosaminidase 
A+B (Fig. 1B). 

HEXB is a microglial signature gene, and is one of the highest expressed 
lysosomal enzymes in microglia (17, 19, 20, 44). SD neuropathology includes 
microglial activation, and therefore we hypothesized that Hexb deficiency would 
affect microglial lysosomes. To visualize lysosomes in vivo we used lysotracker (LT) 
staining, which labels all acidic organelles including lysosomes, and to visualize 
microglia we used transgenic zebrafish in which GFP expression is driven by the 
mpeg1-promotor (37, 39, 45). At 4 dpf, although there were no major differences in 
microglial numbers, lysosomal compartments of hexb deficient microglia were found 
to be enlarged compared to those in controls, suggesting that Hexb deficiency results 
in lysosomal abnormalities in microglia (Fig 1C-D). Unexpectedly, however, we also 
observed numerous LT+ speckles outside microglia that were more prominently 
present in hexb crispants (Supplemental movie 1). These speckles are most likely 
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lysosomes of another cell type that is not fluorescently labelled in the mpeg1 
reporter line. 

Astrocytes have been shown to accumulate gangliosides GM2 and GA2 
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Fig 1. Efficient mutagenesis in hexb crispants shows abnormal lysosomes in microglia and 
radial glia A Graph shows mutagenesis efficiency for 24 injected fish at 4 dpf. B hexb crispants show 
almost no enzymatic conversion of substrate by β-Hexosaminidase A+B at 4dpf. C Representative 
images of microglia in 8 dpf larvae imaged in the depicted area. Scale bar represents 20 μm. 
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of the tgBAC(slc1a2b:Citrine) transgenic line at 4 dpf with magnification showing the radial fibers in 
the optic tectum, and a schematic showing radial glia orientation and direction of neurogenic migration 
along the radial fibers. Scale bars represent 100 and 20 μm, respectively E Representative images 
of radial glia at 4 dpf in controls and in hexb crispants with quantification of relative LT+ signal per 
measured area. Scale bars represent 10 μm. Error bars represent SD. A, C, E each dot represents 
1 larva.
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in postnatal Hexb-/- mice, and showed increased proliferation (13). In zebrafish, 
radial glia have both astrocytic and radial glia/neural stem cell properties (reviewed 
in: (46)). For example, homologs of two mammalian astrocytes genes, Slc1a2, 
encoding the glutamate transporter GLT-1, and Gfap, are expressed in radial 
glia in zebrafish (slc1a2b and gfap)(47). Similarly, astrocyte endfeet in mammals 
express tight junction proteins, which in zebrafish are also expressed particularly in 
radial glia (48, 49). We hypothesized that the lysosomal puncta observed outside 
microglia in hexb crispants may reside in radial glia (RG). We used bacterial 
artificial chromosome (BAC)-recombineering to generate an slc1a2b fluorescent 
reporter line, TgBAC(slc1a2b:Citrine), expressing Citrine in the cytoplasm of RG 
(Fig 1D + S1)(50). In slc1a2b:Citrine zebrafish, the fluorescent expression pattern 
appeared highly similar to that observed by slc1a2b mRNA in situ hybridization, 
showing cell bodies lining the ventricle and radial fibers extending throughout 
the brain (Fig. 1D + S1)(47). We next visualized lysosomes in RG of control 
and hexb crispants. The majority of LT+ speckles, both in control and in hexb 
crispant larvae, showed co-localization with the radial fibers of slc1a2b+ RG 
(Supplementary movie 2; Fig S2). Quantification of the lysosomal area in the 
imaged regions, which contain RG fibers and cell bodies, showed more abundant 
lysosomes present in hexb crispants (Fig. 1E). Together, loss of Hexb enzyme 
activity results in abnormal lysosomal phenotypes in both microglia and RG.

Early abnormal lysosomal phenotypes both in microglia and RG of                
hexb-/- larvae
To validate and further investigate the Hexb deficient phenotype, which we 
observed in hexb crispants, we generated stable mutants containing a 14 bp 
frame-shifting deletion in the first exon of hexb, leading to 19 out of frame amino 
acids followed by a premature stop codon (Fig 2A). To test whether this causes 
β-Hexosaminidase (Hexa + Hexb) deficiency, we measured β-Hexosaminidase 
A+B activity in lysates from control and hexb-/- larval heads, and also in adult brain 
and internal organs, which showed that activity was reduced by > 99% (Fig 2B). 
Surprisingly, adult hexb-/- zebrafish were viable and do not show obvious motility 
defects. 

We wanted to further explore the consequences of Hexb-deficiency 
on brain function and development, and determined by LT staining when 
lysosomal aberrations in microglia first appeared. We first quantified LT-stained 
surface in control and hexb-/- microglia in 5 dpf larvae, which in contrast to the 
increased lysosomal volume that we observed in 8 dpf hexb crispants, showed 
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no changes (Fig 2C). However, detailed inspection of lysosomes in hexb-/- and 
control microglia showed changes in lysosomal morphology. hexb-/- microglia 
showed fewer lysosomes consisting of a single round compartment, but more 
lysosomes that seemed to consist of clustered small lysosomes. To quantify this, 
we defined three lysosomal categories: spherical (lysosomes that consist of a 
large, single round compartment), raspberry (lysosomes consisting of clustered 
smaller compartments) and undefined (lysosomes with intermediate morphology 
between those categories)(Fig 2D). At 3 dpf, lysosomal morphologies did not 
differ between controls and hexb-/- brains, with the majority of lysosomes being 
raspberry shaped (Fig 2D). In control microglia the fraction of raspberry-shaped 
lysosomes decreased over time between 3 and 5 dpf, whereas hexb-/- microglia 
contained relatively more raspberry shaped lysosomes, and fewer spherical 
shaped lysosomes (Fig 2D). This could indicate that small lysosomal vacuoles in 
hexb-/- microglia fail to fuse and fail to form a larger spherical vacuole, which can 
possibly be explained by reduced phagocytic flux or reduced autophagosome 
fusion. Alternatively, lower numbers of microglia could result in increased 
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phagocytic demand for the residual microglia, which could lead to altered 
lysosomal morphologies. To evaluate this possibility, we quantified microglia 
numbers. Loss of Hexb activity did not affect microglial numbers (Fig 2E), and 
therefore the changes in lysosomal morphology are likely not caused by lower 
microglial numbers. 

To determine when the abnormal lysosomes in RG first appeared, we 
imaged RG lysosomes in control and hexb-/- zebrafish, and quantified lysosomal 
volume by measuring LT fluorescence in selected areas (Fig 3A). At 3 dpf LT+ 
lysosomal speckles were abundantly present in control and hexb-/- radial fibers 
(Fig 3C). Over time however, LT+ speckles became undetectable in control RG, 
whereas LT+ speckles in the hexb-/- radial fibers became more abundant. At 5 dpf 
hexb-/- RG showed significantly more LT+ speckles than controls did (Fig 3B-C). 
These LT+ speckles in the radial fibers were highly motile, showing rapid and 
bidirectional trafficking inside the radial glial fibers, in both controls and hexb-/- 
larvae. In all, we show that loss of Hexb activity early in embryonic development 
results in the persistence of enlarged lysosomal speckles in RG fibers. 

hexb-/- deficiency causes reduced locomotor activity and increased 
apoptosis in the brain
The earliest symptoms that present in SD patients are loss of muscle strength 
and reduced motor function, both of which are likely caused by atrophy of the 
innervating lower and/or upper motor neurons. Therefore, we also measured 
locomotor activity under light and dark conditions in control and hexb-/- fish. 
Zebrafish show stereotypical locomotor responses to shifts in light/dark conditions 
as early as 24 hpf (51-53). Locomotor activity over repeated light-dark cycles was 
recorded by infrared imaging and measured by automated tracking. Although 
control and hexb-/- larvae both responded to light/dark switches, hexb-/- larvae 
showed reduced locomotor activity, which was consistently detected at 4, 5 and 
6 dpf (n=24 per group, per experiment)(Fig. 4A). This test mainly focuses on the 
behavioral response to shifts in light intensity, whereas we were mainly interested 
in general locomotor activity. Therefore, we developed a locomotor assay 
consisting of gradually increasing and decreasing light intensities, mimicking 
more physiological relevant changes regulating circadian behavior. Hexb-/- larvae 
show >50% less locomotor activity during the light periods in this dusk/dawn cycle 
assay (Fig 4B). These findings indicate that reduced locomotor activity    of hexb-

/- larvae is not due to a defect in the behavioral response to light/dark changes, 
but due to overall reduced locomotor activity compared to controls. Thus, hexb-/- 
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larvae show abnormally low locomotor activity, which coincides with the timing of 
appearance of glial lysosomal abnormalities in the brain. 
 SD pathology is characterized by extensive loss of neurons. We 
performed TUNEL labelling at 5 dpf to test whether loss of brain cells occurs 
in hexb-/- zebrafish. During normal vertebrate brain development extensive 
apoptosis occurs, and in zebrafish developmental apoptosis in brain development 
is particularly high at 3 and 4 dpf (54-58). In 5 day-old hexb-/- brains we observed 
an ~2-fold increase in the number of apoptotic cells, consistent with increased 
loss of brain cells (Fig 4C). Taken together, Hexb deficiency in zebrafish leads 
to reduced locomotor activity and increased cell death in the brain, reminiscent 
of the pathology and symptoms observed in SD patients and β-Hexosaminidase 
deficiency in other vertebrate species. However, in zebrafish pathological signs 
are already visible at a very early stage within 4 days post fertilization.

Discussion
Here we generated hexb-/- zebrafish, which are β-Hexosaminidase enzyme-
deficient, and their pathology mimics molecular, cellular and behavioral phenotypes 
that are also observed in HEXB-deficient Sandhoff disease patients. Already 
within 5 days of development, hexb-/- larvae presented with abnormal lysosomes 
in microglia and in radial glia. The appearance of abnormal lysosomes in glia 
coincided with increased apoptosis in the brain and reduced locomotor activity. 
These phenotypes were observed both in Cas9/hexb gRNA injected and in hexb-/- 
larvae, which indicates that crispants are a very suitable method to rapidly screen 
for pathologic phenotypes, also for other lysosomal or metabolic diseases. In 
all, we demonstrated that loss of Hexb function causes abnormal lysosome 
accumulation in microglia and in RG as early as 96 hours post fertilization, 
concomitant with a decrease in locomotor activity and increased apoptosis in 
the brain. Therefore, based on our zebrafish model, the early presentation of 
abnormal lysosomes in glial cells implies that pathogenesis, including neuronal 
loss, might be characterized by dysfunctional glial cells in the first stages of SD. 
 Both in controls and hexb-/- RG, we observed abundant lysosomal 
speckles in the radial fibers, at 3 and 4 dpf. In controls, the lysosomal speckles 
were undetectable by 5 dpf, whereas in hexb-/- fish these abundant RG 
lysosomes persisted or remained enlarged. Enlarged lysosomal compartments 
are a characteristic of LSDs. This suggests that, to resolve lysosomes in RG, 
β-Hexosaminidase enzyme activity is required, and could imply that extensive 
processing of sphingolipids such as GM2 occurs at this stage of brain 
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development. Importantly, RG in vertebrates are neuronal stem cells, and are 
thought to produce most neurons, but also astrocytes and oligodendrocytes (59). 
This process requires extensive membrane remodeling involving synthesis and 
degradation of membrane lipids, including glycolipids, in which lysosomes play 
a key role (60-62). Consistent with this idea, differentiation of RG into astrocytes 
in mice was accompanied by an increase in lysosomes and autophagosomes 
(63). Furthermore, differentiation of SD-patient iPSC-derived RG to neurons and 
astrocytes was skewed towards astrocyte development (23). Based on these 
findings, the persistence or enlargement of lysosomal speckles that we observed 
in hexb-/- RG in vivo, could be the result of impaired glycolipid metabolism, 
essential for membrane remodeling, and this could influence differentiation 
towards neurons and glia. 

Lysosomes are typically thought to reside in the neuronal cell body, but 
trafficking of lysosomes has recently been reported in neuronal axons (64, 65). 
We found that lysosomes followed a continuous and rapid bidirectional trafficking 
within the radial glial fibers via live imaging. In addition, lysosomal transport in the 
axonal fibers is impaired in Alzheimer’s disease and could be directly involved in 
the progression of the disease (66, 67). This suggests that lysosomal transport 
plays a role in brain diseases. Therefore, in case of Hexb deficiency, abnormal 
lysosomal transport in RG could perhaps alter the generation of neurons and glia 
cells early in larval development.

The hexb mutant locomotor phenotype is likely the consequence of 
alterations in the brain, as we did not observe obvious alterations in peripheral 
motorneurons and neuromuscular junctions (data not shown), whereas aberrant 
lysosomes in glia are already detected at these early stages. The reduced 
locomotor activity could be the result of lysosomal dysfunction in either microglia 
or RG. Microglia have essential functions for brain hemostasis, including 
clearance of apoptotic cells, myelin remodeling and synaptic pruning (58, 68-
72). Defects in such processes could perhaps contribute to defects in locomotor 
control in the hindbrain leading to locomotor aberrations (73, 74). RG on the other 
hand produce neurons in the brain and alterations in neurogenesis during early 
development likely affects brain circuitry formation, which could also explain the 
reduced locomotor activity. 

Gangliosidoses due to HEXA or HEXB mutations are associated with 
severe neurological symptoms that often precede early lethality. These diseases 
have been described in several mammalian species, including dogs, cats, 
and Muntjak deer, and even in birds as Hexa deficiency has been observed 
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in Flamingo’s (30-36)(Rahman et al. 2012; Kolicheski et al. 2017; Martin et al. 
2004; Kanae et al. 2007; Zeng et al. 2008). hexb deficient zebrafish seem to 
recapitulate early disease stages. On the other hand, adult homozygous hexb-/- 
zebrafish, even though they lack Hexb activity, are viable and do not show obvious 
behavioral symptoms. To our knowledge, zebrafish are the first vertebrate species 
tested that do not succumb to pathology caused by loss of Hexb activity. Mice 
deficient in Hexa do not have a severe phenotype as they can bypass the need 
for HEXBA heterodimer activity by an alternative pathway requiring a sialidase, 
NEU3, to degrade gangliosides (75). Although the Hexb substrate conversion 
assay showed almost no activity in adult hexb-/- zebrafish brain, it is possible that 
there is an alternative metabolic conversion route of GM2 preventing disease in 
zebrafish. Another explanation could be that zebrafish, in contrast to mammalian 
species, can regenerate brain tissue and produce new neurons throughout life 
(76-79). Zebrafish thereby could have the capacity to compensate for neuronal 
loss by regenerating neurons and might thereby be resistant to loss of Hexb 
activity.

In conclusion, hexb-/- zebrafish show loss of enzyme activity, lysosomal 
abnormalities in glia, loss of brain cells and reduced locomotor activity, reminiscent 
of the molecular, cellular, neuropathological and motility aspects of Sandhoff 
disease. The very early accumulation of lysosomes, which rapidly traffic in radial 
processes of RG or seem to have a fusion defect in microglia, may represent 
that changes in glia are an early event in pathogenesis. These Hexb deficient 
zebrafish could be used to further dissect cellular mechanisms leading to disease 
and to identify small molecules that suppress the earliest emergence of cellular 
pathogenic features.

Material and methods
Zebrafish larvae husbandry
Zebrafish embryos and larvae were kept at 28°C on a 14–10-hour light-dark 
cycle in 1 M HEPES buffered (pH 7.2) E3 medium (34.8 g NaCl, 1.6 g KCl, 
5.8 g CaCl2 · 2H2O, 9.78 g MgCl2 · 6 H2O). The medium was changed at 1 
dpf to E3 + 0.003% 1-phenyl 2-thiourea (PTU) to prevent pigmentation. Larvae 
used for swimming assays were kept in media without PTU. Transgenic lines 
used were Tg(mpeg1:GFP)(45)(Lieschke Laboratory, Clayton, Australia) and 
TgBAC(slc1a2b:Citrine)re01tg, generated in our lab with an TL background. Animal 
experiments were approved by the Animal Experimentation Committee at 
Erasmus MC, Rotterdam.
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Generation of the tgBAC(slc1a2b:Citrine) reporter line
To generate the tgBAC(slc1a2b:Citrine)re01tg reporter line we used the following 
clone DKEY-49F8 (HUKGB735F0849Q) in the pIndigoBAC-536 vector. To 
perform recombination to insert tol2 sites and the cytoplasmic Citrine, the BAC 
recombineering protocol developed by Bussmann et al. (2011) was used (50). 
Primers are described in table 1. 

Table 1. Primers used for BAC recombineering
Primer name Primer sequence

pIndigoBAC_HA1_iTol2_fw 5’-ttctctgtttttgtccgtggaatgaacaatggaagtccgagctcatcgctCCCTGCTCGAGCC-
GGGCCCAAGTG-3’ 

pIndigoBAC_HA2_iTol2_rev 5’-agccccgacacccgccaacacccgctgacgcgaaccccttgcggccgcatATTATGATCCTC 
TAGATCAGATC-3’

pTarBAC_HA1_control_fw 5’-CTGTCAAACATGAGAATTGGTC-3’

amp_HA1_control_rev 5’-ACATTTCCCCGAAAAGTGG-3’

amp_HA2_control_fw 5’-CTGAGATAGGTGCCTCACTG-3’

pIndigoBAC_HA2_control_rev 5’-TGGTGCACTCTCAGTACAATC-3’

Citrine_HA1_control_rev 5’-GGACACGCTGAACTTGTGG-3’

kanR_HA2_control_fw 5’-TCCTCGTGCTTTACGGTATC-3’

slc1a2b HA1 GFP fw 5’-GACCCAGATGTGTGCTGTTGTTCATCTGCTCTGTTTCTCCGCAGTT 
GTGGACCATGGTGAGCAAGGGCGAGGAG-3’

slc1a2b HA2 KanR rv 5’-TCGATGGGCTCCAGGTGGCTTTCGTGCATCCGTACCTCCACGTGCTTC 
GGTCAGAAGAACTCGTCAAGAAGGCG-3’

slc1a2b HA1 control fw 5’-CTCGACTGTGGTGACCTGTG-3’

slc1a2b HA2 control rv 5’-AGGTTCTTCCGCATCTTCTGG-3’

CRISPR-Cas9 genome editing in zebrafish
Hexb specific guideRNAs (gRNAs) were designed and synthetized by transcribing 
from PCR fragment containing a T7 promotor as described previously (80, 81). 
To target the hexb gene the online program CRISPRscan was used to design an 
18 bp complementary gRNA targeting exon 1 (New Haven, Connecticut, USA) 
(80)(Table 2). PCR fragments containing a T7 promotor and gRNA sequence 
were generated by FastStart™ High Fidelity PCR System (Sigma, St. Louis, 
Missouri, USA) as described (80). To transcribe gRNAs from PCR fragments the 
mMESSAGE mMACHINE™ T7 ULTRA Transcription Kit (Invitrogen, Carlsbad, 
California, USA) was used according to the manufacturer’s instructions followed 
by RNA cleanup and determination of the quality and concentration by agarose gel 
electrophoresis and using NanoDrop™ (ThermoFisher, Waltham, Massachusetts, 
USA). Hexb specific gRNA 600-900 ng of the synthesized gRNA was mixed 
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with 4 ng of Cas9 nuclease (Sigma, St. Louis, Missouri, USA). The volume was 
adjusted with 300 mM KCl to a total volume of 6 μl. Approximately 10 nl of the 
mix was injected in fertilized zebrafish oocytes. Genomic DNA surrounding the 
gRNA target site was sequenced using Sanger sequencing and indel efficiency 
was determined using the online tool TIDE (Table 2)(43). Founders were selected 
by sequencing DNA from the tails of adult zebrafish, fish containing mainly 14 bp 
deletions were selected for breeding. F1 fish were genotyped and selected for -14 
bp deletions using sanger sequencing. Mutant fish containing -14 bp mutations in 
hexb are called hexbre04, but referred to as hexb-/- throughout this report.

Table 2. Primers used for gRNA synthesis and sanger sequencing
Primer name Primer sequence

hexb gRNA fw taatacgactcactataGGGTCCGGCGGTGGACTGTTgttttagagctagaa

gRNA synthesis rev GATCCGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTA 
ACTTGCTATTTCTAGCTCTAAAAC

hexb sequencing fw GCTCAACACAACCATGCTCT 

hexb sequencing rev ATGTGATCCATACCTGCAGC 

LysoTracker staining
Zebrafish larvae were incubated in 1.5 ml tubes with 10 μl LysoTracker™ Red 
DND-99 (ThermoFisher, Waltham, Massachusetts, USA) in 100 μl E3-PTU. The 
tube was kept at 28 °C for 40 minutes with the lid open and protected from light . 
The media was replaced by E3-PTU only and the fish were mounted after at least 
ten minutes to wash away excess dye.

Fluorescence microscopy imaging 
Zebrafish were anesthetized using tricaine (0.016 %) and mounted in 1.8 % low 
melting point agarose. The imaging dish was covered with HEPES-buffered E3 
containing tricaine during imaging. Larvae were imaged on a Leica SP5 intravital 
microscope with multiphoton laser using a 20x water dipping objective (Leica 
Plan-Apochromat, NA = 1.0) using 488 and 561 laser lines. Confocal z-stack 
images were acquired. Images were processed with ImageJ software.

β-Hexosaminidase activity assay
Heads were dissected from 4 dpf control larvae and hexb crispants or mutants 
after euthanizing them with ice water and an overdoses tricaine and analyzed 
for enzymatic activity. Pools of 2 or 3 dissected heads were grouped according 
to their genotype and homogenized using sonication in 100 μl H2O. Protein 



Modeling Hexb deficiency  in zebrafish 165

6

concentration was measured using BCA reagent by spectrophotometry after 
1-hour incubation at 37ºC (Pierce). The substrate, 5 mM MU-β-GlcNAc in 0.2 
M Na-phosphate/0.1 M citrate buffer, pH 4.4 + 0.02% (w/v) NaN3, was added to 
each lysate pool, including one replicate per sample, and incubated for 1-hour at 
37 ºC in which β-Hexosaminidase will form 4-MU. After addition of 0.5 M Na2CO3 
buffer, pH 10.7, 4-MU fluorescence was measured and normalized to the blank 
(substrate alone). The final read-out consisted of nmoles of 4-MU released per 
hour per mg of protein.

Locomotor activity assays 
To assess the locomotor activity of zebrafish larvae from 3 to 5 dpf, locomotor 
activity assays were performed using a infrared camera system (DanioVisionTM 
Observation chamber, Noldus) and using EthoVision® XT software (Noldus). 
Control (n= 24) and hexb-/- (n = 24) zebrafish larvae, in 48 well plates, were 
subjected to two different light/dark routines. The White Light routine consisted of 
a 30 min habituation period, followed by 4 cycles of 15 min of light (100%)/ 15 min 
darkness 15 (2.5 h total). The Dawn routine 30 minutes habituation in the dark 
(0% light intensity), followed by the routine described in table 3 and comprised 
3 h 12 min. Each experiment was performed twice for the three ages (3, 4 and 5 
dpf) with n = 24 controls, and n = 24 mutants per experiment. Distance traveled 
(mm) per second was measured.

Table 3. Dusk-dawn routine
Light intensity (%) 1 5 10 20 30 40 50 40 30 20 10 5 0

Duration (min) 1 5 5 5 5 5 15 5 5 5 5 5 15

Statistical analysis 
To measure mpeg1:GFP and LysoTracker (LT) volumes in confocal microscopic 
imaging data, images were analyzed using automatic thresholding in Fiji/
ImageJ. The total area of the LT inside mpeg+ mircroglia was measured and 
compared to the total mpeg+ microglial area. For the radial glia LT area, images 
were automatically thresholded and the total LT+ area per imaged region was 
measured using the Analyze Particles plug-in (FIJI). For image processing and 
quantitative analysis, Excel (Microsoft), Prism (Graphpad) and ImageJ were 
used. Statistical significance was calculated using student’s t-test and ANOVA 
with a bonferroni correction. Error bars indicate standard deviation (SD) and p < 
0.05 was considered significant. Symbols in the graphs (*; **; ***) display levels 
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of significance (p < 0.05; p < 0.01; p < 0.001 respectively). 
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Supplementary fig 1. Representative images of tgBAC(scl1a2b:Citrine) expression pattern in 
larvae of various development stages. Scale bar represents 100μm and 20μm.
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Supplementary fig 2. Z-stack slices showing LT+ puncta (magenta) are inside the radial 
protrusions of tgBAC(scl1a2b:Citrine)+ cells (green) depicted by * (3 dpf). 
Scale bar represents 10μm.

Supplementary movie 1. In vivo imaging of lysosomes and mpeg-GFP+ microglia in the optic 
tectum of a 4 dpf larva showing many LT+ speckles (magenta) outside microglia (green).
 
Supplementary movie 2. Z-stack showing all LT+ puncta (magenta) are inside the cell bodies 
or radial protrusions of tgBAC(scl1a2b:Citrine)+ cells (green)(4 dpf).
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Macrophages are important for immunological defense and clearance, but in 
addition, they play a role in an extensive range of biological processes where 
they affect the development, repair and homeostasis in virtually all tissues. 
For example, tissue resident macrophages (TRMs) were found very recently 
to support intestinal homeostasis, intestinal stem cells, muscle satellite cells, 
arterial tone, and even to regulate cardiac electrical conduction (1-6). Since they 
have been implicated in a broad range of diseases, macrophages have emerged 
as important therapeutic targets in human disease, including atherosclerosis, 
cancer, rheumatoid arthritis, diabetes, and brain diseases (7-13). The receptor 
tyrosine kinase Colony stimulating factor 1 receptor (CSF1R), through signaling 
pathways including PI3K/MEK/ERK, induces transcription of mRNAs encoding 
proteins that are important for macrophage biology, including their migration, 
proliferation, and differentiation (14). Therefore, CSF1R inhibitors and antibodies 
are currently tested to diminish tumor-associated macrophages in cancer and 
to deplete microglia in mouse models for ALS and Alzheimer’s disease as 
potential therapeutic strategies (15-18). In fact, CSF1R inhibitors are currently 
tested in patients with acute myeloid leukemia (AML) and a rare type of cancer 
(19). Nevertheless, CSF1R mutations can cause severe disease, particularly 
affecting the brain, and the role of CSF1R in macrophage biology in vivo is 
still unclear. Similarly, other neurological disease related genes are particularly 
highly expressed in microglia, including genes associated with Alzheimer risk 
alleles, but also HEXB, an enzyme that is involved in lysosomal degradation of 
the ganglioside GM2 (20). It is unclear if the high expression level in microglia 
is indicative of an important role for microglia in the initiation of, and molecular 
processes underlying, the severe early onset neurological lysosomal storage 
disorder, caused by mutations in HEXB, called Sandhoff disease (SD). 

Understanding macrophage development, diversity, and homeostatic 
functions is essential to understand the role of macrophages in disease, and 
explore their potential as therapeutic targets. In this thesis, focusing primarily 
on the CSF1R pathway and on microglia, we aimed to unravel molecular and 
cellular mechanisms of macrophage development and function in vivo and in 
human disease. 

CRISPR/Cas9 reverse genetic screen to identify regulators of microglia 
Our reverse genetic screening method, shows high targeting efficiency in F0/
injected zebrafish larvae enabling us to detect aberrant microglial phenotypes 
and thereby to discover new genes involved in microglia development using 
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direct mutagenesis by CRISPR/Cas9 (chapter 2 and 6). Parts of our screening 
methodology could also be applied to different research questions. For example, 
the automated brain detection could also be used as a readout for brain size and 
shape. Head size is used as a proxy for autism or micro- and macrocephaly in 
zebrafish and could be used to validate causality of new candidate disease genes 
(21-24). In addition, the automated microglia counting tool could be implemented 
in drug screening efforts to identify drugs that cause an expansion or decrease 
in the microglial population. This is of interest potentially also for other brain 
diseases, as reduced numbers or the absence of microglia may cause brain 
disease (chapter 4 and 5). Conversely, overactive, or inflammatory activated 
microglia could be damaging in other diseases, such as amyotrophic lateral 
sclerosis (ALS) and Alzheimer’s disease, in which reducing microglia numbers 
could be beneficial (17, 18, 25, 26). Therefore, depending on the disease, both 
decreasing and increasing microglia numbers, or their activity, could be used 
therapeutically. 

Csf1r regulates macrophage precursor migration and proliferation  
In recent years, next generation transcriptome sequencing has led to the 
identification of unique transcriptomes of specific TRM subtypes. Hereby, many 
new genes that are likely important for TRM specific biology have been identified, 
but their role in TRM function and development often remains to be determined. 
Addressing this will increase our understanding of the part that TRMs play in 
health and disease. In chapter 2, we therefore developed a reverse genetic 
screening pipeline in zebrafish to identify genes important for development 
and function of microglia. We identified interleukin 34 (Il34) as a facilitator of 
macrophage precursor migration into the embryo and embryonic brain. IL34 was 
previously identified in the mouse to be necessary for microglia and Langerhans 
cells, but the requirement in early development and the underlying mechanism 
has remained unclear. In chapter 3 we determined the role of the receptor for Il34, 
Csf1r, in macrophage development in vivo, using live imaging in the zebrafish. In 
2010, it was shown for the first time, by lineage tracing, that microglia derive from 
yolk sac macrophages in mice (27). In this study, YSMs could not be detected 
at E12.5 and therefore were described to be absent. However, it remains to be 
elucidated whether YSMs develop in the absence of CSF1R preceding this time 
point. Surprisingly, we found in our zebrafish model that, both during embryonic 
and definitive -likely kidney marrow- myelopoiesis, macrophage precursors 
develop independently of Csf1r signaling. In zebrafish deficient in both csf1ra 
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and csf1rb (csf1rDM), we observed reduced colonization of yolk sac macrophages 
(YSMs) into the embryo, reminiscent of our observations in il34 mutants (chapter 
2). In the following days and weeks of development, total macrophage numbers 
in il34 mutants were similar to numbers in controls (chapter 3). In contrast, in 
csf1rDM mutants we observed a halt in macrophage development, resulting in 
lower macrophages numbers. This revealed that, after two days of development, 
proliferation ceased in csf1rDM mutant macrophages, showing that Csf1r signaling 
is needed for the self-renewal capacity of macrophages. Interestingly, in il34 
mutants, proliferation rates were normal (chapter 2; (28)). CSF1R stimulation 
by its other ligand, Csf1, directly induces the G1-S transition of the cell cycle 
(29, 30). Therefore, we speculate that Csf1 likely directly drives proliferation or 
Csf1 is able to compensate for the loss of Il34. Although CSF1R phosphorylation 
and ERK activation upon CSF1 or IL34 stimulation was similar both in vivo 
in mice, and in vitro, human IL34 was found less potent than human CSF1 in 
inducing proliferation in vivo in mice (31-33). In addition, both IL34 and CSF1 
were found to induce migration of macrophages in vitro (33-35). Thus, in early 
development Csf1r signaling regulates the expansion of macrophages, and 
their tissue colonization, causing the lower macrophage numbers in csf1rDM fish. 
Nevertheless, for generation of macrophages in vivo, Csf1r is dispensable.

Csf1r is an essential regulator of macrophage development in vivo  
It is well known that loss of CSF1R expression affects microglia and osteoclasts, 
however the receptor is expressed on all macrophages (36-39). Therefore, it is 
likely that other TRM macrophage populations are also affected by the loss of 
Csf1r. For example, we showed that Il34 signaling does not only affect macrophage 
migration towards the brain, but also into other tissues, which could explain why 
specific macrophages are absent in il34 mutant zebrafish or mice (chapter 2). 
In addition, csf1rDM fish showed largely reduced macrophage numbers in all 
tissues during development (chapter 3). In chapter 3 we showed the presence 
of two morphologically and behaviorally distinct macrophage populations in the 
zebrafish skin, one of which was absent in both csf1rDM and il34 mutant fish. In 
Il34 knockout mice, macrophages fail to differentiate into Langerhans cells (LCs)
(39, 40). Based on our in vivo imaging data, Il34-Csf1r signaling is facilitating both 
brain and epidermal colonization by macrophages, which would in the presence 
of Il34 and Csf1r differentiate into microglia and LCs. 

Several studies, in which the regulation of LC expansion and dynamics 
in the epidermis is investigated, could explain the phenotype we observe in fish 
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(Fig. 1). Signaling pathways downstream of CSF1R have been studied quite 
well in vitro and include MAPK, PI3Kinase and mTORC1-signaling (14, 41-49). 
In particular mTORC1 has been linked to cell migration, as for example loss 
of mTORC1 causes LCs to migrate away from the epidermis, resulting in their 
absence (50-53). In contrast, activating BRAF(V600E) mutations, activating 
MAPK-signaling, causes LCs to be retained in the epidermis (54). As both BRAF 
and mTORC1 are downstream targets of CSF1R, it seems likely that also in the 
zebrafish epidermis, Il34-Csf1r signaling (likely via Braf and mTorc1) is required 
to retain precursors within a cellular niche, followed by either direct induction, 
or enabling environmental factors for induction, of differentiation towards highly 
branched LCs (Fig. 1). 

Csf1r knockout rats and mice lack microglia, LCs and osteoclasts, but 
in several other tissues macrophages are, although with lower numbers, still 
present (36, 38). This is in line with our findings that csf1r deficient macrophages, 
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Fig. 1. Schematic representation of the proposed model of how LCs are regulated by Il34-
Csf1r signaling in the epidermis. Il34 expressed by keratinocytes attract LC precursors towards 
the epidermis, where it acts as a beacon to keep them in place, long enough for the environmental 
factors to induce their typical branched LC morphology. In the absence of either Il34, or Csf1r, 
macrophage precursors may enter the epidermis but remain migratory and fail to remain at their 
position to induce TRM properties (Chapter 2 and 3). 
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strikingly, had a normal macrophage transcriptome, showing that Csf1r is 
dispensable for initial generation of macrophages (chapter 3). Interestingly, 
macrophages in the spleen of Csf1r knockout rats are present, but lack a TRM 
specific gene expression profile (38). In addition to the absence of microglia and 
a branched population of macrophages in the skin, likely LCs, we also observed 
that branched macrophages in the adult liver were absent in csf1rDM zebrafish. 
Together, this suggests that Csf1r signaling is not only important for the presence 
of microglia, LCs and osteoclasts, but also for inducing TRM-specific gene 
expression in at least one more subset of macrophages. A common mechanism 
might underlie these phenotypes, as we believe LC precursors are not attracted to 
the epidermis, or kept there long enough, for microenvironmental factors to induce 
their final differentiation into LCs. The aberrant microglial distribution, observed in 

Il34
Csf-1?

Il34

Csf-1?Csf-1?

Control csf1rDM Fig. 2. Schematic representation 
of Csf1r signaling regulating 
microglia development. 
YSMs proliferate in the presence 
and absence of Csf1r, however 
their proliferation and tissue 
colonization becomes impaired 
after 2 dpf. This leads to impaired 
colonization of the brain, and the 
failure of microglia to expand 
their population by proliferation 
(Chapter 2 & 3). 
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ALSP patients and csf1ra-/-b+/- zebrafish brains, could also be explained by altered 
migratory behavior due to reduced Csf1r signaling. In addition, in the absence of 
Csf1r signaling, microglia precursors are not attracted to the brain, which could 
also explain the lack of osteoclasts, since their attraction is likely also defective. 
Whether the TRM transcriptome is induced directly by Csf1r signaling rather than 
by factors from their environment remains unexplored. In all, these data suggests 
that CSF1R signaling may be involved in facilitating the migration macrophages 
to their target tissues, and, subsequently, to facilitate their final differentiation to 
specialized TRM populations.

Loss of microglia function as a pathogenic mechanism 
In chapter 4 we describe a patient lacking microglia, due to bi-allelic pathogenic 
variants in CSF1R. The post mortem brain pathology observed in this patient 
provides important clues regarding the potential roles of microglia in human brain 
development. Our findings described in chapter 3, provide multiple explanations 
for the absence of microglia in this patient. We showed that, in zebrafish, loss 
of functional Csf1r signaling affects microglia development in three ways: (1) it 
causes reduced numbers of YSMs due to reduced proliferation, (2) due to the 
absence of IL34-CSF1R signaling attracting precursors towards the brain, it 
causes reduced colonization of the brain, and (3) in the few precursors that do 
arrive in the brain, it causes a failure to expand and maintain their population by 
proliferation (Fig. 2). Together, based on the strong homology in CSF1R function 
between species, these events could also underlie the absence of microglia in 
the brain in patients with bi-allelic mutations in CSF1R as visualized in figure 2. 

Importantly, heterozygous mutations in CSF1R cause a more prevalent 
neurodegenerative disease, adult-onset leukoencephalopathy with axonal 
spheroids (ALSP), hallmarked by the extensive degeneration of the white 
matter, axonal spheroids and brain calcifications, which are pathologies that also 
characterize the CSF1R homozygous patient (chapter 4). These two diseases 
appear distinct, since ALSP patients initially develop without symptoms or gross 
brain abnormalities, whereas the homozygous patient presents with major 
brain abnormalities before birth. In post mortem brains from ALSP patients 
and from csf1ra-/-b+/- zebrafish we found regions devoid of microglia (chapter 
5). The observed similarities between human patients and our csf1r zebrafish 
models, e.g. reduced microglia, reduced Cux1 expression, and the presence of 
osteopetrosis, suggests that underlying pathogenic mechanisms are conserved 
(Table 1). These results suggest that analysis in zebrafish can potentially be 
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used to gain insight into the consequences of loss of microglia also in the human 
brain. Therefore our analyses and model provide an opportunity to further study 
conserved but unexplored functions of microglia, relevant to brain development. 
In the homozygous patient mostly the generation of the white matter is affected, 
likely caused by the absence of microglia, whereas in ALSP the white matter 
degenerates over time, perhaps by loss of homeostatic functions of microglia 
due to their regional absence. This in line with adult onset microgliopathies, which 
also involve white matter degeneration (13, 55-58). Together with the selective 
expression of CSF1R on microglia in the brain, this makes it likely that microglia 
play a crucial role in myelin generation and homeostasis causing the myelin 
pathology in microgliopathies.  

Table 1. Pathological findings upon loss of CSF1R alleles in human, mice, rat and zebrafish

ALSP1

Human 
CSF1R_012

fish  
csf1ra-/-b+/- 3 

zebrafish 
csf1rDM 4

mouse 
Csf1r+/- 5

mouse 
Csf1r-/- 6

rat  
Csf1r-/- 7

Corpus callosum Thinned Agenesis NA NA Thinned Thinned
Minor 
thinning

Ventricles Enlarged Enlarged NA NA Enlarged Enlarged Enlarged

Microglia Reduced Lacking Reduced Lacking Increased Lacking Lacking

Osteopetrosis NA Present Present Present NA Present Present

1 Adams et al., 2018(59); Chapter 5(37), 2 Chapter 4, 3 Chapter 4, 4 Chapter 4 and 5(37), 5 Chitu et al., 2015(60), 

6 Erblich et al., 2011(61), 7 Pridans et al., 2018(38)

Interestingly, a recent report provides a potential mechanism of white 
matter loss due to a lack of microglia, as they showed reduced numbers of 
myelin-producing oligodendrocytes and their precursors in the adult brain upon 
microglial depletion (62). How exactly microglia support myelinogenesis, and 
maintenance of myelin producing cells, remains elusive, although it seems likely 
microglia produce factors, for example insulin-like growth factor 1 (IGF1), that 
have beneficial effects on myelin production (63). Another way microglia could 
influence the white matter is related to myelin clearance. Microglia clear myelin 
debris and, since differentiation of oligodendrocyte progenitor cells (OPCs) 
is inhibited by the presence of myelin, could thereby indirectly facilitate OPC 
differentiation (64-69). In fact, during aging, undigested myelin accumulates in 
microglia and reduces their phagocytic capacity (70). Therefore, it seems likely 
that in the absence of microglia or upon impaired microglial function, myelin 
debris is not cleared, which could contribute to white matter impairment (64, 
66, 70). We anticipate that in ALSP a progressive depletion of microglia occurs, 
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leading to a defect in the maintenance of myelinating cells and impaired myelin 
clearance, resulting in progressive white matter loss (Fig. 3). 

It would be of great interest to identify other factors produced by 
microglia that support myelinogenesis or the maintenance of myelin, also 
for other diseases involving myelin degeneration such as multiple sclerosis. 
We found pdgfb, encoding Platelet-derived growth factor b (Pdgfb), is highly 
expressed in wild type microglia, and strongly downregulated in csf1ra-/-b+/- 
microglia. This suggests that reduced Csf1r signaling leads to downregulation 
of Pdgfb. In adipose tissue, PDGFB from macrophages was found to cause 
pericytes, mural cells regulating blood vessel width, to detach from endothelial 
cells allowing angiogenesis to occur (71). This indicates that macrophages, 
and likely also microglia, can influence pericytes. Therefore, in the absence of 
microglia, pericytes might not be stimulated to detach from the blood vessels, 
causing aberrant angiogenesis, and possibly also leading to increased pericyte 
coverage. Pericyte coverage is inversely correlated to the permeability of 
the blood vessels, and increased pericyte coverage could result in reduced 
permeability and hypoperfusion of the brain (72, 73). Pericytes are dependent 
on platelet-derived growth factor receptor-β (PDGFRB) signaling for their 

White matter loss?

OL precursor cell (OPC)

Oligodendrocyte (OL)

Neuron

Pericyte

CUX1+

Agenesis corpus collosum?

Hemorrhages? 
Hypoperfusion? 
Calcifications?

PDFGB?

PDFGB?
IGF1 Microglia

Fig. 3. Different ways microglia could affect the white matter. Loss of microglia has found to 
reduce the number of oligodendrocytes and OPCs, but also pericytes. The white matter is sensitive 
to changes in perfusion, which is regulated by pericytes. In addition, pericytes can directly influence 
the white matter. In microglia-less brains, fewer Cux1+ neurons were present, which could underlie 
the absence or thinning of the corpus callosum that is often observed in microgliopathies (Chapter 
4). 
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survival; therefore pericyte survival may be affected as an indirect consequence 
of Csf1r deficiency, and consequential lack microglia, and reduced production 
of Pdgfb. In line with this possibility, macrophage-less mice have diminished 
pericyte numbers in the skin and brain, supporting the idea that microglia-
less brain areas could contain fewer pericytes (74, 75). Interestingly, loss of 
PDGFRB/pericytes was found to cause hypoperfusion of the brain, leading to 
hypoxia, metabolic stress and fibrin(ogen) accumulation, causing white matter 
loss and neurodegeneration in mice (76-81). The brain of patients with Fahr’s 
disease, which can be caused by mutations in PDGFRB and its ligand PDGFB, 
show similar characteristics to the brain of ALSP patients, including particularly 
calcifications but also white matter loss (82-85). In another microgliopathy, 
Nasu-Hakola disease (NHD), the white matter is also affected and in patients 
and a mouse model reduced cerebral blood flow and brain glucose metabolism 
was found (86). This suggests microglia could, either directly or indirectly via 
pericytes, alter the vasculature and perfusion of the brain, possibly leading 
to the white mattter degeneration observed in both ALSP and Fahrs disease 
patients brains (Fig. 3). Pericytes do not only regulate blood flow, but are often 
found in close proximity to the cerebral white matter, and upon de-myelinating 
lesions, they have been reported to enhance OPC differentiation (81, 87). 
Thus, pericytes can directly stimulate white matter generation by supporting 
oligodendrocyte differentiation, and absence of pericytes results in white 
matter loss via hypoperfusion of the brain (76, 78, 87, 88). We hypothesize that 
local depletion of microglia could lead to a failure to provide trophic factors, 
including PDGFB, which could contribute to ALSP pathogenesis by affecting 
pericyte function and coverage, which could lead to hypoperfusion and reduced 
oligodendrocyte differentiation (Fig. 3).

hexb deficient zebrafish mimic lysosomal storage disorder Sandhoff and 
show early pathology in glia 
Many genetic lysosomal storage disorders (LSDs) involve neurological 
symptoms, and many of the causative genes are strongly enriched in microglia 
in the brain. Therefore, we hypothesized that defective lysosomal processing 
in microglia plays a role in LSD onset and used CRISPR/Cas9-based reverse 
genetic screening to identify LSD genes that affect microglial lysosomes. In 
chapter 6 we described our findings regarding loss of function mutants for 
hexb, an LSD gene related to Sandhoff disease (SD), which led to an abnormal 
phenotype in glia. We detected similar phenotypes in the directly mutagenized 
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F0 generation and in stable mutants, showing direct CRISPR/Cas9-based 
mutagenesis is an effective way to study phenotypes caused by defective LSD 
genes in vivo. Due to the transparency of the zebrafish brain we could detect 
subtle changes in lysosomal morphologies due to Hexb deficiency, real-time 
in vivo, enabling us to study lysosomal dynamics. It remains to be determined 
whether the aberrant lysosomal morphologies observed in microglia have 
consequences for microglial function. However, it has been reported that 
storage of undigested material in microglia could affect their function leading to 
for example accumulation of uncleared debris in the brain (70, 89). We observed 
lysosomes in the radial protrusions of radial glia, which were trafficking highly 
dynamically and bidirectionally. The function of these trafficking lysosomes, 
or the consequence of their persistence in Hexb deficient radial glia, remain 
unknown (Fig. 4). Even though we observed early lysosomal abnormalities in 
glia and reduced locomotor activity, reminiscent of muscle weakness observed 
in SD patients, adult Hexb deficient zebrafish do not show obvious pathology 
and are viable. Because hexb mutant fish do not show obvious problems in 
adulthood, it would be of great interest to determine potential alternative 
degradation routes that prevent GM2 accumulation, or mechanisms of 
resistance to GM2 accumulation. In addition, our hexb mutant larvae could be 
used to screen for small molecules that ameliorate or rescue the early abnormal 
glia and locomotor phenotypes, which could eventually contribute to developing 
targeted therapy for SD. 

Mechanisms underlying neurodegenerative disease, including LSDs, 
have typically been studied via a neuron-centered approach. The increased 
presence of glia, which was often found in these diseases, was considered 
merely as a detrimental secondary process. Nowadays the role of abnormalities 
in other brain cells, including oligodendrocytes, astrocytes, microglia, and 
pericytes, as a primary event in brain disease is, however, beginning to be 
acknowledged (55, 90-92). In this thesis, we show that microglia likely play a 
primary role in the pathology of ALSP and patients with homozygous CSF1R 
mutations, leading to secondary defects in the formation or the degeneration of 
mainly the white matter (chapter 3, 4 and 5). In Hexb deficient fish both radial 
glia, and microglia are affected, likely preceding neurodegeneration (chapter 
6). This suggests that perhaps Hexb deficiency also causes glia to be primarily 
affected, which is a mechanism that is now recognized for multiple LSDs (90). 
Since astrocytes and microglia function as a defense and support system, it is 
not surprising that dysfunction may, secondary to the loss of these homeostatic 
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functions, lead to neurodegeneration. These non-neuronal brain cells could be 
used as novel target for the much-needed strategies to contain or cure brain 
disease, which requires analysis with reduced bias for neurological defects, 
which in many cases are preceded by pathology in other non-neuronal cell 
types.

Future directions   
In this thesis, we showed that, we could model human neurodevelopmental and 
neurodegenerative diseases that involve microglia in zebrafish, and discover 
genes regulating embryonic development of microglia and macrophages in vivo. 
Zebrafish microglia show extensive similarity to mammalian microglia, based on 
their ontogeny, developmental processes, functions, transcriptional profile and 
distribution in health and disease (chapter 4 and 5). Therefore, mechanistic 
insight gained in zebrafish in molecular and cellular processes in vivo is highly 
relevant to understand mammalian biology. We showed extensive parallels 
in the effect of an essential regulator of macrophage development, csf1r, on 
macrophage development between zebrafish and humans. Thereby we shed 
light on possible mechanisms underlying human pathology with respect to early 
microglia development and consequences of (partial) depletion of microglia. As 
microglia are involved in most brain disorders, further studies on understanding 
the consequences of not having microglia are warranted to understand their 
homeostatic functions, and develop interventions to prevent or ameliorate 
pathology. In this thesis we show, by using zebrafish to provide us with in vivo 
insight, how macrophage development and differentiation is regulated by Csf1r, 
which helps us to understand their role in human brain disease.
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Summary
Macrophages are immune cells that are present in all parts of the human body 
and which clear dead or damaged cells, pathogens and foreign objects by 
phagocytosis. In addition to these characteristic functions, they play essential 
roles in the development, maintenance, and homeostasis of their resident tissue. 
However, their role differs among tissues and remains largely unknown, particularly 
for the brain’s microglia. Macrophages are generated on the embryonic yolk sac 
during embryonic development, after which they differentiate into tissue resident 
macrophages. In some tissues these embryonically derived macrophages are 
later replaced by macrophages from other sources including the bone marrow. 
The microglia in the brain, however, are self-renewing and remain of embryonic 
origin. How yolk sac macrophages migrate to the brain and how they control 
their numbers remains largely undiscovered. We aimed to elucidate how this 
process is regulated genetically, and how changes in these processes may 
lead to disease. We made use of zebrafish, as their larvae are particularly well 
suited to trace processes at the cellular level in the living organism, due to their 
transparency and small size. Additionally, we aimed to translate findings from the 
zebrafish to human disease, involving defective macrophage development, by 
analysis of post-mortem human tissues. 
 Since activated microglia are often found in diseased brains, many 
studies on microglia have focused on their role in immune responses, and their 
functions in the healthy brain are only beginning to be discovered. Identification 
of genes important for microglia development or function could contribute to 
our understanding of microglial functions in the healthy and diseased brain. 
In chapter 2 we developed a reverse genetic strategy to discover new genes 
important for microglial development and function. We used CRISPR/Cas9 
mutagenesis to disrupt genes. Microglia were visualized in developing zebrafish, 
using a vital red dye. To quantify microglia numbers in the zebrafish brain we 
developed a software tool called ‘SpotNGlia’. We validated our approach by 
disrupting genes known to affect microglia development. Using this strategy we 
targeted 20 candidate genes, and identified the conserved gene interleukin 34 
(il34) as a regulator of microglia development. We showed that il34 facilitates 
the migration of yolk sac macrophages into the embryonic tissues, including the 
brain. IL34 is one of two ligands for the colony stimulating 1 receptor (CSF1R), 
which is essential for microglia development in mice and rats. 
 In chapters 3, 4 and 5 we studied the role of Csf1r in macrophage 
development and function in zebrafish and in human disease. Many studies on 
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regulation of macrophage development by CSF1R were performed in vitro, and 
indicated that CSF1R was essential, however it remains elusive how CSF1R 
regulates macrophage development in vivo. To investigate this, we generated 
zebrafish mutants for both csf1r genes, csf1ra and csf1rb, and studied the effects 
of reduced or absent Csf1r signaling on macrophage development. By in vivo 
microscopy we traced yolk sac macrophages and tissue resident macrophages, 
including microglia, during development, and showed that yolk sac macrophages, 
surprisingly, are formed independently of Csf1r. Transcriptome analysis revealed 
that Csf1r deficient macrophage contain a normal macrophage expression 
profile. However, the csf1r mutant macrophages, unlike control macrophages, 
fail to divide and show reduced migration into the embryonic tissue, including 
the brain. Together, these defects lead to a lack of microglia in the brain of csf1r 
mutants. The presence of macrophages in other tissues is also affected by the 
loss of Csf1r signaling. For example, skin macrophages that normally are highly 
branched, which are likely the Langerhans cells, are absent in Csf1r mutant fish, 
whereas several other macrophage populations remain present. In sum, we 
show that Csf1r signaling is dispensable for myelogenesis, but is required for 
proliferation and migration of macrophages, and likely for the acquisition of their 
tissue-specific properties. 
 To study the consequences of CSF1R mutations in humans, we 
collaborated with clinical geneticists who identified homozygous CSF1R mutations 
in patients. One patient presented with osteopetrosis and large developmental 
brain abnormalities, mainly in the white matter, including agenesis of the corpus 
callosum. Post mortem neuropathology showed that microglia were absent, and 
showed cortical abnormalities including heterotopia, calcifications and axonal 
spheroids. Zebrafish csf1r mutants also lack microglia and were osteopetrotic. To 
identify molecular changes due to a lack of microglia, we performed proteomics 
analysis of zebrafish brains and we found the transcription factor Cux1 was less 
abundant. By immunostaining for CUX1, which intriguingly is expressed in the 
majority of neurons that form the corpus callosum, showed that there were lower 
numbers of CUX1+ neurons in the patient. Thus, importantly, it appears that the 
identification of molecular changes in csf1r mutant zebrafish brain can assist in 
identifying changes that could underlie the pathogenic process also in patients 
and enable us to study the underlying molecular mechanisms. 
 Another neurological disorder, adult onset leuko-encephalopathy 
with axonal spheroids and pigmented glia (ALSP), is caused by heterozygous 
mutations in CSF1R. We discovered that the number of functional copies of csf1r 
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in zebrafish correlated with the number of microglia present in the embryonic and 
adult brain. To investigate whether fewer copies of CSF1R also leads to reduced 
numbers of microglia in humans, we analyzed post-mortem brain material from 
ALSP patients and controls. This showed that the number of microglia was 
reduced by approximately 50% in ALSP patients. Strikingly, the white matter 
abnormalities observed in the patient containing homozygous CSF1R mutations, 
were similar to those typically seen in ALSP patient brain tissue. In addition, in 
brain material from ALSP patients and from zebrafish with fewer functional csf1r 
copies we found regions that were devoid of microglia. As these regions included 
affected and non-affected areas, this suggests that the absence of microglia may 
precede the white matter loss observed in the brain from ALSP patients. The 
neuropathology of patients with homozygous or heterozygous CSF1R mutations 
shows resemblance, but is milder in heterozygous ALSP cases. Based on our 
data, the reduced presence or absence of microglia likely underlies respectively 
the white matter loss and defective myelin development, suggesting that in 
human microglia play an important role particularly in the white matter.
 Many lysosomal genes, which when mutated cause lysosomal storage 
disorders that often affect the brain, are highly expressed in microglia. Therefore, 
we investigated the effect of disruption of several lysosomal genes on microglia 
by in vivo imaging. In chapter 6 we generated zebrafish deficient for hexb, the 
homolog of HEXB which, when mutated, causes Sandhoff disease. The early 
pathogenic process in Sandhoff disease is poorly understood and it is unknown 
which cell types are precisely involved. Therefore, we analyzed lysosomes, the 
digestive organelles that show storage in LSDs, inside various brain cells of 
hexb deficient larvae by in vivo microscopy. Early in embryonic development we 
already detected alterations in the lysosomes of two glial cell types: microglia and 
radial glia. Radial glia are the neuronal and glial precursor cells in the developing 
brain. Lysosomal alterations coincided with cell death in the brain and reduced 
larval locomotion. By analyzing hexb mutant zebrafish we detected abnormalities 
in glia, which give important clues about processes that might be involved in the 
onset of Sandhoff disease. In addition, further studies on hexb mutant fish will 
increase understanding of cellular processes in Sandhoff disease and can assist 
in the discovery of small molecules that could suppress lysosomal alterations. 
 
 In this thesis, we demonstrate that zebrafish macrophages, in particular 
the microglia, share high genetic and functional homology with their human 
counterparts. This enabled us to gain basic scientific insight in processes related 



Appendix196

A

to rare genetic disease, which also likely is valuable to understand other diseases 
involving macrophages or microglia. Based on our data and that of others it 
seems likely that microglia could affect the onset and course of brain diseases. 
In addition, macrophages play a role in disease progression of amongst others 
various types of cancer and the autoimmune disorder rheumatoid arthritis. In 
fact, the therapeutic potential of macrophage or microglia depletion in diseases 
where they are thought to be detrimental, for example in Alzheimer’s disease and 
some types of cancer, is currently studied and bone marrow transplantations are 
applied to treat patients with the severe white matter disorder Krabbe disease. 
However, to predict when and how macrophage numbers should be enhanced or 
reduced as a therapeutic strategy, their normal functions and their role in disease, 
whether this is detrimental or beneficial, should be understood. Our findings 
indicate that the absence of microglia, particularly in human disease, primarily 
has negative consequences for myelinated white matter tracts, and therefore it is 
important to study how microglia normally affect the myelinating cells. Similarly, 
as many tissues are affected by a lack of macrophages, zebrafish csf1r mutants 
provide an interesting genetic background to study thoroughly how diverse 
macrophage subsets affect their host tissues. Many aspects of myelopoiesis 
and tissue resident macrophage properties described in this thesis were not 
yet studied in zebrafish. The datasets we generated –both transcriptomics and 
proteomics- could be of use to understand the consequences of CSF1R inhibition 
on macrophages, microglia and the brain. Our results imply that fundamental and 
pioneering research in zebrafish can give direct insight in human diseases, which 
are currently not understood. This type of research will increase our knowledge 
about the function, development and genetics of macrophages, leading to an 
understanding of how macrophages play a role in disease processes and how 
they could possibly be used for therapeutic purposes in disease. 
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Samenvatting
Macrofagen zijn immuuncellen die aanwezig zijn in alle weefsels van het menselijk 
lichaam. Ze verwijderen, door middel van fagocytose, dode of beschadigde cellen, 
micro-organismen en lichaamsvreemd materiaal. Naast deze bekende functies, 
spelen macrofagen een belangrijke rol in de ontwikkeling en homeostase van het 
weefsel waarin zij zich bevinden. Echter wat die rol precies is verschilt per orgaan 
en is vooral in het menselijke brein nog grotendeels onbekend. Tijdens de hele 
vroege embryonale ontwikkeling ontstaan op de embryonale dooierzak de eerste 
macrofagen (dooierzakmacrofagen). Deze migreren naar alle zich ontwikkelende 
weefsels en differentiëren daar tot weefsel- of orgaanspecifieke macrofagen 
met specifieke functies. Dooierzakmacrofagen worden in veel weefsels na de 
geboorte deels of geheel vervangen door nieuwe macrofagen die vanuit het 
beenmerg komen. De microglia in het brein daarentegen worden niet vervangen 
en vernieuwen zichzelf door middel van celdeling. Hoe dooierzakmacrofagen 
naar het brein migreren en hoe ze, als uitgedifferentieerde cellen, zichzelf 
vernieuwen is nog grotendeels onduidelijk. Het doel van ons onderzoek was 
om te achterhalen welke genen betrokken zijn bij deze processen en hoe 
veranderingen in deze processen kunnen leiden tot ziekte. Hiervoor hebben we 
gebruik gemaakt van zebravislarven, die klein en doorzichtig zijn, waardoor ze 
geschikt zijn om dynamische cellulaire processen op microscopisch niveau te 
volgen in het levende organisme met zogenaamde in vivo imaging. We hebben 
het effect van het verlies van bepaalde genen op de functie en ontwikkeling van 
microglia bestudeerd. Daarnaast hebben we deze bevindingen in zebravissen 
gebruikt om meer inzicht te krijgen in de humane situatie. 

Doordat microglia worden aangetroffen in ziek hersenweefsel bij 
bijvoorbeeld multiple sclerose en Alzheimer, wordt er al heel lang vooral 
onderzoek gedaan naar de rol van microglia in ontstekingsreacties in het brein. 
Vreemd genoeg begint er nu pas aandacht te komen voor de rol van microglia 
in het gezonde brein en worden de essentiële functies van deze cellen ontdekt. 
Wanneer we begrijpen welke genen de ontwikkeling en functie van microglia 
beïnvloeden, kan dit bijdragen aan ons begrip van de rol die microglia spelen in 
het zieke en gezonde brein. In hoofdstuk 2 hebben we een strategie ontwikkeld 
om zulke nieuwe genen te identificeren. We hebben in zebravis embryo’s 
genen uitgeschakeld met behulp van CRISPR/Cas9 genetische modificatie. 
Vervolgens hebben we met een rode kleurstof de microglia gevisualiseerd en het 
aantal microglia per brein automatisch gekwantificeerd met de zelf ontwikkelde 
beeldanalysesoftware ‘SpotNGlia’. Om deze opzet te valideren hebben we eerst 
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genen uitgeschakeld waarvan bekend is dat ze nodig zijn voor de ontwikkeling 
van microglia. Vervolgens hebben we 20 kandidaatgenen geselecteerd en 
uitgeschakeld, en hebben we het geconserveerde gen interleukine 34 (il34) 
geïdentificeerd als een belangrijke regulator van de ontwikkeling van microglia. 
We hebben aangetoond dat il34 werkt als een signaalstof om macrofagen van 
de dooierzak aan te trekken naar specifieke organen waaronder het brein. Het 
eiwit IL34 bindt aan de colony stimulating 1 receptor (CSF1R), een receptor die 
essentieel is voor de ontwikkeling van microglia in zoogdieren. 

In hoofdstukken 3, 4 en 5 hebben we de functie van Csf1r in 
macrofagen verder onderzocht in de zebravis en in zeldzame genetische 
hersenaandoeningen bij mensen. Op basis van celkweekonderzoek leek CSF1R 
essentieel te zijn voor macrofaagontwikkeling, maar het is nog onduidelijk hoe 
dit precies in het levende organisme werkt. Om dit te onderzoeken hebben we 
zebravismutanten voor beide csf1r genen, csf1ra en csf1rb gemaakt en hebben we 
de gevolgen van een verminderde, dan wel volledige afwezige, Csf1r signalering 
op macrofaagontwikkeling bestudeerd. Met behulp van microscopische 
beeldvormingstechnieken waarbij cellen over de tijd in het levende organisme zijn 
te volgen hebben we dooierzakmacrofagen en weefselmacrofagen, waaronder de 
microglia, onderzocht. We ontdekten verassend genoeg dat dooierzakmacrofagen 
ondanks de afwezigheid van Csf1r signalering toch gevormd werden. Door middel 
van RNA sequencing, waarmee de expressie van bijna alle genen in één keer 
gemeten kan worden, hebben we de gen expressie onderzocht en vonden een 
vergelijkbaar macrofaag expressiepatroon in controle en mutante macrofagen. 
In tegenstelling tot controle macrofagen, delen csf1r mutante macrofagen echter 
niet én migreren ze minder naar de embryonale weefsels (waaronder het brein). 
Tezamen leiden deze defecten tot de afwezigheid van microglia in het brein 
van csf1r mutanten. Ook in andere weefsels zijn door het verlies van Csf1r de 
aantallen macrofagen verminderd. Zo ontbreken in de huid van csf1r mutanten 
de weefselspecifieke macrofagen die in gezonde larven lange vertakte uitlopers 
vormen. Samenvattend kunnen macrofagen blijkbaar onafhankelijk van Csf1r 
gevormd worden, maar lijkt de delingscapaciteit, migratie en het verkrijgen van 
weefselspecifieke eigenschappen van macrofagen wel afhankelijk van Csf1r. 

Om de gevolgen van het verlies van CSF1R functie, en daarmee ook 
de microglia, voor het brein te onderzoeken hebben we, in samenwerking, een 
patiënt met een homozygote frameshift mutatie in CSF1R onderzocht. Deze 
patiënt liet osteopetrose zien, een botafwijking vermoedelijk veroorzaakt door het 
gebrek aan osteoclasten, de macrofagen in het bot. Daarnaast presenteerde de 
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patiënt zich met een sterk afwijkende hersenontwikkeling met name in de witte 
stof en agenese van het corpus callosum. Post-mortem werden de afwezigheid 
van microglia en corticale afwijkingen aangetoond waaronder heterotopie, 
maar ook calcificaties en axonale sferoïden. Zebravis csf1r mutanten zijn ook 
osteopetrotisch en hebben ook geen microglia. Om moleculaire veranderingen 
veroorzaakt door de afwezigheid van microglia te achterhalen hebben we daarom 
proteomics experimenten (grootschalige analyse van eiwitten) uitgevoerd op 
zebravishersenen en vonden we o.a. een sterk verlaagde hoeveelheid van het 
Cux1a eiwit. CUX1 positieve neuronen vormen o.a. het corpus callosum. Met 
antilichaamkleuringen hebben we daarom CUX1 expressie onderzocht in post-
mortem brein weefsel van deze patiënt. We hebben aangetoond dat er minder 
cellen met CUX1 expressie waren, consistent met de afwezigheid van het 
corpus callosum. Hierdoor lijkt het erop dat er overeenkomsten zijn wat betreft 
de gevolgen van de afwezigheid van microglia voor het humane en zebravissen 
brein. De identificatie van andere cellulaire en moleculaire veranderingen in csf1r 
mutante zebravissen zou daardoor kunnen helpen om het pathogene proces in 
patiënten en de onderliggende mechanismen met name de rol van microglia bij 
humane breinontwikkeling beter te begrijpen.

Heterozygote mutaties in CSF1R veroorzaken een andere 
hersenaandoening genaamd leukoencefalopathie met axonale sferoïden en 
gepigmenteerde glia in volwassenen (ALSP). We hebben aangetoond dat het 
aantal functionele kopieën van csf1r correleert met het aantal microglia dat 
aanwezig is in het embryonale en volwassen zebravisbrein. Om te onderzoeken 
of minder CSF1R ook in mensen leidt tot lagere aantallen microglia, hebben we 
post-mortem hersenmateriaal van ALSP patiënten met bekende CSF1R mutaties 
en controles bestudeerd. Kwantificatie van de microglia in corticale gebieden liet 
zien dat er een ongeveer 50% lagere microglia dichtheid was in het brein van de 
patiënten. Daarnaast vonden we in hersenweefsel van zowel ALSP patiënten als 
in Csf1r-deficiente zebravissen dat er in gedeeltes van het brein helemaal geen 
microglia meer waren. De neuropathologische bevindingen in ALSP patiënten 
lijken ook op die in de patiënt met homozygote CSF1R mutatie, maar zijn milder. 
Op basis van onze data lijkt de afwezigheid van microglia ten grondslag te liggen 
aan het verlies van witte stof in volwassenen bij ALSP en aan de defectieve 
aanmaak van de witte stof in embryonale ontwikkeling bij homozygote mutaties. 
Dit duidt erop dat microglia in mensen een heel belangrijke rol hebben vooral in 
de witte stof. 

Genen die betrokken zijn bij de ziekte van Alzheimer komen hoog tot 
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expressie in microglia en daarnaast veroorzaken mutaties in microgliagenen 
ernstige neurodegeneratieve aandoeningen. Veel lysosomale genen, waarin 
mutaties lysosomale stapelingsziekten met neuronale afwijkingen veroorzaken, 
komen ook vooral hoog tot expressie in microglia. Daarom hebben we onderzocht 
hoe de lysosomen van microglia worden beïnvloed door het uitschakelen van 
deze genen. In hoofdstuk 6 hebben we het gen HEXB, waarin mutaties de 
ziekte van Sandhoff veroorzaken, uitgeschakeld in zebravissen. Het is nog 
onbekend welke gliacellen precies een rol spelen in de vroege pathologie in 
de ziekte van Sandhoff, en daarom hebben we de lysosomen in verschillende 
hersencellen van hexb mutanten onderzocht met behulp van microscopie in het 
levende brein (intravitaal imaging). Al tijdens de vroege embryonale ontwikkeling 
ontdekten we verschillen in de morfologie en de aanwezigheid van lysosomen in 
twee gliaceltypes: microglia en radiale glia. Radiale glia omvatten de neuronale 
stamcellen, maar produceren ook verschillende typen gliacellen. In hexb 
deficiënte zebravislarven gingen lysosomale veranderingen in glia gepaard met 
celdood in het brein en een verminderde zwemactiviteit. Door hexb mutanten 
verder te onderzoeken hebben we afwijkingen in glia ontdekt die ons belangrijke 
aanwijzingen geven over de processen die betrokken zijn bij de ontwikkeling van 
de ziekte van Sandhoff. Toekomstig onderzoek in deze vissen kan ons helpen om 
het ziekte proces beter te begrijpen en kan het zoeken naar medicijnen die deze 
lysosomale veranderingen tegen gaan faciliteren. 

In dit proefschrift laten we zien dat macrofagen in mensen en zebravissen, 
in het bijzonder microglia, grote overeenkomsten vertonen zowel op het vlak van 
genetica, functie en ontogenie (hun ontwikkeling). Hierdoor hebben we inzicht 
verkregen in fundamentele processen, relevant voor het begrip van zeldzame 
genetische ziekten, die we kunnen gebruiken om de rol van macrofagen en 
microglia bij meer prevalente ziektes te begrijpen. Op basis van onze data en die 
van andere groepen lijkt het er sterk op dat microglia betrokken zijn bij het ontstaan 
van hersenaandoeningen en dat ze het verloop van het ziekteproces sterk 
kunnen beïnvloeden. Daarnaast beïnvloeden macrofagen het ziekteproces van 
uiteenlopende aandoeningen waaronder vele vormen van kanker en bijvoorbeeld 
auto-immuunziekten als reumatoïde artritis. Vandaag de dag wordt er gekeken 
naar de therapeutische mogelijkheden van depletie van microglia of macrofagen 
bij onder andere de ziekte van Alzheimer en bij bepaalde vormen van kanker, en 
beenmerg transplantaties worden toegepast in de behandeling van patiënten met 
een ernstige wittestofziekte, de ziekte van Krabbe. Om te kunnen voorspellen 
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in welke gevallen macrofagen het beste kunnen worden geëlimineerd of juist 
worden toegediend is het van belang om de normale functies van macrofagen 
beter te begrijpen en te achterhalen wanneer macrofagen in de patiënt schade 
toebrengen of juist de schade beperken en herstel bevorderen. Ons onderzoek 
laat zien dat de afwezigheid van microglia met name in de mens voornamelijk 
schadelijk is voor de witte stof, en daarom is het belangrijk om te onderzoeken 
hoe microglia normaal gesproken de witte stof beïnvloeden. Veel van het hier 
beschreven werk omvat aspecten van myelopoiese (de aanmaak van macrofagen) 
en macrofaag functies die nog niet eerder onderzocht zijn in zebravissen. De 
beschreven datasets (zowel op cellulair niveau als moleculair eiwit en RNA 
expressieniveau) kunnen bijvoorbeeld van nut zijn om beter te voorspellen wat de 
effecten van CSF1R remmers zijn op macrofagen. Doordat macrofagen afwezig 
zijn in verschillende weefsels in csf1r mutante zebravissen, kunnen deze vissen 
gebruikt worden om te onderzoeken hoe verschillende macrofaagpopulaties 
het weefsel waarin zij zich bevinden beïnvloeden. De resultaten tonen aan dat 
dergelijk basaal en pionierend onderzoek in de zebravis direct inzicht kan leveren 
in humane onbegrepen aandoeningen. Dit type onderzoek zal onze kennis over 
de functie, ontwikkeling en genetica van macrofagen doen toenemen, waardoor 
we beter zullen begrijpen welke rol macrofagen spelen in ziekteprocessen en hoe 
ze mogelijk ingezet kunnen worden voor de behandeling van ziektes. 
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