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Abstract 

After almost two decades of extensive research, some controversy has remained regarding 

the self-renewal of resident macrophages of the central nervous system (CNS). Concurrently, the 

vessel wall has emerged as a potentially ubiquitous niche for stem and progenitor cells, including 

committed macrophage precursors. It is conceivable that their occurrence in the CNS might 

explain the brain-resident hematopoietic potential, which has repeatedly been observed but not 

yet characterized in detail. In this work, the presence of hematopoietic progenitors inside and 

outside the vessel wall was studied in the adult mouse brain, as well as their possible contribution 

to the resident macrophage pool.  

An immunohistological analysis did not corroborate CD45+ SCA-1+ macrophage 

progenitors, which have been characterized in peripheral arteries, in the circle of Willis. 

Accordingly, the ex vivo culture of CNS vessels did not provide evidence for de novo formation 

of macrophages, but for the extensive proliferative capacity of mature cells. However, when 

analyzing whole brain suspensions in colony-forming unit (CFU) assays, rare Iba1
- Cx3cr1

- 

(immature) clonogenic cells were detected, which were enriched at the cerebral surface/meninges 

and differentiated into macrophages in culture. Intravenous antibody injection and cell sorting 

confirmed their residence behind the blood-brain barrier. Intriguingly, brain-derived CFUs 

produced a unique pattern of colony types compared to cells from bone marrow (BM) or blood. 

Still they displayed the same immunophenotype as BM-resident myeloid progenitors (CD45lo, 

LIN-, SCA-1-, IL7Rα-, c-KIT+) and could be further stratified into a progenitor hierarchy giving 

rise to all erythro-myeloid cell types in vitro. This similarity was substantiated by labeling of 

their progeny in Flt3
Cre x Rosa26

mT/mG mice, which indicated a descendance from hematopoietic 

stem cells. While forced repopulation of brain macrophages using the CSF-1R inhibitor 

PLX5622 did not point to a role of progenitors in in vivo microglia/macrophage maintenance, 

recent advances in hematology imply that they might be involved in CNS immunosurveillance.  

In conclusion, though there was no evidence for adventitial macrophage precursors in the 

CNS, this study confirms the presence of myeloid progenitors in the adult brain and provides the 

anatomical and phenotypical details necessary to elucidate their relevance in neuroinflammation.  
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Zusammenfassung 

Nach fast zwei Jahrzehnten intensiver Forschung wird der Selbsterhalt residenter 

Makrophagen im zentralen Nervensystem (ZNS) immer noch kontrovers diskutiert. Gleichzeitig 

hat sich die Gefäßwand als eine potentiell ubiquitäre Nische für Stamm- und Vorläuferzellen 

herausgestellt, einschließlich determinierter Vorläufer für Makrophagen. Dass diese auch im ZNS 

vorhanden sind, könnte die wiederholten Berichte über hämatopoetisches Potenzial im Gehirn 

erklären, welches bisher nicht genau charakterisiert wurde. In der vorliegenden Arbeit wurde 

daher die Existenz hämatopoetischer Vorläuferzellen sowohl innerhalb als auch außerhalb der 

Gefäßwände des Gehirns erwachsener Mäuse untersucht. Weiterhin wurde deren Beitrag zu 

residenten Makrophagen-Populationen überprüft.  

Eine immunhistologische Analyse konnte CD45+ SCA-1+ Makrophagen-Vorläufer, wie sie 

in peripheren Arterien beschrieben wurden, im Circulus arteriosus Willisii nicht bestätigen. 

Entsprechend lieferte die Kultur von ZNS-Gefäßen keine Hinweise auf eine Neubildung von 

Makrophagen, zeigte aber ein hohes Teilungsvermögen reifer Zellen auf. Allerdings wurden in 

colony-forming unit assays mit Hirnzellsuspensionen seltene Iba1
- Cx3cr1

- (unreife) klonogene 

Zellen detektiert, die im Bereich der Hirnhaut angereichert waren und in Kultur zu Makrophagen 

differenzierten. Eine intravenöse Antikörperinjektion und Zellsortierung belegten, dass sie sich 

hinter der Blut-Hirn-Schranke befanden. Klonogene Zellen des Hirns erzeugten ein eigen-

tümliches Muster an Kolonietypen, welches sich von dem des Knochenmarks und des Blutes 

unterschied. Trotzdem glichen sie in ihrem Immunphänotyp myeloiden Vorläuferzellen des 

Knochenmarks (CD45lo, LIN-, SCA-1-, IL7Rα-, c-KIT+) und konnten weiter in eine Hierarchie 

von Vorläufern aufgespalten werden, die in vitro alle erythro-myeloiden Zelltypen hervorbrachte. 

Diese Ähnlichkeit wurde dadurch unterstrichen, dass ihre Nachkommen in Flt3
Cre x Rosa26

mT/mG 

Mäusen markiert wurden, was eine Abstammung von hämatopoetischen Stammzellen anzeigte. 

Während die induzierte Repopulation von Hirn-Makrophagen mit Hilfe des CSF-1R Inhibitors 

PLX5622 keine Vorläuferbeteiligung beim Erhalt von Mikroglia/Makrophagen in vivo vermuten 

ließ, deuten neue Erkenntnisse im Bereich der Hämatologie darauf hin, dass die beschriebenen 

Vorläufer in die immunologische Überwachung des ZNS involviert sein könnten.  

Wenngleich keine Anhaltspunkte für adventitielle Makrophagen-Vorläufer im ZNS 

gefunden wurden, bestätigt diese Arbeit die Existenz myeloider Vorläufer im adulten Hirn und 

liefert notwendige anatomische und phänotypische Informationen, um deren Bedeutung im 

Rahmen entzündlicher Prozesse des ZNS aufzuklären.  
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1  Introduction 

1.1  Hematopoiesis  

1.1.1  Adult hematopoiesis: stem cells, progenitors, and their niches  

Hematopoiesis describes the formation of blood cellular components, including leukocytes, 

erythrocytes and platelets. As most blood cells have a limited lifespan, they must be constantly 

replaced in the adult organism.1  

Hematopoietic stem cells (HSCs) are considered the base of adult hematopoiesis. HSCs are 

rare cells that mostly exist in a quiescent state. They have the exclusive ability to self-renew and 

give rise to a hierarchy of increasingly commited progenitors via asymmetric cell division, which 

eventually differentiate into all mature blood cell types (Fig. 1). Experimentally, HSCs are 

defined by their robust long-term and multi-lineage hematopoietic repopulating potential, 

meaning that a single cell is able to permanently regenerate the entire blood system after serial 

transplantation into myeloablated hosts.1  

Progenitors, on the other hand, have lost this ability. They display a limited lifespan and 

become more and more lineage-restricted as they differentiate towards mature cells. Their 

hallmark is the ability for rapid and extensive proliferation. That way, progenitors amplify the 

rare divisions of HSCs in order to satisfy the high demand for mature cells. In specific culture 

assays, progenitors can therefore be identified by their capacity to produce a large number of 

differentiated progeny within short periods of time.1 

Terminally differentiated cells eventually carry out specific functions in the organism. They 

usually divide no further and often die after several days or weeks. Given the limited lifespan of 

progenitors and mature cells, both compartments ultimately depend on constant replenishment by 

stem cells1. However, even though most hematopoietic cells in the adult organism descent from 
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HSCs, there are some exceptions, such as certain tissue macrophages or B-1 cells, which 

originate from different sources already during the embryonal/fetal period2.  

 

 

 

Figure 1 | The hierarchical organization of adult hematopoiesis. HSCs that reside in the stem cell 

niche mature in a stepwise process via various committed progenitor stages towards terminally 

differentiated blood cell types, while gradually losing the capacity for self-renewal. The rare cell divisions 

of HSCs are amplified via extensive proliferation of the progenitor compartment. Terminally 

differentiated cells mostly lose the ability to enter the cell cycle. 
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The main site of adult hematopoiesis is the bone marrow (BM), which is densely populated 

by a mixture of developing blood cells and their precursors, supported by stromal cells and the 

extracellular matrix they produce. Newly generated cells are discharged into abundant fenestrated 

sinusoidal blood vessels1. Most HSCs reside adjacent to these sinuses in a special micro-

environment called “the stem cell niche”, which extrinsically orchestrates their fate including 

quiescence, proliferation, and differentiation3–5. It is composed of a collection of secreted and 

cell-bound molecules provided by stromal cells (e.g. endothelial cells, macrophages, osteoclasts, 

fibroblasts, and neurons), as well as a specific physicochemical environment1,3,4.  

Hematopoiesis is a flexible process that reacts to disturbances such as infections or hypoxia 

due to blood-loss or high altitude exposure with the selective increase of appropriate blood cell 

types1. The emerging concept of “trained immunity” has brought even more depth into this 

regulation, as it has been shown that hematopoiesis does not only adpat the composition of cells 

that it produces after a pathological stimulus, but also differently equips innate immune cell 

progeny via epigenetic configuration to become more potent effectors6,7.  
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1.1.2  The hematopoietic tree: focus on myeloid progenitors and their identification  

In the classical model of hematopoiesis, blood cell production follows a unidirectional 

program of gradual lineage restriction via multiple discrete progenitor steps, which is reminiscent 

of a hierarchical family tree (Fig. 2). Multipotent HSCs are the origin of this tree and sustain 

hematopoiesis. They can be separated into perpetually self-renewing long-term HSCs (LT-HSC) 

and short-term HSCs (ST-HSC), which only reconstitute the hematopoietic system for several 

weeks upon transplantation before they end their productive lifespan. ST-HSCs subsequently 

differentiate into multipotent progenitors (MPP). These can still produce all blood cell lineages, 

but their self-renewal potential is short and difficult to detect under transplant conditions8. 

Following the loss of self-renewal, multipotency is abandoned during an important fate 

decision, which takes place at the level of MPPs. The latter can enter one of two main branches: 

the lymphoid differentiation pathway, eventually giving rise to e.g. T cells, B cells, and natural 

killer cells, or the erythro-myeloid pathway, which produces erythrocytes, megakaryocytes/ 

platelets, granulocytes, monocytes/macrophages, and dendritic cells1,2. Lineage choice is 

expressed by MPP conversion into either the common lymphoid progenitor (CLP)9 or the 

common myeloid progenitor (CMP)10. There is a strong differentiation bias towards the myeloid 

lineage. For every CLP generated, about 180 CMPs are produced in mice11. This is consistent 

with many short-lived myeloid cell types in contrast to the long-lived lymphocytes, which may 

even show hallmarks of self-renewal12,13.  

During myeloid differentiation, oligopotent CMPs, which can still adopt a few different 

fates, are gradually restricted towards unipotent progenitors, eventually maturing into only a 

single, terminally differentiated cell type. Throughout this process, fate decisions are influenced 

by growth factors14, often termed “colony-stimulating factors” (CSF), as many of these molecules 
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have been discovered in clonogenic culture assays. In these assays, a progenitor-containing cell 

preparation is cultured within a semisolid matrix in the presence of various growth factors that 

stimulate progenitor survival, proliferation, and differentiation1. As the matrix inhibits cell 

migration, the progeny of every progenitor clusters together as a distinguishable colony, which 

may consist of one or multiple cell types, depending on the potential of the original colony-

initiating cell1. By sorting whole BM cells into different fractions and analyzing their 

corresponding colony-forming potential, many different myeloid progenitor (MyP) stages have 

been elucidated in conjunction with their surface phenotype (also summarized in Fig. 2). Among 

them are further oligo- or bipotent progenitors beneath CMPs, such as the granulocyte/ 

macrophage progenitor (GMP)10, the macrophage/dendritic cell progenitor (MDP)15, and the 

megakaryocyte/erythrocyte progenitor (MEP)10.  
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Figure 2 | Overview of adult mouse myelopoiesis (simplified). Stem cell-derived MPPs 

differentiate into CMPs, which become further restricted while passing through multiple progenitor stages, 

eventually giving rise to all erythro-myeloid cell types. Selected progenitor phenotypes are shown15–17. 

LT-HSC: long-term hematopoietic stem cell; ST-HSC: short-term hematopoietic stem cell; MPP: 

multipotent progenitor; CMP: common myeloid progenitor; CLP: common lymphoid progenitor; MDP: 

macrophage/dendritic cell progenitor; GMP: granulocyte/macrophage progenitor; MEP: megakaryocyte/ 

erythrocyte progenitor; CDP: common dendritic cell progenitor; cMoP: common monocyte progenitor; 

MP: monocyte progenitor; GP: granulocyte progenitor; DC: dendritic cell; Mo: monocyte; Mac: 

macrophage; Neu: neutrophil; Eo: eosinophil; Baso: basophil; Mk: megakaryocyte; P: platelet; 

Ery: erythrocyte.    
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1.1.3  The development of hematopoiesis 

Hematopoietic development in the vertebrate embryo follows a wave-like pattern (Fig. 3). 

These waves are partly overlapping and occur at different sites. While early, unipotent 

progenitors produce a small set of unique cell types to carry out specific developmental functions, 

sequential waves give rise to an increasingly diverse and heterogeneous hematopoietic system, 

eventually culminating in the emergence of mature HSCs2.  

The first embryonic wave is called the primitive wave2. In mice, this wave starts around 

day 7.5 post gestation (also called “embryonic day 7.5”, abbreviated: E7.5) in the posterior plate 

mesoderm of the extra-embryonic yolk sac (YS). Here, hemogenic angioblasts differentiate into 

clusters of hematopoietic cells within the so called “blood islands” until the YS vasculature is 

formed2,18. The primitive wave generates erythrocytes, macrophages, and megakaryocytes, which 

are unique compared to their distinctive successors19,20. For instance, primitive erythrocytes first 

emerge as a nucleated form, which enucleates in the circulation between E12.5 and E16.5. 

Moreover, their hemoglobin has a higher affinity to oxygen than the one expressed by late fetal 

and adult red blood cells18. Primitive megakaryocytes, on the other hand, are diploid in contrast 

to their polyploid counterparts in the adult BM. They also release platelets that are larger in 

size19. Finally, primitive macrophages have been shown to bypass the monocyte stage and 

directly emerge from YS precursors21.  
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The second embryonic wave is called the pre-definitive or transient definitive wave2,22. It 

starts at E8.5, when erythro-myeloid progenitors (EMP) emerge from hemogenic endothelium in 

the YS, embryo proper, and allantois via endothelial-to-hematopoietic transition (EHT)2,20,23. 

Next to EMPs, also early lymphocytic progenitors develop around this time point24. Importantly, 

pre-definitive B cell progenitors preferentially differentiate into B-1 cells25, which are long-lived 

and persist into adulthood2. Likewise, recent lineage tracing approaches have shown that EMPs 

are the origin of long-lived tissue macrophages26–28. Once the blood circulation is established, 

from E8.5 onward, EMPs migrate into the fetal liver, where they expand and transiently produce 

definitive erythro-myeloid cell types until at least E16.522,27–29.  

Almost concomitant with the development of EMPs, the foundation for definitive 

hematopoiesis is laid at E8.5 with the emergence of HSCs from intraembryonic hemogenic 

endothelium30–32. The definitive wave begins with the generation of immature HSCs in the para-

aortic splanchnopleura (P-Sp) region and proceeds to give rise to fetal HSCs in the aorta, gonads, 

and mesonephros (AGM) regions at E10.5 (which themselves arise from the P-Sp)22,33,34. Just 

like EMPs, HSCs are generated via EHT, which is induced in response to shear stress from 

circulating blood and depends on the development of a beating heart35,36. In addition to the AGM 

regions, HSC activity has been detected in other embryonic sites, such as the vitelline/umbilical 

arteries, embryonic head, placenta, and YS2. Subsequently, fetal HSCs join EMPs in the fetal 

liver, which remains the major hematopoietic organ until right before birth37. Circulating HSCs 

then gradually seed the fetal spleen and BM, the latter being the site of permanent adult 

hematopoiesis38.  
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Figure 3 | The development of hematopoiesis in mice. Primitive hematopoiesis starts at E7.5, when first 

hematopoietic cells arise in the blood islands of the extraembryonic yolk sac from hemogenic angioblasts. 

At E8.5, hemogenic endothelium (e.g. in the YS) produces early lymphocytic progenitors and erythro-

myeloid progenitors (EMP) of the pre-definitive wave, which colonize the fetal liver as soon as blood 

circulation is initiated. Almost concomitantly, definitive hematopoiesis begins with the generation of 

immature HSCs from hemogenic endothelium in the P-Sp, which develops into the AGM regions. Here, 

fetal HSCs arise at E10.5 and later also colonize the fetal liver. The latter remains the main hematopoietic 

organ until shortly before birth, while HSCs are gradually seeding the BM, which is the site of permanent 

adult hematopoiesis. (Figure modified from Ginhoux and Guilliams, 201622.)   
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1.1.4  Hematopoietic stem and progenitor cell trafficking 

Hematopoietic stem and progenitor cells (HSPCs) do not only change their location during 

development, but remain migratory in the adult organism. While most HSPCs are retained inside 

the BM via CXCL12/CXCR4-signaling39, a small number of stem and progenitor cells circulates 

within the blood at any time40. The latter constantly re-engraft the BM, while being replenished 

by HSPCs that are newly mobilized41–43. The extent of HSPC mobilization follows a circadian 

rhythm, with maximal release during the resting period44–46, contracyclically to serum cortisol 

levels45,47. Moreover, the number of circulating progenitors strongly increases in response to 

stress48, inflammation, and damage to distant organs such as ischemic stroke49 or myocardial 

infarction50,51. Apart from peripheral blood, HSPCs can be recovered from multiple solid tissues 

under physiological conditions such as the spleen52, liver53, muscle54, lungs55, intestine55,56, 

kidneys55, thymus57, and aorta58,59. It has been shown that BM-derived HSPCs enter these organs 

from the blood and leave again via the draining lymphatics, eventually returning to the blood 

through the thoracic duct41 (Fig. 4). Once in the circulation, HSPCs can either re-engraft the BM 

or repeat the peripheral migration cycle, which is guided by sphingosine-1-phosphate (S1P) 

gradients41,60–62.  

HSPCs accumulate at sites of tissue injury49,63–65. This is achieved both actively by 

C-C chemokine receptor type 2 (CCR2)-mediated chemotaxis66, as well as passively via down-

regulation of S1P receptor 1 (S1P1), resulting in prolonged retention of routinely migrating 

progenitors in the injured tissue41. Accordingly, HSPCs have been shown to participate in 

immune responses and tissue repair. They are able to sense pathogens through pattern recognition 

receptors67–69 and react to inflammatory stimuli with proliferation41,70,71, differentiation into 

myeloid cells41,67, as well as extensive secretion of chemokines and cytokines72.  
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Figure 4 | Hematopoietic stem and progenitor cell (HSPC) trafficking. HSPCs constantly circulate 

between BM and blood and can enter a peripheral migration cycle through various organs, which they 

leave via draining lymphatics to re-enter the circulation. In case of tissue injury, HSPCs are released from 

the BM in increased quantities and are recruited to/retained at the site of the insult. (Figure adapted from 

Mazo et al., 201173.) 
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1.2  CNS macrophages - the most prominent hematopoietic cells inside the brain  

1.2.1  CNS macrophages in health and disease 

Like the majority of tissues, the central nervous system (CNS) contains populations of 

specialized tissue macrophages74. The latter represent the primary immune effector cells of the 

CNS and include the so-called “border macrophages” (perivascular, subdural meningeal, and 

choroid plexus macrophages), strategically located at CNS interfaces, as well as parenchymal 

microglia, which are surrounded by neurons, astrocytes and oligodendrocytes75. Microglia make 

up around 5 - 12 % of the total number of glial cells in the mouse brain76. They are 

homogenously distributed throughout the parenchyma and form a cellular grid with their ramified 

processes (Fig. 5). While microglia generally show a territorial behavior with their cell soma 

permanently remaining in a fixed position, their processes are highly motile and are continuously 

sampling the environment. This way, the brain parenchyma is completely screened by microglia 

once every few hours77,78.   

 

Figure 5 | Microglia in the adult CNS parenchyma. IBA1-staining (green) of microglia within a brain 

section derived from an adult mouse. Cell nuclei are stained with DAPI (blue). Scale bar: 50 µm.   
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Like other macrophages, microglia ingest and degrade dead cells, debris, and foreign 

material79. During a pathological challenge, they rapidly transition into an activated state, retract 

their processes and move to the site of injury in order to phagocytose, release effector molecules 

and orchestrate inflammatory processes80.  

Microglia exert important functions during CNS development and homeostasis, such as 

control of developmental neurogenesis81, wiring82, synaptic pruning83, monitoring of synaptic 

activity84, and regulation of adult neurogenesis85. Due to their exceptional position as the major 

immune cell population inside the CNS, microglia (and border macrophages) are also involved in 

the pathogenesis of a multitude of CNS disorders. These include multiple sclerosis86, 

amyotrophic lateral sclerosis87, brain tumors88, ischemic stroke89, traumatic brain injury90, 

Alzheimer’s disease91, Parkinson’s disease87, prion disease92, neuropathic pain93, depression94, 

and Huntington’s disease87.  

 

1.2.2  CNS macrophage development 

Unlike macroglia (astrocytes, oligodendrocytes, and ependymal cells), which derive from 

the neuroectoderm, microglia are of myeloid origin. Their colonization of the CNS is 

evolutionary conserved across vertebrate species and occurs before macrogliogenesis95.  

Microglia originate from EMPs that can be labeled in the YS as early as E7.5 in 

mice26-28,96–99. Their independence of HSCs is corroborated by the fact that microglia develop in 

the absence of the master transcription factor Myb as well as the Fms-related tyrosine kinase 3 

(Flt3)26,96, both important regulators of fetal and adult hematopoiesis. Importantly, a recent study 

suggested that border macrophages of the CNS share the same or a similar ontogeny98.  
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As soon as the vascular system has been established, EMPs and their progeny disseminate 

over the embryo via the incipient circulation29,95,100. They reach the neuroepithelium by 

E9.5-1020,26,101,102, as angiogenic sprouts from the perineural vascular plexus start penetrating into 

the developing brain103. Microglia precursors enter the brain rudiment through the leptomeninges 

and lateral ventricles101,104. They differentiate via a CD45+ C-X-3-C chemokine receptor type 1 

(Cx3cr1)- stage into CD45+ Cx3cr1
+ cells, which eventually evolve into ramified microglia as 

early as E1426. Growing coverage of the CNS is achieved via migration of amoeboid cells as well 

as their extensive proliferation between E10.5 and postnatal day 0 (P0)26. At E13.5, the blood-

brain barrier (BBB) is established, presumably sealing the microglia population inside the 

CNS105. This way, YS-derived cells seem to be protected from replacement by fetal monocytes, 

which infiltrate other tissues around E14.528. Microglia further expand until P14106, while they 

continue to show an uneven distribution and activated morphology, pointing to their participation 

in CNS maturation100. In the third postnatal week, their numbers begin to decline to 

approximately 50 %, eventually reaching adult levels at 6 weeks of age, which are then 

maintained throughout life106,107.    

Although the YS origin of microglia is widely accepted, it remains controversial whether it 

is the exclusive and universal source of microglia during development. Recently, Xu et al. 

suggested an alternative origin of adult microglia based on observations in zebrafish. Here, 

embryonic microglia that derived from the rostral blood islands, a region analogous to the mouse 

YS, were later replaced by cells originating from the ventral wall of the dorsal aorta108. 

Importantly, this source was still Myb-independent and therefore not equivalent to HSCs108. 

Another fate mapping study in zebrafish obtained similar results109. However, in this study, the 

second wave replacing primitive microglia was found to originate from Myb-dependent HSCs109.  
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Also in mice, the sudden increase of microglia cell numbers during certain time points of 

development has led to speculations about monocyte influx104. Using intra-liver delivery of 

lentiviral vectors at E14, when the liver is the main hematopoietic organ, Askew et al. actually 

demonstrated a perinatal infiltration of liver-derived cells into the brain, where they differentiated 

into a microglia-like phenotype107. Yet these cells were short-lived and had largely vanished 

by P6107. This is consistent with conditional lineage tracing studies in mice, which never found 

evidence for a major contribution of HSCs to the adult microglia pool27,99,101. However, an early 

engraftment of HSC-derived microglia has also been suggested based on non-inducible Hoxb8
Cre 

fate mapping110,111. Even though Hoxb8 seems to be exclusively expressed in HSPCs, labeled 

microglia were found in the brains of newborn and adult Hoxb8
Cre x Rosa26

YFP
 mice110.  
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1.2.3  CNS macrophage maintenance: a collection of proposed mechanisms   

As soon as the CNS macrophage pool is established, there is a constant rate of apoptosis 

and replacement of mature cells. In mice and humans, the physiological turnover of microglia has 

been investigated in a multitude of studies using 3H-thymidine labeling112, pulse-chase labeling 

with the thymidine analogs 5-bromo-2’-deoxyuridine (BrdU)107 or iododeoxyuridine113, Ki67 

staining107,114, retrospective 14C-labeling113, and chronic intravital two-photon imaging107,115
. 

Estimated proliferation rates fall within a range of 0.08 - 2 % in humans107,113 and 0.1 - 0.8 % in 

mice107,112,114,115. Despite the varying absolute turnover rates they determined, all studies agree on 

a model of active and slow microglia replacement, which enables few cycles of renewal of the 

whole population in a lifetime. However, in response to pathology, this rate can be adapted in a 

spatio-temporal manner: Microglia numbers rapidly and transiently increase surrounding lesion 

sites, a reaction that is collectively termed “microgliosis”116.   

Several mechanisms for the maintenance and expansion of microglia have been postulated over 

time (Fig. 6), which are going to be addressed in the following chapter:  

1. Infiltration of circulating precursors (e.g. monocytes) 

2. Differentiation from pericytes or pericyte-like stem cells  

3. Differentiation from NESTIN+ parenchymal progenitors 

4. Division of terminally differentiated cells 
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Figure 6 | Proposed mechanisms of microglia maintenance and expansion in health and disease. 

Microglia have been suggested to be replenished via CNS infiltration of circulating precursors, such as 

monocytes (1), to differentiate from Rgs5
+/PDGFRβ+ pericytic (2) or NESTIN+ parenchymal (3) 

progenitors, and to self-renew via division of mature cells (4).  

 

1.2.3.1 Infiltration of circulating precursors  

In his original model of the mononuclear phagocyte system, Van Furth proposed that HSC-

derived monocytes are released into the circulation from the BM and continuously immigrate into 

tissues, where they differentiate and replace resident macrophages117. A plethora of studies has 

supported this view also with regard to microglia118–124. However, what was common to all of 

these studies was the use of BM chimeras that relied on preconditioning of the recipient animal 

via whole body irradiation118–124. In 2007, Ajami et al. tested these findings in a model of 

parabiosis, which is based on the surgical joining of two animals in order to create a shared 

circulation. To their surprise, green fluorescent protein (GFP)-labeled cells from the donor animal 

engrafted into the spleen and liver of the wild-type recipient, but did not contribute to the 

microglia pool even after 5 months125. In a follow-up study, they found that although monocytes 
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massively infiltrated the inflamed CNS and differentiated into macrophages, the latter were short-

lived and did not persist in the normal CNS environment126. In support of this hypothesis, no 

change in microglia number was observed in Ccr2
-/- mice107,127, which show reduced levels of 

circulating monocytes due to their deficient egress from the BM128. Also, microglia remained 

unlabeled in Flt3
Cre x Rosa26

YFP mice, which trace the fate of fetal/adult HSCs and their progeny 

including monocytes27.  

Mildner et al. resolved the discrepancy between BM chimeras and parabionts, as they 

blocked the engraftment of BM-derived cells into the CNS by simply shielding the head of the 

BM recipient during irradiation127. Similar results were obtained when BM was transplanted 

without preconditioning into Rag2
–/– x yc

–/– mice127. It is now appreciated that whole body 

irradiation damages the BBB129–133, induces cytokine release in the CNS127, and injures resident 

microglia134,135. Yet irradiation alone did not induce recruitment of physiologically circulating 

precursors (e.g. monocytes) into the CNS125. It has been suggested that upon intravenous 

injection of BM cells, especially stem and early progenitor cells, which usually do not enter the 

bloodstream in high quantities, are able to efficiently engraft the wounded CNS and differentiate 

into long-lasting microglia-like cells126,136,137. Clearance of the microglial niche by certain 

depletion systems, however, even induced monocyte influx and persistance138,139. Nevertheless, it 

seems as if these artificially seeded cells cannot acquire the full microglial phenotype139–142.  

Over the last years, new lineage tracing approaches (based on the mouse lines Runx1
CreER, 

Tie2
CreER, Csf-1r

CreER, and Cx3cr1
CreER, crossed to inducible fluorescent reporter strains) 

consistently demonstrated that many tissue macrophage populations in mice self-renew locally 

throughout life27,28,98,101. Microglia seem to be particularly independent of peripheral sources, as 

after their establishment from YS precursors, no influx of circulating cells at all was indicated in 

these models27,28,101.  



Introduction 
 

19 
 

The Cx3cr1
CreER mouse line has proven particularly useful to study microglia 

maintenance143,144. Here, the cre-estrogen receptor fusion protein is expressed in Cx3cr1
+ cells, 

which comprises several tissue macrophage populations including microglia, as well as late 

MyPs and CCR2- Ly6Clo patrolling monocytes. Application of tamoxifen (TAM) specifically 

induces a stable recombination event in all of these cell types, so that they start e.g. expressing a 

fluorescent reporter. Importantly, over time, only long-lived cells (such as microglia) will 

continue to carry the cre-mediated mutation, while short-lived cells (such as monocytes) will be 

replaced by non-recombined stem and progenitor cells in the BM143,144. Using this model, which 

achieved unprecedented specificity as well as high targeting efficiency of CNS macrophages, it 

was shown that during forced repopulation as well as under physiological conditions microglia 

and most border macrophages (especially subdural meningeal and perivascular macrophages) 

regenerated from a CNS-internal pool98,142,145.  

While it is widely acknowledged that BM-derived cells do not cross the BBB to become 

microglia under physiological conditions, the discussion continues. In 2018, Fehrenbach et al. 

claimed a dependence of adult microglia on definitive hematopoiesis after observing decreased 

microglial numbers in the non-inducible Vav1
Cre x dicer

fl/fl mouse model, which shows impaired 

blood cell generation146. However, the study lacked a detailed proof that the Vav1 promoter is 

never active in mature microglia. The latter would be important, as a conditional dicer knock-out 

in adult microglia led to a similar decrease in their cell number147.  
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1.2.3.2 Differentiation from pericytes or pericyte-like stem cells 

Pericytes, which cover capillary endothelial cells, have long been believed to possess stem 

cell-like capabilities148,149. Most observations that support a possible differentiation of pericytes 

into CNS macrophages stem from experimental models of ischemic stroke150,151. Here, microglia-

like cells concomitantly expressing the pericyte markers regulator of G-protein signaling 5 (Rgs5) 

or platelet-derived growth factor receptor-β (PDGFRβ) have repeatedly been reported in 

perivascular regions of the infarct area150,151. Intriguingly, also primary brain pericytes of mouse 

and human origin acquired a microglia-like morphology and marker expression in vitro, which 

seemed to depend on the exposure to hypoxic conditions150,151. The latter have already been 

described to drive brain pericyte differentiation towards neuronal and vascular lineages148. 

Likewise, pericytes from the brains of transgenic Alzheimer mice were reported to spontaneously 

differentiate into a CD11B+ microglial-like cell type in vitro
152.  

Recently, the question of pericyte stemness was addressed in an exhaustive study that made 

use of an inducible Tbx18
CreER system to trace the fate of pericytes in multiple organs in vivo

153. 

The investigators found that although Tbx18
+ pericytes displayed a mesenchymal stem cell 

(MSC)-like behavior in vitro, they did not contribute to other cell types, including microglia, in 

the living animal153. While the study made clear that pericytes do not replenish the microglia pool 

under homeostatic conditions, their differentiation into microglia-like cells during pathology still 

cannot be excluded. As suggested previously150,151, specific conditions such as hypoxia could be 

necessary to induce the stem cell-like character of pericytes in vivo, which might not have been 

reached in the cortical stab wounds assessed in the Tbx18
CreER system153. Unfortunately, a model 

of cerebral ischemia was not tested.  
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1.2.3.3 Differentiation from NESTIN+ parenchymal progenitors   

Evidence for the existence of a hidden microglial progenitor within the CNS parenchyma 

comes from Kim Green’s group154. He and his co-workers were the first to observe the rapid 

repopulation of microglia following an almost complete depletion in adult mice due to oral 

administration of high doses of PLX3397 (Pexidartinib), a potent inhibitor of the receptor 

tyrosine kinases colony-stimulating factor-1 receptor (CSF-1R), c-KIT, and FLT3155. 

Surprisingly, even after elimination of ~99 % of microglia, the microglial pool returned to normal 

levels within 7 days, without any obvious contribution from the periphery154. Repopulating cells 

showed transient expression of the stem and progenitor cell markers CD34 and c-KIT, as well as 

the intermediate filament NESTIN154.  

In the normal CNS, NESTIN is expressed by pericytes149, NG2+ oligodendrocyte precursor 

cells156, and - most characteristically - neural stem cells (NSCs)157. Despite its reputation as a 

neuroectodermal lineage marker, NESTIN is found in a variety of tissues such as embryonic 

skeletal and cardiac muscle, liver, and kidney158. In fact, NESTIN seems to be particularly linked 

to mitosis, as it is expressed by several proliferative cell types, from reactive astrocytes to 

vascular endothelial cells79. It is also considered a marker for cancer stem cells158. Still, the 

expression of NESTIN surprised the authors and let them suspect the existence of a microglial 

progenitor apart from the normal hematopoietic lineages154. Intriguingly, they noted a sudden 

emergence of many proliferating NESTIN+ non-microglial cells at the 2 day recovery time point, 

which appeared to convert into a Cx3cr1
+ microglial phenotype within the following 24 h154. To 

further support their hypothesis, they estimated that the surviving 1 % of microglia would have to 

divide every 5 - 6 h to explain the rapid pace of repopulation without an additional progenitor 

source, which would be highly unlikely154.  
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However, this proliferation rate seems exaggerated and has been criticized in a recent 

study145. The concept of NESTIN+ microglia progenitors is further challenged by the notion that 

lineage tracing of Nestin-expressing NSCs has not been reported to label microglia, neither at 

baseline nor under disease conditons79. Accordingly, when forced microglia repopulation was 

reproduced in the inducible Nestin
CreER fate mapping model, new microglia did not derive from 

Nestin
+ cells that had been tagged in the steady-state or during depletion, even though 

repopulating microglia transiently expressed NESTIN145,159. NESTIN expression indeed seems to 

be a robust feature of repopulating cells and has also been observed in a genetic microglia 

depletion model142. It is possible that it is induced by specific conditions such as the disruption of 

population homeostasis or associated changes in the CNS milieu, as proliferating microglia in the 

steady-state have not been observed to express Nestin
107. Thus NESTIN+ microglia might just 

reflect a transient repopulating phenotype instead of a bona-fide progenitor79,155.  

1.2.3.4 Division of terminally differentiated cells 

Apart from circulating or resident precursors, the idea that tissue macrophages themselves 

might possess a stem cell-like character has emerged as an alternative explanation for their self-

renewal160. The prevailing concept of differentiation claims that maturation from stem cells 

towards specialized cell types is accompanied by a gradual decrease in self-renewal and 

proliferative activity, until the functional, terminally differentiated cell is eventually securely 

locked in the G0 phase. However, in 2009, Aziz and co-workers reported that macrophages are 

relatively easily reprogrammed to a state of indefinite self-renewal by double knock-out of the 

transcription factors MafB and c-Maf161. Importantly, this was not associated with cellular 

transformation and mutated macrophages did not alter their immunophenotype and morphology, 

gene expression profile, or characteristic functions such as phagocytosis161. The authors 
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concluded that self-renewal in the strict sense, without loss of cellular identity, is possible in 

macrophages and speculated about their transient reprogramming to a stem cell-like state 

in vivo
160. This concept was supported by a study that examined the repeated genotoxic depletion 

of lung macrophages97. Labeling of proliferating macrophages after the first round of depletion 

with BrdU and after a second round via Ki67 staining revealed that cells entered the cell cycle 

after the second round independently of previous proliferative activity, arguing against clonal 

expansion of a progenitor population97,160.  

The self-renewal capacity of microglia was specifically addressed by Bruttger et al. in 2015 

using Cx3cr1
CreER x iDTR x Rosa26

-stop-YFP mice142. In this model, Cx3cr1
+ macrophages in the 

CNS (and other tissue macrophages) specifically expressed the diphtheria toxin receptor (DTR) 

as well as yellow fluorescent protein (YFP) after an initial TAM pulse. Following microglia 

depletion via administration of diphtheria toxin, the CNS was rapidly repopulated by YFP+ cells, 

suggesting that repopulation was solely driven by the local proliferation of Cx3cr1
+ cells142. 

Meanwhile, this result has been reproduced in models of microglia depletion/repopulation using 

pharmacological CSF-1R inhibition145,159. It is further supported by the fact that the microglia 

pool remained stably labeled in the Cx3cr1
CreER x Rosa26

YFP model even 9 months after TAM 

administration98.  

As Cx3cr1 in the CNS is thought to be exclusively expressed in mature microglia/ 

macrophages, these observations were interpreted as proof for their self-renewal capacity. 

However, it is difficult to completely rule out the existence of a rare population of Cx3cr1
+ 

precursors. In an attempt to do so, Tay et al. refined the Cx3cr1
CreER lineage tracing model by 

crossing it to the “confetti” reporter strain162. In the resulting “microfetti” mice, microglia 

randomly expressed one of four possible fluorophores after induction. By choosing a low TAM 

dose, a relatively modest labeling efficiency of about 14 % was achieved to provide sufficient 
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spatial resolution while following the fate of individual, labeled cells. This way, the authors were 

able to observe the turnover of Cx3cr1
+ microglia in different brain regions, but found no 

evidence for a designated proliferative niche. A “drift towards clonality” was also not observed, 

meaning large clusters of same-color cells after prolonged observation periods, which should 

occur if a rare Cx3cr1
+ proliferative precursor would have been labeled by chance162. 

Consistently, mathematical modeling of microglial turnover in the human brain using 

retrograde 14C labeling agreed with the homogeneous proliferation of mature microglia, but not 

with the proliferation of a subpopulation of quiescent, long-lived progenitor cells113.  

Recently, direct evidence for the physiological self-renewal of microglia was obtained by 

chronic two-photon imaging of mature cells through a cranial window in living mice107,115. Here, 

ramified Cx3cr1
+ microglia were observed in real-time giving rise to daughter cells that migrated 

apart and integrated into the microglia network107,115. These results suggest that, at least under 

steady-state conditions, all microglia have the ability to self-renew.  
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1.3  The vascular wall as a niche for stem and progenitor cells  

1.3.1  The vascular architecture   

 

Figure 7 | The structure of an artery. The vascular wall is composed of three layers: the tunica intima 

(inner layer), the tunica media (middle layer), and the tunica adventitia (outer layer). Each layer is 

composed of different cell types and exerts diverse tasks to enable functionality of the whole vessel.  

 

Apart from capillaries and venules, which constitute the microvasculature, all blood vessels 

are composed of three layers (Fig. 7). The tunica intima is the vessel’s inner layer and in direct 

contact with blood. It is mainly composed of a thin endothelial lining, which provides a 

frictionless pathway for the movement of the blood and restricts the passage of molecules and 

cells, plus a small subendothelial zone. The tunica media is the middle layer. It consists of 

contractile smooth muscle cells and elastic fibers that regulate the internal diameter of the vessel 

and absorb the fluctuating pressure within the vascular system. The tunica adventitia is the outer 

layer, conferring additional stability to the vessel and embedding it into its surrounding. It is built 

up of fibrous tissue and includes a variety of cell types such as fibroblasts and immune cells. In 

case of larger vessels such as the aorta, the adventitia holds so called vasa vasorum, microvessels 

that supply the thick vessel wall with oxygen and nutrients.163   
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1.3.2  Stem and progenitor cell subsets in the vascular wall 

Blood vessels are more than a mere ductwork throughout the body. For instance, the 

vasculature is an integral component of stem cell niches, such as the HSC niche in the BM or the 

NSC niche in the subventricular and subgranular zones of the CNS164. More importantly, vessels 

themselves have attracted the attention of stem cell research, as they seem to harbor a broad 

spectrum of cells with stem and progenitor cell characteristics. Vascular wall progenitors 

(VW-Ps) have been reported within all three mural layers in several species, including mice, rats, 

and humans165.  

The inner adventitia, adjacent to the external elastic lamina, has emerged as the prime 

candidate for the vascular stem cell niche165. It has therefore also been termed the “vasculogenic 

zone”166 (Fig. 8). In human and animal vessels, this region contains prominent expression of 

markers for stemness (CD34, c-KIT, STRO-1, NOTCH-1, OCT-4, SCA-1, and FLK-1) and cell 

proliferation165. Most research on VW-Ps so far has been done by selecting cells based on these 

markers and studying their differentiation potential ex vivo or after reintroduction into living 

animals165. However, recent studies have also demonstrated in vivo activity of VW-Ps via genetic 

fate mapping, including their contribution to pathology167,168. Intriguingly, lineage tracing even 

suggested that vessels bear the intrinsic potential to populate the “vasculogenic zone” via Klf4-

dependent reprogramming of vascular smooth muscle cells into a progenitor phenotype169. 
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Figure 8 | The tunica adventitia is a niche for stem and progenitor cells. Presented is a simplified view 

of the vessel wall and its “vasculogenic zone”, which harbors most of the vascular wall progenitors 

(VW-Ps) described so far. Different types of VW-Ps are shown, combined with a selection of markers 

most commonly used for their identification. AMPC: adventitial macrophage progenitor cell; EPC: 

endothelial progenitor cell; MSC: mesenchymal stem cell; SPC: smooth muscle progenitor cell.  

 

Among the best studied VW-Ps are lineage-committed endothelial progenitor cells170 and 

smooth muscle progenitor cells171,172 as well as MSCs, which show trilineage differentiation 

capability towards chondrocytes, osteoblasts, and adipocytes in vitro
173,174. MSC-like cells inside 

the adventitia and in pericyte niches across major organs have been shown to be marked by sonic 

hedgehog signaling167. Recently, genetic fate mapping based on the hedgehog mediator glioma-

associated oncogene homolog 1 (Gli1) revealed that these cells replace vascular smooth muscle 

cells after injury and differentiate into osteoblast-like cells or myofibroblasts under pathological 

conditions167,168. Importantly, also progenitors with hematopoietic potential have been reported in 

the adventitia, including circulation-derived HSPCs as well as adventitial macrophage progenitor 

cells (AMPCs)59,175.    
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Inherent potential for the generation of macrophages has been noted in early studies with 

arteries from mice, rats, and humans166,176. However, these mainly relied on observations in aortic 

cultures and transplantation assays. As the self-renewal and proliferative capacity of mature 

macrophages160 had not been elaborated yet, focus was mainly on excluding a contribution of 

circulating cells, such as monocytes. Importantly, in vivo Cx3cr1
CreER fate mapping demonstrated 

that a least part of the aortic macrophage population seems to self-renew during adulthood177, 

leaving it ambiguous whether the observed macrophage expansion in previous studies resulted 

from proliferation of resident progenitors or mature cells.  

The presence of vessel-resident hematopoietic progenitor cells had been suggested before 

by Montfort and colleagues, who showed that vessel grafts protected lethally irradiated mice by 

contributing to the recipient’s hematopoiesis58. Although the grafts failed to establish long-term 

multilineage reconstitution, their radioprotective activity pointed at least towards the presence of 

myelo-erythroid progenitors inside the transplanted vessels178. Psaltis et al. confirmed these 

findings by demonstrating a rare population of circulation-derived HSPCs in mouse aorta59. 

Surprisingly, the authors also detected a markedly enriched content of macrophage-committed 

progenitors in aortic cell disaggregates compared to other hematopoietic or non-hematopoietic 

tissues59,175. These were not diminished in osteopetrotic (op/op) mice, which show reduced 

macrophage numbers due to CSF-1 deficiency179, and were only scarcely exchanged following 

transplantation of GFP-labeled BM175. Progenitor activity was traced back to an undifferentiated 

lineage marker (LIN)-, CD45+, stem cell antigen-1 (SCA-1)+ population that resided in the 

adventitia of multiple peripheral arteries, a surface phenotype that excluded mature macrophages, 

monocytes, or MyPs from the BM59,175.  
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1.4  Hematopoietic potential inside the adult CNS  

Although the brain is not regarded as hematopoietic organ, cells with hematopoietic 

potential have repeatedly been described in the CNS. It has been claimed that adult NSCs are 

highly plastic and can even adopt a hematopoietic fate under specific conditions. This was 

established by their putative ability to repopulate the hematopoietic system following 

transplantation into lethally irradiated hosts180,181. Although primary NSC isolates and clonal 

cultures neither expressed hematopoietic markers nor formed hematopoietic colonies in CFU 

assays, they appeared to shift towards an HSC-like phenotype in vivo, as indicated by long-term 

and multi-lineage reconstitution180. However, in an extensive study comprising 128 transplanted 

animals, Morsehead et al. could not reproduce a hematopoietic competence of NSCs182. Based on 

their observations, the authors suspected a transformation of NSCs in long-term culture or a 

contamination with HSPCs to be the reason for the blood cell potential observed in earlier 

studies182.  

In fact, HSPC-like cells have repeatedly been observed among preparations from the adult 

mouse brain41,183–186. Their first report stems from Perry F. Bartlett, who observed hematopoietic 

colony-formation in spleens of irradiated mice following intravenous injection of brain 

homogenates184. He noted a distinct colony pattern compared to transplanted BM cells as well as 

a slightly different surface phenotype of colony-forming units-spleen (CFU-S) from BM and 

brain. In contrast to BM, CFU-S frequencies in the brain were not reduced in anemic W 
f/W 

f 

mice, leading him to speculate that the brain harbors an independent population of hematopoietic 

stem or progenitor cells184.  
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While looking for microglia progenitors, Alliot et al. later described a cell population of 

similar size within adult brain suspensions that extensively proliferated in coculture with D19 

astrocyte layers and progressively acquired a F4/80+ macrophage-like phenotype185. However, as 

the study relied on feeder cells that prominently produced CSF-1 for progenitor stimulation185, it 

might have missed a broader hematopoietic differentiation potential. By a comparable setting, 

Nataf et al. demonstrated the presence of MyPs in the rat choroid plexus186. It is conceivable that 

both groups were actually investigating the progenitor population already described by Perry F. 

Bartlett. The latter was further supported by a study of Asakura et al., who examined the so-

called “side population” (SP) in cell preparations from multiple organs. The SP is defined by 

efflux of the dye Hoechst 33342 via multi-drug resistance transporters, a characteristic feature of 

stem and progenitor cells. All organs tested, including the brain, contained such a population, 

which produced hematopoietic colonies in CFU assays183.  
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2  Significance and Aim  

There is ever-growing interest in brain macrophages, which constitute the interface between 

neuroscience and immunology and have been identified as major players in virtually every CNS 

disorder. Even though much progress has been made in elucidating CNS macrophage ontogeny 

and maintenance, there are still questions that remain to be resolved. Different lines of evidence 

indicate that mature microglia and border macrophages are capable of self-renewal in the steady-

state and do not rely on input via a progenitor compartment. However, it is not entirely clear 

whether additional sources can contribute to the brain macrophage pool during pathology. One 

such source might be the vessel wall, which has emerged as a versatile niche for stem and 

progenitor cells. As vessels span the whole organism, this niche is potentially ubiquitous and 

might harbor macrophage/microglia progenitors also in the CNS. Concurrently, it might be the 

source of hematopoietic potential, which has repeatedly been described in the brain, but up to 

date remains insufficiently characterized.    

 

In this study, four main objectives were set as follows: 

1. To revisit the mouse CNS vasculature in the light of current knowledge about VW-Ps.                                       

2. To establish the ex vivo culture of mouse CNS vessels for the functional assessment         

of macrophage/microglia potential within the vessel wall. 

3. To better characterize the hematopoietic potential within the CNS.  

4. To revisit CSF-1R inhibitor-mediated CNS macrophage depletion and repopulation           

in living mice with a focus on possible precursor contribution.  
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3  Results  

3.1  No evidence for AMPCs within the CNS vasculature of adult mice  

3.1.1  No CD45+ SCA-1+ cells were detected in sections of the mouse circle of Willis  

As CD45+ SCA-1+ AMPCs have been described in the aortic wall as well as in femoral and 

carotid arteries59,175, the presence of cells with a similar phenotype was examined in CNS-

associated vessels. Therefore, female C57BL/6 mice at the age of 8 weeks were sacrificed and 

their aortae and brains processed for immunohistological analysis. Transversal 10 µm paraffin 

sections were prepared from the ventral side of the brain in order to obtain cross-sections of the 

circle of Willis (CW), the largest arterial structure of the mouse brain (Fig. 9a).  

Like in the aorta, markers for stemness (CD34 and fetal liver kinase-1 [FLK-1]) were 

present in the adventitia of the CW, which only comprised a 1 - 2 cell layer (Fig. 9b and Fig. S1). 

However, the staining pattern of SCA-1 markedly differed in both vascular structures. In the 

aorta, strong SCA-1 reactivity was detected throughout the adventitia (Fig. 9c). Weaker staining 

was observed on endothelial cells. At the media-adventitia interface, regularly spaced adventitial 

cells could be observed that dimly stained for CD45, while also appearing positive for SCA-1. 

Conversely, while endothelial cells of the CW stained more intensely for SCA-1, the staining was 

hardly detectable within the adventitia (Fig. 9d). Still CD45+ cells were regularly encountered 

within this layer, which most likely represented adventitial macrophages or extravasated 

leukocytes patrolling the vascular space. Nevertheless, in contrast to the aorta, CD45+ SCA-1+ 

cells were not detected in the CW.   
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Figure 9 | No SCA-1+ CD45+ AMPC-like cells were detected in histological sections of the mouse 

circle of Willis (CW). (a) Schematic representation of the CW at the ventral aspect of the mouse brain. 

(b) Markers for stemness were present within the adventitia of the CW, as demonstrated by CD34 and 

FLK-1 immunostaining. (c) Representative image of an aortic cross-section, immunostained for SCA-1 

and CD45. Double positive cells were located in the inner adventitial layer of the vessel (arrows). 

(d) Representative images of transversal sections through the CW, immunostained for SCA-1 and CD45. 

Some cells within the thin adventitial layer were CD45+, but did not stain for SCA-1. Arrows indicate 

details that are presented in higher magnification in the inlay. All images are maximal projections of 

multiple Z-planes spanning a 10 µm paraffin section that had been acquired using a confocal microscope. 

A total of 10 cross-sections per animal were analyzed from n = 4 mice. Scale bars: 50 µm. Lu: vessel 

lumen.  
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3.1.2  The CWFA is a tool to study CNS-associated AMPCs in vitro  

Progenitors are best described not by markers, but by their ability to extensively proliferate 

and differentiate. Therefore, the “circle of Willis fragment assay” (CWFA) was established to 

study possible AMPCs in vitro (Fig. 10a). The protocol was based on the aortic ring assay187. In 

brief, C57BL/6 mice at the age of 8 - 12 weeks were sacrificed and transcardially perfused with 

PBS to remove circulating cells from the vasculature. The CW was dissected from the brain and 

cut into 2 - 3 mm long fragments, which were embedded into a collagen type I matrix and 

cultured under hypoxic conditions, in the presence of VEGF and additional macrophage-

stimulating factors. 

Histological analysis of collagen-embedded fragments demonstrated that complete vessels 

including all vascular layers were obtained via dissection (Fig. 10b). Starting around the fourth 

day of culture, single cells with a thin, fibroblast-like morphology emigrated from the vessel into 

the surrounding collagen matrix, accompanied by capillary-like sprouts (Fig. 10c). However, 

only ~50 % of vessels showed detectable cell growth during the observation period of 

7 - 10 days. Between days 5 and 6, a homogenous population of round cells, clearly distinct from 

the aforementioned fibroblast-like cells, started to emerge. At day 7, these cells were scattered 

around the vessel and occasionally formed large, loose clusters. In whole-mount immuno-

fluorescence stainings (IF), they stained positive for the pan-myeloid marker CD11B and 

displayed a macrophage-like morphology (large cell body with a ruffled surface and a small, 

round nucleus) (Fig. 10d).  
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Figure 10 | The circle of Willis fragment assay (CWFA). (a) Schematic overview of the experimental 

procedure. Fragments of the CW were dissected from adult mouse brains after transcardial perfusion with 

PBS. The fragments were starved in serum-free medium under hypoxic conditions and embedded in a 

collagen type I matrix. Embedded vessels were cultured in medium supplemented with growth factors for 

7 days at hypoxia. (b) Hematoxylin and eosin staining of a 10 µm paraffin section through a vessel 

fragment freshly embedded in collagen. All vascular layers are present including intima (I), media (M), 

and adventitia (Ad). Blood is mostly cleared from the vessel lumen (Lu). (c) CW fragment growing in a 

collagen matrix for 7 days. Within the first four days of culture, fibroblast-like cells and endothelial cords 

started to migrate into the surrounding matrix. Until day 7, rapid expansion of round, high-contrast cells 

occurred, which clustered around the vessel. (d) Whole-mount immunofluorescence staining (IF) of an 

embedded vessel fragment following 7 days of culture. CD11B+ cells with macrophage-like morphology 

(see d1) are prominent, cluster around the vessel, and infiltrate the collagen matrix. Scale bars (b): 25 µm; 

(c,d): 250 µm.  
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3.1.3  The CSF-1R inhibitor PLX5622 systemically depleted macrophages in vivo 

CNS macrophages have been shown to depend on CSF-1R signaling for their survival154. 

To analyze macrophage-depleted vessels in the CWFA, treatment of mice with the CNS-

penetrable CSF-1R inhibitor PLX5622 was established. Female C57BL/6 mice at the age of 

6 weeks were fed for 7 - 21 days with PLX5622, formulated in AIN-76A standard rodent chow at 

300 - 1200 mg kg-1.  

Quantification of ionized calcium-binding adapter molecule 1 (IBA1) positive cells in 

sagittal brain sections (Fig. 11a) revealed a dose-dependent decrease in CNS macrophage density 

already after 7 days of PLX5622 treatment (Fig. 11b). The highest PLX5622 dose led to a 

maximal depletion of ~85 % within 7 days. Depletion varied slightly over different brain regions 

and appeared least efficient in the olfactory bulb. Longer treatment durations did not enhance 

depletion efficiency. Outside the CNS, PLX5622 also led to depletion of Kupffer cells in the liver 

(Fig. 11c) and reduced the fraction of monocytes in peripheral blood (PB) (Fig. 11d).  
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Figure 11 | Systemic monocyte/macrophage depletion in living mice using the orally administered 

CSF-1R inhibitor PLX5622. (a, b) Within 7 days, PLX5622 depleted CNS macrophages in a dose-

dependent manner. Longer treatment periods did not increase depletion. (a) Representative images of 

10 µm sagittal brain slices from mice that had been fed with control or PLX5622-containing chow (shown 

treatment duration: 7 days). Following immunostaining and image acquisition, IBA1+ cell bodies were 

automatically selected in ImageJ and replaced by red squares to ensure visibility in low magnification. 

Scale bars: 1 mm. (b) Global CNS macrophage densities within brain slices as shown in a following 

PLX5622 treatment. Area measurements and cell counting was performed automatically using ImageJ. 

Results represent the means of one preliminary experiment including n = 4 mice per treatment group and 

time point. Error bars indicate SDs. Statistical analysis was performed using successive ordinary one-way 

ANOVAs with Tukey’s multiple comparisons test. **P < 0.01, ***P < 0.001, n.s.: non-significant. 

(c) PLX5622 treatment depleted F4/80+ Kupffer cells in the liver. Shown are DAB-stained 10 µm paraffin 
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Figure 11 (continued) liver sections of mice that had been fed with control or 1200 mg PLX5622 

(kg chow)-1 for 7 days. Images are representative of one experiment including n = 4 animals per treatment 

group. Scale bars: 100 µm. (d) Blood monocytes were reduced in a dose-dependent manner following 

PLX5622 treatment. The percentage of monocytes among total CD45+ leukocytes was analyzed via flow 

cytometry in mixed PB of mice that had been fed with control or PLX5622-containing chow for 7 days. 

Monocytes were defined as the SSClo FSChi CD11B+ fraction of CD45+ white blood cells188 (for gating see 

also Fig. S9). Results represent the means of one preliminary experiment including n = 3 - 5 mice per 

treatment group. Error bars indicate SDs. Statistical analysis was performed using ordinary one-way 

ANOVA with Tukey’s multiple comparisons test. *P < 0.05, ***P < 0.01.   

 

3.1.4  Macrophage-depleted CW fragments failed to produce new macrophages in vitro 

Terminally differentiated CNS macrophages have been shown to self-renew and 

extensively proliferate in models of forced repopulation75,142,145,154. Therefore, macrophage 

expansion in vessel cultures does not necessarily imply the presence of progenitors. Instead, 

proliferation of mature cells already present at the time of explantation might solely account for 

the observed increase in cell number. To test this hypothesis, macrophage-depleted vessels were 

analyzed in CWFAs. In vivo PLX5622 pre-treatment was combined with transient ex vivo 

incubation with clodronate liposomes to achieve maximal depletion (Fig. 12a). Vessels were 

analyzed via whole-mount IFs for CD11B at day 0 (Fig. 12b) and day 7 of culture (Fig. 12c).  

Freshly isolated vessels already harbored a significant number of CD11B+ cells (92 ± 63 

CD11B+ cells / vessel), which were located within the adventitia as well as in residual meningeal 

tissue. Within 7 days of culture, half of the vessels did not show prominent expansion of CD11B+ 

cells, while the rest displayed a ~17-fold increase (Fig. 12d). This was consistent with the ~50 % 

growth success of the CWFA, as described earlier. In PLX5622 pre-treated vessels, CD11B+ cells 

were initially reduced by ~90 %, matching the previously established depletion efficiency of the 

CSF-1R inhibitor in vivo. After 7 days of culture, half of the vessels did not excel the maximal 
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amount of CD11B+ cells found on day 0 (22 CD11B+ cells / vessel) and therefore were assigned 

to a “growth failure” group. The rest showed a ~21-fold increase in CD11B+ cells over time, 

which was comparable to the “growth success” subgroup of control samples. Single treatment 

with clodronate liposomes did not considerably reduce the amount of CD11B+ cells / vessel at 

day 0. However, this was probably due to the latency between phagocytosis of liposomes and cell 

death, as all treated vessels showed a strongly decreased amount of CD11B+ cells at day 7 and 

thus virtually no macrophage expansion. Accordingly, combinatory treatment (PLX5622 plus 

clodronate liposomes) started with reduced macrophage content at day 0, which was even further 

diminished at day 7. Importantly, emigration of fibroblast-like cells as well as vascular sprouting 

occurred in all treatment groups, arguing against general toxicity of the applied depletion 

regimens.    

In conclusion, reducing mature macrophage input in CWFAs via PLX5622 pre-treatment 

still allowed macrophage growth at a similar rate as in untreated samples. It thus led to a 

proportionally diminished number of CD11B+ cells at the end of the culture. Treatment with 

clodronate liposomes, however, completely abolished macrophage expansion. Assuming that the 

depletion regimens specifically targeted differentiated cells and not possible progenitors, this 

suggested that mature cell proliferation solely accounted for the increase in CD11B+ cells.  
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Figure 12 | Macrophage-depleted CW fragments failed to produce new macrophages in vitro. 

(a) Schematic overview of the experimental procedure, based on the CWFA protocol. Mice were treated 

with 1200 mg PLX5622 (kg chow)-1 or control diet for 7 days. Intravascular cells were removed via PBS 

perfusion. Fragments of the CW were dissected and incubated with mannosylated clodronate or PBS 

liposomes, before embedding in a collagen matrix. Embedded vessels were cultured in the presence of 

growth factors for 7 days at hypoxia. (b) Combining PLX5622 pre-treatment with clodronate-liposomes 

eliminated CD11B+ cells from vessel fragments. Representative whole-mount IFs of freshly embedded 

vessels are shown. Images are maximal projections of multiple Z-planes spanning the whole vessel. Scale 

bars: 250 µm. (c) Reduction of residual CD11B+ vascular macrophages via PLX5622 pre-treatment led to 

respectively lower levels of CD11B+ cells at day 7 of culture, while additional incubation with clodronate 

liposomes completely abolished macrophage expansion. Representative phase contrast images of cultured 

vessels as well as epifluorescent images of corresponding whole-mount IFs are shown. Scale bars: 250 

µm. (d) Quantification of CD11B+ cells in whole-mount IFs as described in c. Lines represent the mean. 

Data were pooled from two independent experiments including a total of n = 8 - 14 mice per group and 

time point (n in the figure indicate total replicates). Whenever possible, vessel fragments from each mouse 

were equally distributed among the different treatments.  
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3.2  Myeloid progenitors within the adult mouse brain  

3.2.1  Rare clonogenic cells were detected in brain homogenates  

As no evidence was found for macrophage precursors in cultures of CNS-associated 

vessels, the overall presence of hematopoietic progenitors was examined inside the adult brain. 

C57BL/6 mice at the age of 10 - 14 weeks were transcardially perfused with heparinized PBS to 

remove intravascular cells from organs (Fig. 13a). Single cell suspensions were prepared from 

the whole brain and tested for the presence of progenitors in collagen-based CFU assays.  

Within 7 days of culture, cellular aggregates of varying size and shape arose from brain cell 

isolates (Fig. 13b), resembling colonies that derived from BM under the same conditions. 

Colony-forming units-culture (CFU-C) were rare in adult brain (7 ± 4 per 105 cells) compared to 

BM (373 ± 66 per 105 cells), but their frequency was within the magnitude of organs known to 

harbor extramedullary HSPCs, such as liver (12 ± 3 per 105 cells) or spleen (15 ± 4 per 105 cells) 

(Fig. 13c). Abundance of CFU-Cs among PB leukocytes (4 ± 3 per 105 cells) appeared to be 

slightly lower than in the brain, but the difference did not reach statistical significance. 

Importantly, adult brain harbored clearly more CFU-Cs than other non-hematopoietic organs 

tested, as heart cells only gave rise to < 1 CFU-Cs per 105 cells and no CFU-Cs were detected in 

kidney cell suspensions.     
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Figure 13 | Rare colony-forming units-culture (CFU-C) were detected in cell suspensions isolated 

from the brains of adult mice. (a) Schematic overview of the experimental procedure. Whole brains 

were harvested from transcardially perfused mice, minced and digested with collagenase/dispase to obtain 

single cell suspensions. Following myelin removal, cells were seeded in a collagen matrix and cultured in 

the presence of hematopoietic growth factors for 7 days in order to detect and quantify colony-forming 

cells. (b) Cell colonies of different morphologies developed in collagen-based CFU assays with adult 

brain cell isolates. Scale bars: 100 µm. (c) CFU-Cs were detected in different hematopoietic and non-

hematopoietic tissues including the brain. Results represent the means of at least two independent 

experiments including a total of n = 5 - 12 mice per tissue. Error bars indicate SDs. BM: bone marrow; f/t: 

femur/tibia; WBCs: white blood cells; PB: peripheral blood.   
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3.2.2  CFU-Cs were enriched at the brain surface  

To localize the rare CFU-Cs within the brain, the latter was dissected into multiple fractions 

from which single cells were isolated and analyzed in collagen-based CFU assays. The brain was 

split into a pooled fraction of hippocampus and olfactory bulbs, which harbor NSCs189,190, the 

choroid plexus, which is an important entry route for PB cells191,192, and a superficial layer 

including the meninges, which was peeled off the remaining cerebral tissue (Fig. 14a). Cells from 

hippocampus and olfactory bulbs rarely gave rise to colonies in CFU assays (0.2 ± 0.3 per 105 

cells) and no CFU-Cs were detected in the choroid plexus (Fig. 14b). However, CFU-Cs were 

enriched within the meningeal fraction (3.4 ± 2.8 per 105 cells), while only 0.3 ± 0.3 CFU-Cs per 

105 cells were observed in the remaining cerebrum. Within the cerebellum, from which the 

meninges had not been peeled off, 0.8 ± 0.8 CFU-Cs per 105 cells were detected.  

 

Figure 14 | CFU-Cs were enriched at the brain surface. (a) Schematic overview of brain dissection. 

The cerebrum of adult mice was split into the following fractions: hippocampus (HC) + olfactory bulbs 

(OB), choroid plexus (CP), meninges (Meng), and remaining cerebral tissue (Rest). The cerebellum was 

left intact. (b) Single cell suspensions were prepared from the different brain fractions as shown in a and 

analyzed in parallel in collagen-based CFU assays. Results represent the means of at least two 

independent experiments including a total of n = 5 - 9 mice. Error bars indicate SDs. Statistical analysis 

was performed using ordinary one-way ANOVA with Tukey’s multiple comparisons test. **P < 0.01, 

***P < 0.001.    
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3.2.3  CFU-Cs resided behind the BBB and did not express markers of CNS macrophages  

Next, it was examined whether brain-derived colonies in CFU assays actually indicated 

tissue-resident progenitors, or if they could be explained otherwise. The following alternative 

sources for clonogenic activity were suspected:  

1. Spillover of BM cells from the skull 

During dissection of the brain, the skull was opened with scissors exposing its marrow 

(Fig. 15a), which naturally harbors a high frequency of CFU-Cs (Fig. 15b). A spill of ~104 BM 

cells would therefore suffice to generate the entire clonogenic activity found in the brain. This 

scenario would also explain the superficial localization of brain-derived CFU-Cs.  

2. Circulating HSPCs being trapped inside the tissue intravascularly 

Although transcardial perfusion removes most of the circulating blood, it does not reliably 

eliminate all intravascular cells from tissues193, which was also indicated by some visible red 

staining of erythrocytes within cell preparations. As HSPCs are constantly trafficking in the 

circulation, these might explain the CFU-Cs found in brain cell isolates.  

3. Proliferation of mature CNS macrophages (or a subpopulation thereof)  

The capacity for self-renewal75,125 and extensive proliferation142,145,154 has been attributed to 

brain macrophages, including those in the subdural meninges98. Importantly, the collagen-based 

CFU assay included several growth factors, which have been shown to stimulate macrophage 

proliferation194–197. Hence division of mature phagocytes might have been the reason for colony 

formation.  
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Figure 15 | CFU-Cs were detected within brain cell isolates even when leaving the skull intact 

during dissection. (a) Dorsal view of a mouse skull after transcardial perfusion. BM is indicated by 

remaining erythroid cells (arrows). (b) Mouse skull harbors high CFU-C activity. BM cells were isolated 

from the dorsal skull of adult mice and analyzed in collagen-based CFU assays. The result represents the 

mean of two independent experiments including n = 6 mice. The error bar indicates SD. Brain-derived 

CFU-C data from Fig. 13c was included as a reference. BM (sk): skull bone marrow. (c) Left: 

Photographic display of the procedure to isolate the brain without damaging the skull. Instead of opening 

the skull with scissors and risking a potential spill of skull BM onto the brain, the tissue was sheared 

inside the cranium and removed with a syringe through the foramen magnum. The isolate was analyzed in 

collagen-based CFU assays (right side). The result represents the mean of two independent experiments 

including a total of n = 5 mice. The error bar indicates SD.   

 

In an initial experiment, a possible contamination by BM cells from the skull was 

addressed. This time, the skull was not cut with scissors to remove the brain. Instead, the brain 

was sheared inside the cranium with a small spatula and tissue fragments were flushed/sucked out 

with PBS, using a large needle inserted through the foramen magnum (Fig. 15c). Within the 

resulting single cell suspension, 4 ± 2 CFU-Cs per 105 cells were detected. This value was less 

than the frequency observed after normal brain dissection, which was possibly due to the harsher 

procedure or the incomplete retrieval of the meninges. Still, it demonstrated that BM 

contamination alone could not account for the observed clonogenic activity within brain cell 

isolates.  
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Next, a cell sorting approach was set up to simultaneously examine the contribution of 

circulating and BM-resident HSPCs as well as mature CNS macrophages to the clonogenic 

activity within brain cell suspensions. In this experiment, the B6.Iba1-GFP reporter strain was 

used, which tags mature CNS macrophages via endogenous GFP expression198. To label 

intravascular and BM-resident cells, mice were intravenously (i.v.) injected with anti-CD45 APC 

antibody (Fig. 16a)193,199. Within a circulation time of 5 min, 5 µg of antibody stained nearly all 

CD45+ leukocytes in PB, which includes circulating HSPCs (Fig. 16b). A significant fraction of 

skull BM cells (29 ± 5 %) was also labeled by this approach, resulting from leakage of antibody 

through the fenestrated BM sinusoids199. Importantly, increasing the antibody amount (10 µg) 

and circulation time (60 min) led to efficient labeling of skull BM (85 ± 7 %). To assure that 

HSPCs were stained via this method, skull BM was prepared from anti-CD45 APC injected mice 

and sorted based on APC fluorescence. In subsequent CFU assays, clonogenic activity was 

distributed over the APC- as well as the APC+ fraction (Fig. S2), demonstrating the functionality 

of the approach. 

Following i.v. injection, mice were sacrificed and transcardially perfused to remove excess 

antibody. Single cells were prepared from the brain and fractionized via cell sorting (for upstream 

gating see Fig. S3). Cells that had been stained by the injected antibody (IV-CD45+) were 

removed from the suspension. The remaining fraction was split into GFP+ CNS macrophages and 

a GFP- “non-macrophage” population. Subsequent to cell sorting, viable cells were counted and 

analyzed in collagen-based CFU assays.  
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Figure 16 | CFU-Cs resided behind the BBB and did not express markers of resident CNS 

macrophages. (a) Overview of the experimental procedure. B6.Iba1-GFP and B6.Cx3cr1-GFP+/- mice 

were intravenously (i.v.) injected with anti-CD45 APC antibody, following injection (Inj) scheme A or B. 

AB: antibody; t(c): circulation time; BM: bone marrow. (b) I.v. injected anti-CD45 antibody efficiently 

labeled BM-resident cells and/or circulating white blood cells depending on the injection scheme applied, 

as demonstrated by flow cytometry. WBCs: white blood cells; BM (sk): skull bone marrow. Results 

represent the means of at least two independent experiments including a total of n = 2 - 15 mice per group. 

Error bars indicate SDs. (c) Brain-derived CFU-Cs were contained within the Iba1
- (“non-macrophage”) 

fraction and were not affected by the removal of IV-CD45+ cells from brain isolates. B6.Iba1-GFP mice 
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Figure 16 (continued) were injected i.v. with anti-CD45 antibody, following scheme A (labeling 

intravascular cells) or B (labeling intravascular and BM cells) as shown in a and b. Labeling of CNS 

macrophages in the reporter strain was demonstrated by IBA1 IHC-fr of parenchymal brain sections. Scale 

bar: 50 µm. Whole brain cell suspensions were prepared from injected mice and sorted according to the 

depicted gating scheme, removing IV-CD45+ cells and splitting the remaining population into Iba1
+ 

(GFP+) and Iba1
- (GFP-). The CFU-C content in different fractions was analyzed in collagen-based CFU 

assays at day 7. Results represent the means of at least two independent experiments, including a total of 

n = 6 - 12 mice per group. Error bars indicate SDs. (d) Brain CFU-Cs mainly resided in the Cx3cr1
- 

fraction. Cx3cr1-GFP+/- mice were treated as described in c. Results represent the means of one 

experiment including n = 3 - 4 mice. Error bars indicate SDs. CFU-Cs within the Cx3cr1
+ fraction only 

gave rise to small colonies as shown in representative phase contrast images taken at day 7 of culture. 

Scale bars: 50 µm. All plots are contour plots with 5 % contour levels including outliers.  
 

In contrast to the “non-macrophage” population, Iba1
+ (GFP+) cells displayed virtually no 

clonogenic activity at day 7 of culture (Fig. 16c), which was not due to a lacking co-stimulation 

by other brain cells (Fig. S4). More importantly, removing IV-CD45+ cells did not reduce CFU-C 

frequency in the Iba1
- (GFP-) fraction, regardless of which injection scheme was applied. This 

demonstrated that neither intravascular HSPCs nor skull BM accounted for CFU-Cs in brain cell 

isolates. Accordingly, it suggested that CFU-C resided behind the continuous endothelium of the 

BBB, as they were not reached by the injected anti-CD45 antibody.  

Finally, because most research on CNS macrophage self-renewal is based on Cx3cr1 

lineage tracing98,142,145,200, the possibility of an immature Iba1
- Cx3cr1

+ clonogenic subpopulation 

of CNS macrophages was excluded. To this end, the sorting experiment was repeated with 

B6.Cx3cr1-GFP+/- reporter mice (Fig. 16d). Consistent with previous results, clonogenic activity 

was mainly contained in the Cx3cr1
- (GFP-) fraction. Although some Cx3cr1

+ (GFP+) cells gave 

rise to colonies, the latter were about 20-times less frequent and also considerably smaller than 

the ones deriving from the inverse population.  
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3.2.4  Brain-derived CFU-Cs displayed complete erythro-myeloid potential in vitro  

CFU assays can reveal the quantity, but also the quality of progenitors. This is based on the 

cell types developing within a single colony, which can be deduced from the morphology of the 

cluster. Diverse colony shapes in the collagen-based CFU assay already implied that multiple cell 

types were generated from brain-resident CFU-Cs. However, while the collagen-based assay has 

several advantages, such as easier scalability as well as the possibility of staining and fixing 

colonies for long-term storage, it is not suited for colony grading. Methylcellulose-based assays 

allow a better resolution of colony types because of their superior optical clarity. The latter was 

therefore chosen to assess the differentiation potential of brain-resident CFU-Cs.  

Within cultures of brain-derived cells, colonies of all erythro-myeloid cell types, including 

mixed colonies, were identified (Fig. 17). These comprised (but were not limited to) burst-

forming units-erythroid (BFU-E), colony-forming units-megakaryocyte (CFU-Mk), colony-

forming units-granulocyte (CFU-G), colony-forming units-macrophage (CFU-M), and colony-

forming units-granulocyte/macrophage (CFU-GM). Colony types were verified via Pappenheim 

staining of cytospins prepared from individual colonies. Consistently, macrophages positive for 

the markers IBA1, F4/80, CD11B, and PU.1 as well as Ly6G+ neutrophils and GP1Bα+ 

megakaryocytes could be differentiated from brain cells in suspension culture (Fig. S5).  
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Figure 17 | Brain-derived CFU-Cs displayed complete erythro-myeloid potential in vitro. Single cell 

suspensions were prepared from brains of adult mice and analyzed in methylcellulose-based CFU assays. 

Arising colony types were microscopically assessed at day 7 - 10 of culture and verified via Pappenheim 

staining of cytospins prepared from individual colonies. Representative phase contrast images and 

corresponding Pappenheim stainings are shown. Scale bars: 100 µm. CFU-M: colony-forming unit-

macrophage; CFU-G: colony-forming unit-granulocyte; CFU-GM: colony-forming unit-granulocyte/ 

macrophage; CFU-Mk: colony-forming unit-megakaryocyte; BFU-E: burst-forming unit-erythroid.   

 

3.2.5  Adult brain produced a unique pattern of colony types compared to BM and PB 

In a next step, the ratios of most abundant colony types that developed in methylcellulose-

based CFU assays (BFU-E, CFU-G, CFU-M, CFU-GM) were compared between brain, PB, and 

BM (Fig. 18). It was found that the CFU patterns significantly differed between these tissues. In 

detail, brain resembled PB as both tissues harbored a relatively high frequency of BFU-E 

(PB: 45 ± 12 %, brain: 34 ± 11 %) compared to BM (12 ± 3 %). Conversely, brain most 

strikingly differed from PB by its high abundance of CFU-GM (PB: 4 ± 4 %, brain: 15 ± 9 %), 

which in turn was similar to BM (14 ± 6 %). Importantly, the colony pattern of BM was 

independent of the anatomical site and did not significantly differ between femur/tibia and skull.  
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Figure 18 | Adult brain produced a unique pattern of colony types compared to BM and PB. Cell 

isolates from brain, mixed PB, and BM (skull or femur/tibia) were analyzed in methylcellulose-based 

CFU assays. At day 7 - 10 of culture, colonies were microscopically graded into different types (BFU-E, 

CFU-M, CFU-G, CFU-GM, see Figure 17). As the cumulative frequency of other colony types, such as 

CFU-Mk, was < 5 % in all tissues, the latter were not included into the analysis. Results represent the 

means of at least two independent experiments including a total of n = 4 - 10 mice. Error bars indicate 

SDs. For each mouse, every tissue was analyzed in parallel. Statistical analysis was performed using 

ordinary two-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, **** 

P < 0.0001, n.s.: non-significant. WBCs: white blood cells; BM: bone marrow; f/t: femur/tibia; sk: skull. 

 

3.2.6  Brain-derived CFU-Cs constituted a heterogeneous population displaying                

the immunophenotype of BM-resident myeloid progenitors 

After having determined the myeloid differentiation potential of brain-resident CFU-Cs, 

their immunophenotype was examined. To this end, brain-derived cells were split into various 

fractions via cell sorting, which were individually tested in subsequent collagen-based 

CFU assays. Sequential experiments demonstrated that brain-resident progenitors were 

exclusively contained within the CD45+ LIN- (CD5, TER-119, CD11B, 7-4, CD45R, GR-1) 

SCA-1- c-KIT+ population (Fig. 19a), which also defines MyPs in the adult BM16.  
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Figure 19 | Brain-derived CFU-Cs constituted a heterogeneous population and displayed the same 

immunophenotype as BM-resident myeloid progenitors. (a) Brain-derived CFU-Cs were exclusively 

contained within the CD45+ LIN- SCA-1- c-KIT+ (CD45+ KLS-) population. Brain homogenates from 

adult mice were successively sorted into various cell fractions and their CFU-C content was analyzed in 

collagen-based CFU assays at day 7 - 14 of culture. Shown are the absolute number of colonies that 

developed within the CD45+ KLS- fraction (or parts of the complete phenotype) versus the cumulative 

number of colonies found in inverse populations. Results represent the means of three independent 

experiments. Error bars indicate SDs. (b) Gating strategy to sort CD45+/lo LIN- SCA-1- IL7Rα- c-KIT+ 

MyPs from brain or BM isolates (representative plots of brain cells are depicted), which were further 

divided into FcγR+ CD34+ granulocyte/macrophage progenitors (GMP), FcγR- CD34+ common myeloid 

progenitors (CMP) and FcγR- CD34- megakaryocyte/erythrocyte progenitors (MEP). Depicted plots are 

contour plots with 5 % contour levels including outliers. Full gating included upstream steps to exclude 

debris and to select single cells based on FSC/SSC characteristics. If applicable, gating was guided by 

isotype and FMO controls. (c, d) Sorted MyP fractions from brain and BM showed comparable in vitro 
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Figure 19 (continued) potential. Brain and BM cells were sorted into the GMP, CMP, and MEP 

phenotypes as described in b and corresponding CFU types were analyzed in methylcellulose-based CFU 

assays at day 7. (c) Representative phase contrast images of CFU assays conducted with the different MyP 

fractions from brain and BM. E: erythroid; Mk: megakaryocyte; G: granulocyte; M: macrophage; E/mix: 

mixed erythroid (including at least an erythroid component plus megakaryocytes, macrophages, or 

granulocytes); GM: granulocyte/macrophage. Scale bars: 250 µm. (d) Ratio of CFU types within the 

different MyP fractions sorted from BM and brain. Sorting into GMPs, CMPs, and MEPs was performed 

once.  

 

In a next step, brain-resident CFU-Cs were identified via the MyP surface phenotype 

(CD45+/lo LIN- IL7Rα- SCA-1- c-KIT+) and further split into the phenotypes of CMPs, MEPs, and 

GMPs based on the differential expression of Fcγ receptor (FcγR) and CD3416 (Fig. 19b). Sorted 

cells were analyzed in methylcellulose-based CFU assays. The resulting colony-patterns were 

compared to a positive control from BM. As expected, BM-derived MEPs gave rise to erythroid 

colonies including BFU-E, CFU-Mk, and CFU-E/mix, while GMPs produced CFU-M, CFU-G, 

and CFU-GM (Fig. 19c and d). CMPs exhibited clonogenic potential that comprised both 

myeloid branches. Also, average colony size was larger than in the other two progenitor fractions, 

in accordance with the less committed phenotype of CMPs (Fig. S6). Importantly, brain-derived 

progenitors behaved similarly when split into CMP, MEP, and GMP fractions. They therefore 

constituted a heterogeneous cell population that resembled BM-resident MyPs in immuno-

phenotype and associated potential.   
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3.2.7  Brain-derived hematopoietic colonies had a history of Flt3 expression 

During the embryonal period, YS-derived EMPs and their progeny invade the developing 

brain to establish the microglia pool26,101,102. Some of these progenitors might quiescently persist 

into early adulthood and give rise to colonies in CFU assays. To elaborate the origin of brain-

resident progenitors, the Flt3
Cre x Rosa26

mT/mG
 model was used, which stably labels fetal and 

adult HSC-derived MPPs and their progeny via a switch from tomato to GFP expression27,201,202 

(Fig. 20a). To this end, single cell suspensions were prepared from PB, skull BM, and brains of 

adult Flt3
Cre x Rosa26

mT/mG mice.  

Flow cytometric analysis demonstrated the functionality of the model, as about 90 % of 

CD45+ cells in PB and skull BM were Flt3
Cre GFP+ (Fig. 20b). In brain, HSC-derived 

lymphocytes (CD45hi, CD11B- cells) thus could be clearly distinguished from YS-derived 

microglia (CD45lo CD11B+ cells), which remained tomato+. Cells from skull BM and brain were 

analyzed in collagen-based CFU assays and colonies were assessed for tomato and GFP 

fluorescence (Fig. 20c).  

In accordance with the flow cytometry data, 86 ± 10 % of BM-derived colonies were GFP+. 

The proportion of GFP+ colonies was slightly decreased when analyzing brain cells, but the 

majority was still Flt3
Cre GFP+ (68 ± 8 %). Thus, even if it cannot be excluded that some Flt3-

independent progenitors persisted in the brains of adult mice, most brain-derived cell colonies 

showed a history of Flt3 expression, pointing to descendance from fetal or adult HSCs.   
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Figure 20 | Brain-derived hematopoietic colonies had a history of Flt3 expression. (a) Principle of 

tracing Flt3
+ cell progeny in Flt3

Cre x Rosa26
mT/mG mice. Every cell is labeled by ubiquitously expressed 

tomato. As cells activate the Flt3 promoter, the tomato gene gets excised by Cre recombinase, enabling 

stable expression of a downstream GFP gene202. pCA: chicken β-actin promoter; mT: membrane-targeted 

tomato; mG: membrane-targeted GFP; pA: polyadenylation sequence. (b) The Flt3
Cre model distinguishes 

between different cell ontogenies. Single cell suspensions were prepared from BM, PB, and brains of adult 

Flt3
Cre x Rosa26

mT/mG mice and analyzed by flow cytometry. BM and PB cells were pre-gated on CD45+ 

hematopoietic cells. HSC-derived cells in PB, BM and brain were predominantly Flt3
Cre GFP+, while 

CD45lo CD11B+ microglia that descend from the YS remained tomato+. The depicted FACS plot is a 

contour plot with 5 % contour levels including outliers. Each colored dot of the ratio dot plot represents 

1 % of cells. DP: double positive; N/tomato: negative or tomato-positive; BM (sk): skull bone marrow; 

WBCs: white blood cells; PB: peripheral blood. Results represent the means of two independent 

experiments including a total of n = 4 mice. Error bars indicate SDs. (c) Hematopoietic colonies that 

derived from the BM and brain of Flt3
Cre x Rosa26

mT/mG mice were mostly GFP+. Single cell suspensions 

were prepared from skull BM and brains of Flt3
Cre x Rosa26

mT/mG mice and analyzed in collagen-based 

CFU assays. Tissues from each mouse were always analyzed in parallel. Tomato and GFP fluorescence of 

colonies was examined at day 7 of culture. Results represent the means of two independent experiments 

including a total of n = 4 mice. Error bars indicate SDs. Statistical analysis was performed using a paired 

Student’s t test. *P < 0.05. Scale bars: 250 µm.  



Results 
 

56 
 

3.3  No evidence for progenitor contribution during forced CNS macrophage 
repopulation in vivo 

3.3.1  CNS macrophages rapidly repopulated the brain after transient PLX5622 treatment  

In order to test the contribution of brain-resident MyPs to the CNS macrophage pool, 

forced repopulation of microglia/macrophages was studied in vivo. To this end, macrophages 

were depleted from the brains of living mice using the CSF-1R inhibitor PLX5622, as described 

earlier. It has been shown that CNS macrophages rapidly repopulate the brain upon inhibitor 

withdrawal154,203,204. To determine the kinetics of this process, female C57BL/6 mice at the age of 

6 weeks were fed with 1200 mg PLX5622 (kg chow)-1 for 7 days to deplete CNS macrophages, 

before switching to standard chow to induce their repopulation. Mice were sacrificed after 

depletion or during the recovery period at days 1, 2, 3, 7, and 14 after drug withdrawal. 

Eventually, the density of IBA1+ microglia/macrophages was analyzed in the neocortical region 

of sagittal brain slices (Fig. 21a).  

In accordance with previous results, PLX5622-treatment reduced IBA1+ cells in the brain 

by ~90 % (Fig. 21b and Fig. S7a). One day after inhibitor withdrawal, the density of CNS 

macrophages remained unchanged. Yet the surviving cells started displaying an activated 

morphology with thickened cell processes and elevated IBA1-immunoreactivity (Fig. 21a). 

Activation of repopulating cells was also evident from CD45 upregulation and increased cell size 

(Fig. S7b and c). Expansion of IBA1+ cell numbers was already noticeable at day 2 of recovery. 

One day later, microglia/ macrophage density had almost reached its original value. At day 7 of 

recovery, IBA1+ cells were about twice as abundant as in control samples, before they returned to 

normal levels at day 14.  
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Figure 21 | CNS macrophages rapidly repopulated the brain after transient PLX5622 treatment. 

(a) Representative fields of view (FOV) within the neocortical region, taken from IBA1-immunostained 

sagittal brain sections of mice that had been fed with 1200 mg PLX5622 (kg chow)-1 for 7 days (depletion) 

or had been allowed to recover (recov.) for 1 - 14 days following withdrawal of the drug. Scale bars: 

100 µm. (b) IBA1+ cell densities in the neocortex during the experiment described in a. For each mouse, 

2 x 3 FOVs were analyzed within the neocortical region of two 10 µm sagittal brain slices with a spacing 
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Figure 21 (continued) of 30 µm. Results represent the means of one experiment including n = 4 - 6 mice 

per group/time point. Error bars indicate SDs. (c) The spatial pattern of early CNS macrophage 

repopulation appeared heterogeneous, but seemed to correlate with varying regional microglia/ 

macrophage densities under homeostatic conditions. Whole sagittal brain sections are shown, which 

derived from the same experiment described in a. IBA1+ cells were manually selected in ImageJ using the 

multi-point tool. Eventually, dots were extracted from the image and projected onto a drawing of the 

respective section. Images are representative of n = 5 - 10 mice per group/time point and two independent 

experiments.  

When studying whole sagittal brain sections during the early repopulation period (days 

1 - 3 after drug withdrawal), CNS macrophage recovery did not appear to originate from concise 

proliferative niches such as the meninges (Fig. 21c). Still, the spatial distribution of repopulating 

cells at day 2 and 3 seemed heterogeneous and apparently reproduced regional differences in 

homeostatic brain macrophage density. Interestingly, clusters of multiple IBA1+ repopulating 

cells (with merging cell borders) were not encountered during the observation period. Instead, 

CNS macrophages were loosely scattered, although in varying regional concentrations.  

In a second, independent experiment, mRNA levels of Cx3cr1 and Transmembrane 

protein 119 (Tmem119) were quantified in the brain during the repopulation period (Fig. 22a). 

Cx3cr1 is strongly expressed in all CNS macrophages98,205, while Tmem119 has been shown to 

specifically mark mature microglia206. The experiment largely confirmed the kinetics determined 

by IHC-P, as global Cx3cr1 mRNA levels showed a strong reduction following PLX5622-

treatment, rapid rebound after drug withdrawal, overshoot, and eventually returned to original 

expression at day 14 of recovery. However, repopulation seemed to proceed more slowly in this 

experiment, as Cx3cr1 mRNA expression only reached about 50 % of control levels on day 3 of 

recovery. This was not due to a lack of correlation between global Cx3cr1 mRNA expression and 

CNS macrophage density or regional differences in repopulation, as correspondingly lower 

numbers of IBA1+ cells were confirmed via IHC-P (Fig. S8).  
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Compared to Cx3cr1, Tmem119 mRNA expression recovered more slowly in the brain and 

did not return to control levels even 14 days after PLX5622 withdrawal. This might be due to the 

downregulation of Tmem119 upon cell activation206, which would be consistent with CNS 

macrophages still showing a slightly more activated morphology including increased IBA1-

immunoreactivitiy at the day 14 time point (Fig. 21a). Nevertheless, the slowly recovering 

Tmem119 mRNA levels were in support of recently published studies demonstrating that forced 

microglia repopulation occurs independently of infiltrating monocytes145,159, as the latter have 

been shown to not acquire microglia signature genes such as Tmem119 upon CNS 

engraftment139–142. Likewise, Ccr2 mRNA levels were not elevated in the brain during 

repopulation (Fig. 22b) and the fraction of Ly6C+ myeloid cells in the CNS remained unchanged 

(Fig. S7d). This further argued against an invasion of CCR2+ Ly6C+ inflammatory monocytes, 

even though peripheral monocytes recovered more quickly after PLX5622 withdrawal and were 

up to 4 times more abundant in PB during the early recovery period (Fig. S9).  

 

 

 

Figure 22 | Characterization of forced CNS macrophage repopulation via RT-qPCR. (a) Cx3cr1 

mRNA expression dropped to 10 % of control levels in the brain following treatment with PLX5622, but 

returned to homeostatic levels within 14 days after drug withdrawal. The microglia signature gene 

Tmem119 showed a slower course of recovery. Mice were sacrificed directly after treatment with 
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Figure 22 (continued) 1200 mg PLX5622 (kg chow)-1 for 7 days (depletion) or during the recovery 

(recov.) period at days 3, 7, and 14 following withdrawal of the drug. Gene expression was measured by 

quantitative RT-PCR in lysates of one brain hemisphere, relative to the housekeeping gene Gapdh. 

(b) Ccr2 mRNA did not increase in the brain during forced CNS macrophage repopulation, arguing 

against an invasion of CCR2+ inflammatory monocytes. Mice were treated and analyzed as described in a. 

Results represent the means of one experiment including n = 3 - 4 mice per group/time point. Error bars 

indicate SDs. 

 

3.3.2  The frequency of CFU-Cs in the brain was unaltered during PLX5622-mediated 

CNS macrophage depletion and early recovery 

In an approach to examine the contribution of brain-resident MyPs to CNS macrophages, 

clonogenic activity in the brain was analyzed during forced repopulation. It was hypothesized 

that the elimination of brain macrophages should constitute an activating stimulus that might 

induce transient expansion of a contributing progenitor pool in order to fuel the rapid recovery to 

homeostatic cell numbers. To this end, female C57BL/6 mice at the age of 10 - 13 weeks were 

fed with 1200 mg PLX5622 (kg chow)-1 for 7 days to deplete CNS macrophages, before 

changing the food to normal chow to induce their repopulation (Fig. 23a). Mice were sacrificed 

after PLX5622 treatment or during the early recovery period (days 1 - 3), as progenitor expansion 

was assumed to take place before significant increase of mature microglia/macrophages, which 

were shown to return to normal numbers already at day 3 after drug withdrawal. Clonogenic 

activity in brain cell isolates was quantified via collagen-based CFU assays.  

Right after PLX5622 treatment as well as at day 1 of recovery, CFU-C frequencies were 

within range of control values (control: 5.1 ± 3.4 per 105 cells; depletion: 3.9 ± 3.4 per 105 cells; 

d1 of recovery: 5.5 ± 0.5 per 105 cells) (Fig. 23b). At day 2, the CFU-C frequency appeared to 

increase (9.4 ± 7.9 per 105 cells), before returning to control levels at day 3 (4.3 ± 2.1 per 105 

cells). However, the increase at day 2 was mainly owed to a single outlier value. Its removal 
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would have lowered the mean CFU-C frequency to 6.8 ± 4.2 per 105 cells. In general, no 

statistically significant difference was detected between the recovery time points and the control 

group. Same was true for CFU-Cs in PB, which were assessed simultaneously as a control.  

 

 

Figure 23 | CFU-C frequency in the brain and PB was unaltered during PLX5622-mediated CNS 

macrophage depletion and early recovery. (a) Overview of the experimental setting. Mice were fed 

with 1200 mg PLX5622 (kg chow)-1 for 7 days (depletion) and analyzed 1, 2, and 3 days following 

withdrawal of the drug (recovery). Mixed PB and brain were examined in collagen-based CFU assays. 

(b) CFU-C frequencies in brain and mixed PB during the experiment described in a. Results represent the 

means of up to three independent experiments including a total of n = 3 - 7 mice per group/time point. 

Error bars indicate SDs. Statistical analysis was performed using ordinary one-way ANOVA with 

Dunnett’s multiple comparisons test. n.s.: non-significant.  
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4  Discussion 

4.1  No evidence for special macrophage progenitors in the circle of Willis  

4.1.1  What information does phenotypic analysis of the vessel wall provide?  

In this study, the presence of AMPCs within the CNS was examined by marker analysis 

in situ as well as in an ex vivo culture assay, focusing on the CW as an exemplary CNS-

associated vascular structure. In paraffin sections, no CD45+ SCA-1+ cells, which have been 

described as the most robust minimal phenotype of AMPCs59,175, were detected within the CW’s 

adventitia. One could argue that this may result from insufficient sensitivity of the analysis, as 

IHC-P suffers from diminished antigenicity due to fixation and paraffin embedding as well as a 

relatively low number of analyzable cells per section. In their own studies, Psaltis et al. described 

AMPCs mainly by flow cytometry, which does not have these disadvantages, but lacks 

histological information59,175. However, adventitial CD45+ SCA-1+ cells were also demonstrated 

in histologic sections of the aorta59, which could be reproduced in own experiments via the same 

IHC-P protocol. Flow cytometric analysis of the CW was not pursued, as enzymatic digestion of 

the small vascular structure resulted in an insufficient quantity of cells, even after pooling the 

CWs of up to 10 mice.   

Generally, one would expect to encounter committed AMPCs in some histological sections, 

if they were a biologically relevant component of the vessel wall. However, it has to be taken into 

account that the progenitors might deviate from the suggested CD45+ SCA-1+ phenotype, which 

has not been confirmed in independent studies yet.  

In conjunction with the lack of AMPC-like cells, histological analysis clearly demonstrated 

a difference between the outer vascular layer of the aorta and the fine adventitia of the CW, 
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which showed no or much lower expression of SCA-1. Yet it stained positive for other markers 

associated with the adventitial “vasculogenic zone” such as FLK-1 and CD34207. 

4.1.2  What can we learn from ex vivo vessel culture?  

Immunological markers can be acknowledged as a first indication for the presence or 

absence of progenitors. However, only the functional capacity for extensive proliferation and 

differentiation unequivocally defines a precursor population. Therefore, the ex vivo culture of 

CW vessel fragments was established to study possible AMPC activity. The CWFA has several 

strengths and weaknesses, which are summarized in Tab. 1. One disadvantage is the presence of 

around 100 mature macrophages per explanted fragment. The latter bear the capacity for cell 

division and can therefore account for the expansion of CD11B+ macrophage-like cells, which 

was observed in response to stimulation with myeloid growth factors (CSF-1, IL-34, GM-CSF) 

under hypoxic conditions. Hence, macrophage-depleted vessels were analyzed in the CWFA to 

separate possible progenitor activity from macrophage proliferation.  

Two different depletion regimens were used. Pre-treatment of mice with the CSF-1R 

inhibitor PLX5622 strongly reduced the macrophage content in dissected vessels to about 

10 - 20 %, while macrophages were completely eliminated after incubation with mannosylated 

clodronate liposomes. Under the assumption that progenitors are responsible for the majority of 

macrophage expansion in culture, the number of macrophages at day 7 should strongly depend on 

the number of progenitors per vessel fragment, which is supposedly constant, but should be more 

or less independent of the number of mature macrophages at day 0. However, macrophage output 

at day 7 was proportional to mature cell input at the start of the culture. Under the additional 

assumption that the depletion regimens affected only differentiated cells, but not possible 

progenitors, the observed expansion of CD11B+ macrophage-like cells should be the sole result 
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of mature cell division. This was underscored by the complete abolishment of macrophage 

expansion following clodronate liposome treatment. As the depleting effect of clodronate 

liposomes relies on efficient phagocytosis, a functional property that is predominantly assigned to 

differentiated cells, it is unlikely that the treatment would have also affected putative AMPCs. 

Likewise, AMPCs should at least be independent of CSF-1 signaling, because they were not 

reduced in op/op mice175. However, as the CSF-1R also mediates IL-34 signaling208, a possible 

effect of PLX5622 on AMPCs cannot be completely excluded.   

Table 1 | The strengths and weaknesses of the CWFA.  

Strengths Weaknesses 

Vascular niche remains intact Artificial ex vivo condition 

All vascular cells are screened  
for progenitor activity in parallel 

Alternative sources of macrophage expansion 
such as mature cells have to be excluded 

Progenitor activity is tested independently                     
of candidate markers 

It is difficult to separate vessels from meninges  
via manual dissection 

Almost no loss of cells. Therefore low cell 
quantities can be analyzed 

Low yield of fragments (5 - 6) per mouse plus 
50 % failure rate in culture 

 

But could mature cells actually be the only source of the extensive cellular expansion, 

which was observed in the CWFA? Macrophage quantity increased about 20-fold within 7 days 

of culture, which would require that every single cell underwent 4 - 5 divisions. The average 

duration of one cell cycle would therefore be around 36 h. This falls within the range of cell cycle 

lengths, which have been estimated for macrophages (20-40 h depending on maturation stage)209, 

as well as homeostatic (32 h)107 or reactive microglia (40 h)114.  

Psaltis and co-workers tested aortic disaggregates in CFU assays and found around 

15 CFU-M per 105 cells, which they attributed to AMPCs. They calculated that the aorta of a 

12 weeks old mouse should harbor around 200 - 300 of these cells175, which would correspond to 
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8 - 12 progenitors per mm vessel lengths (of a 25 mm aorta). However, the adventitial surface 

decreases substantially in conjunction with a decline of the vessel diameter. If AMPC abundance 

dropped accordingly, few cells would be expected to reside in 2 - 3 mm CW fragments. In fact, 

the prevalence of AMPCs was found to display spatial heterogeneity, being higher in aorta than 

in the femoral or carotid arteries59. It is therefore conceivable that the CW, which is even more 

distant from the aorta, contains only few to no AMPCs. This would conform to the thin SCA-1- 

adventitia of the CW, which might not comprise a functional niche for progenitors anymore.  

Of course, the experimental setup cannot fully exclude the presence of AMPCs in the CW. 

In the described CWFA protocol, several growth factors were included, which are known to 

stimulate myeloid progenitors210 and are involved in microglia/macrophage homeostasis (mainly 

GM-CSF, CSF-1, and IL-34)211–214. Additionally, vessels were subjected to hypoxic conditions, 

which have been suggested to induce the differentiation of pericytes into microglia-like 

cells150,151. Yet AMPC activity might require different stimuli. The adventitial precursors were 

further classified as “late outgrowth progenitors” by Psaltis et al., as corresponding colonies 

appeared only after 10 - 14 days of culture in CFU assays59. A similar lag in colony-formation 

has been described for macrophage-restricted progenitors in thymus and lymph nodes215. 

However, vessel culture was stopped already after 7 days, as the prominent expansion of 

macrophages in control samples often led to degradation of the collagen matrix shortly after this 

time point. It is important to note that in the phenotyping experiments described under 3.2.6, 

brain-derived CD45+ SCA-1+ “AMPC-like” cells were cultured in collagen-based CFU assays, 

which include additional growth factors (e.g. SCF, IL-3, TPO), for up to 14 days, but still failed 

to form colonies. Nevertheless, it might be interesting to repeat the CWFA with macrophage-

depleted vessels under the conditions of a CFU assay and with prolonged culture periods. The 

latter would further reduce the probability that AMPCs were just overlooked.  
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4.1.3  Could brain-derived CFU-Cs represent AMPCs?  

Several lines of evidence contradict the idea that CFU-Cs, which were detected in whole 

brain homogenates, represent in fact AMPCs. First, brain-resident progenitors were exclusively 

contained within the SCA-1- fraction, while AMPCs were defined as SCA-1-positive59,175. 

Second, AMPCs were described as “late outgrowth” progenitors60, whereas brain-derived 

CFU-Cs produced large colonies already within 7 days of culture. Lastly, AMPCs were found to 

be committed macrophage precursors, as they were almost exclusively classified as CFU-M in 

CFU assays59,175. However, only about 25 % of colonies that arose from brain CFU-Cs were of 

pure macrophage identity, while the rest adopted other, including mixed, myeloid fates. Brain-

resident CFU-Cs therefore resembled normal MyPs, which was corroborated by the presence of 

CMP, GMP, and MEP subfractions. MyPs were also described in the aorta by Psaltis et al., but 

were clearly separated from AMPCs59.   
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4.2  Myeloid progenitors within the adult mouse brain  

4.2.1  Do myeloid progenitors actually reside inside the brain?  

In this study, rare CFU-Cs were detected in brain homogenates from adult mice, confirming 

previous reports about hematopoietic potential in cerebral cell isolations183–185. Due to the crude 

character of cell preparation, it is important to determine whether the cells actually reside inside 

the CNS tissue, or constitute a contamination by other sources, such as the circulating blood. In 

earlier studies, this issue has mostly been neglected or only addressed with the statement that 

CFUs were less frequent in PB than in the brain184. However, the frequency of circulating HSPCs 

follows a circadian rhythm44 and the cellular composition of the blood varies depending on the 

sampling location216,217. Therefore, this comparison is error-prone, especially as the occurrence of 

CFU-Cs was relatively similar in PB and brain. More importantly, skull BM has never been taken 

into account as a possible contaminating source. Yet one can easily imagine that BM cells might 

leak onto the brain during surgical opening of the cranium. Due to the high progenitor content, a 

spill of ~104 BM cells would suffice to explain the CFU-C frequencies within brain cell 

suspensions. The enrichment of CFU-Cs at the brain surface could even be interpreted as a sign 

for such contamination.  

However, extraction of CNS tissue through the foramen magnum did not reduce CFU-C 

incidence in brain homogenates, indicating that the latter did not depend on extensive damage to 

the skull. Moreover, progenitors in the brain showed a differentiation bias towards the erythroid 

lineage in vitro, while skull BM rarely gave rise to erythroid colonies under the same conditions. 

The erythroid tendency, though, was reminiscent of circulating HSPCs, while the overall colony 

pattern significantly differed in both tissues. Taking into account the average frequency of 

circulating HSPCs in PB (4 ± 3 CFU-Cs per 105 nucleated cells) as well as the mean residual 
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leukocyte count in brain tissue following perfusion (2.3 ± 1 % IV-CD45+ cells among ~1 x 106 

total cells), intravascular CFU-Cs should only account for around 0.1 colonies per 105 brain-

derived cells, assuming that HSPCs are not enriched in CNS-perfusing blood. Moreover, 

intravascular cells naturally are most accessible to intravenously injected anti-CD45 antibody, but 

the removal of IV-CD45+ cells did not impact CFU-C frequency among brain cells. By adapting 

the injection protocol, the IgG efficiently penetrated through the fenestrated sinusoidal blood 

vessels of skull BM, where it stained resident HSPCs. Also in these experiments, IV-CD45- cells 

from the brain contained similar frequencies of colony-forming cells. Importantly, phenotyping 

analysis clearly demonstrated that brain-derived CFU-Cs in principal were recognized by the 

same anti-CD45 antibody. Hence, the IgG’s inability to reach and stain brain CFU-Cs after 

intravenous injection illustrated their residence behind the tight junctions of the continuous CNS 

blood vessel endothelium. Taken together, these data provide the strongest evidence yet that 

brain-derived CFU-Cs are actually located inside brain tissue. 

4.2.2  How well can we determine the abundancy of brain-resident progenitors? 

The incidence of brain-derived CFU-Cs was found to be 7 ± 4 per 105 cells, leading to an 

estimated total number of 40-70 progenitors per cell preparation. This frequency is comparable to 

previous studies (Tab. 2), while being the lowest of published progenitor occurrences. It should 

be noted that in this study, the number of colonies was counted already 7 days after plating, 

which predominantly detected primitive progenitors with large burst size. Therefore the data do 

not account for the presence of late outgrowth progenitors (colony-formation > day 10)215, which 

might further increase the frequency of cerebral CFU-Cs. Interestingly, Alliot et al. estimated a 

much higher absolute number of brain-resident progenitors (~10,000 per mouse), as the 

investigators stated to recover around 80-times more total cells per brain185. It is important to note 
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that this study used relatively young mice (> 4 weeks), which is known to increase cellular yield 

from the CNS, but probably does not reflect the true adult situation.  

Generally, the frequency of brain-resident CFU-Cs is expected to vary based on the 

protocol of cell isolation, method for progenitor detection, as well as age and genetic background 

of the animal. Taking this into account, it is rather surprising that multiple studies, which differed 

significantly in these aspects, reported a relatively narrow range of progenitor incidences 

(Tab. 2). It can be speculated that the method of tissue dissociation might have a major impact on 

progenitor yield, as Perry F. Bartlett and Alliot et al. reported higher frequencies after digestion 

with trypsin/EDTA184,185, while Asakura et al. described an incidence comparable to own 

findings based on a similar digestion with collagenase/dispase183. In the presented study, the 

latter was still preferred, as trypsin would have also degraded injected antibodies218. In order to 

also ensure disintegration of collagen-rich vessels, a relatively harsh digestion was performed 

(60 min incubation with intermittent trituration). However, it is known that HSPCs are easily 

affected by such manipulations. Intensive digestions, long processing times, and stress during cell 

sorting are likely to evoke that the progenitor frequency is underestimated. It will therefore be 

important to further optimize cell isolation and processing in order to determine the actual 

frequency of brain-resident MyPs and to obtain higher cell quantities for more detailed analyses.  
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Table 2 | Studies describing hematopoietic progenitors in the adult mouse brain.  

Progenitors 
per 105 cells 

(mean) 
Assay Mouse strain 

Age 
[weeks] 

Digestion Reference 

14 Spleen CFU assay 
(d9) 

CBA/CaHWehi 8 - 10 Trypsin/EDTA Bartlett184 

12* 
In vitro limiting 
dilution assay C57BL/6 > 4 Trypsin/EDTA 

Alliot        
et al.185 

9  
Culture CFU assay 

(d14) 
Balb/c 4 - 8 

Collagenase 
/dispase 

Asakura    
et al.183 

7  Culture CFU assay 
(d7) 

C57BL/6 10 - 14 Collagenase 
/dispase 

Own results 

 
* Mean frequency within the whole brain was calculated from regional data. 
 

4.2.3  Where are progenitors located inside the brain?  

Although clonogenic cells have been observed in the adult mouse brain before, little is 

known about their exact location. Alliot et al. found a relatively high frequency of progenitors in 

forebrain and brainstem (~13-14 per 105 cells), while they were less abundant in the cerebellum 

(~3 per 105 cells)185, which in principle conforms with own results. However, the investigators 

stated to have carefully removed the meninges before dissociation of the tissue185. Conversely, 

own fractionation experiments demonstrated that CFU-Cs were enriched at the surface of the 

brain, pointing to a leptomeningeal localization. The dura mater is unlikely to harbor the 

observed clonogenic cells, as i.v. injected antibodies are expected to also penetrate through the 

fenestrated endothelium of dural blood vessels219 and stain resident CD45+ cells, which would 

thus have been removed in sorting experiments. The data do not confirm resident progenitors 

inside the choroid plexus, which have been reported in rats186. Also, CFU-Cs were almost 

undetectable in neurogenic zones, arguing against transdifferentiation of neural stem cells, which 

might occur under experimental conditions180,182. It is still conceivable that the detected 
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progenitors reside at meningeal vessels. As antibody diffusion is blocked at the tight junctions of 

continuous endothelium, also progenitors within the vessel wall would not have been eliminated 

by the IV-CD45-based sorting strategy.  

With regard to recent high-dimensional mass and fluorescence cytometry studies that 

demonstrated a much broader spectrum of immune cells in the healthy CNS than previously 

thought220,221, it can be speculated that brain-resident MyPs might be intermingled with these 

immune populations, which were also most prominent in the meninges221. Intriguingly, in the 

context of these exhaustive analyses, Korin et al. even detected a cohort of CD45lo “undefined 

cells” in the brain, which lacked myeloid differentiation markers, but partly expressed CXCR4221, 

an important chemokine receptor on HSPCs39.  

4.2.4  What is the origin of brain-resident progenitors? 

When Alliot et al. observed rapidly proliferating cells in brain cell cultures almost 30 years 

ago, they termed them “microglia progenitors”, as their experimental approach specifically 

examined cells that differentiated into a macrophage-like phenotype in response to CSF-1 

stimulation185. They also suggested the progenitors to originally derive from the YS and to persist 

into adulthood102. Since then, knowledge on microglia development and maintenance has 

expanded considerably. While the YS origin of microglia has been confirmed, terminally 

differentiated microglia as well as other macrophage populations inside the CNS have been 

shown to self-renew independently of infiltrating or resident progenitors75,145.  

Still, the persistence of YS-derived precursors inside the brain, from which microglia 

descent during embryonal development26,27, was not excluded, especially as the erythroid-tended 

colony pattern of brain CFU-Cs was reminiscent of EMPs29,222. Microglia progenitors have been 

observed to enter the brain rudiment mainly via the lateral ventricles as well as the meningeal 
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surface95. It is therefore imaginable that some of these precursors seed meningeal niches during 

this process where they are maintained into adulthood. However, this would require either 

dormancy or the potential for self-renewal. Interestingly, it has been shown that the E9 YS 

already contains HSC-like cells that cannot engraft into adult BM niches yet, but show long-term 

multilineage reconstitution upon transfer into myeloablated newborns223,224. These immature 

HSCs would be available for engraftment of the developing brain concomitant to microglia 

invasion around E9.5-1020,101,102. It is equally conceivable that the rare brain-resident CFU-Cs 

might just be remnants of brain-colonizing YS progenitors, which persist in a quiescent state 

in vivo and are gradually lost during adulthood.  

CFU-Cs in the adult brain displayed the MyP phenotype CD45lo LIN- c-KIT+ SCA-1-, 

which overlaps with embryonal EMPs16,29. However, EMPs have been shown to homogenously 

express FcγR (also known as CD16/32), while still producing all erythro-myeloid cell types29. On 

the contrary, MyPs in the adult brain constituted a heterogeneous population of CMPs (FcγR-, 

CD34+), MEPs (FcγR-, CD34-), and GMPs (FcγR+, CD34+) that - like their HSC-derived 

counterparts in the adult BM - showed restricted potential in CFU assays. To exclude that 

persisting EMPs merely had changed their surface marker expression, brain CFU-Cs were 

analyzed in the Flt3
Cre x Rosa26

mT/mG strain, which stably labels HSC-derived MPPs and their 

progeny27,201. YS-derived EMPs as well as EMP-derived cells do not express Flt3 and are 

therefore not tagged in this model27,29. Yet the majority of colonies that developed from brain cell 

suspensions of Flt3
Cre x Rosa26

mT/mG mice had a history of Flt3 expression. It can therefore be 

concluded that these cells descent from fetal or adult HSCs, but not from YS EMPs.  

The similarity between progenitors in the brain and MyPs in the BM raises the question 

whether there is constant cellular exchange between these locations, as it has been shown for 

other organs41. Although brain-derived MyPs were not intravascular at the time of cell isolation, 
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their erythroid-tended in vitro potential (reminiscent of circulating HSPCs) may suggest a supply 

by trafficking progenitors. However, in contrast to other organs such as the liver, no marked 

progenitor exchange between PB and brain has been observed within 14 days of parabiosis41, 

indicating at least a slow turnover of brain-resident progenitors. This matches own findings about 

the overall different progenitor composition in brain and PB, which contradicts an instantaneous 

and complete harmonization of both compartments.  

Experiments with anemic white spotting Wf/Wf mice further have shown that hematopoietic 

deficiency in the BM was not reflected in the brain, which was interpreted as lack of 

interconnection between these tissues via trafficking HSPCs184. Wf/Wf mice bear a mutation in the 

receptor tyrosine kinase c-KIT225, which was also detected on brain-resident MyPs. The c-KIT 

receptor mediates SCF signaling, an important niche factor for HSPCs in the BM4. It has to be 

taken into account that travelling HSPCs might not depend as much on c-KIT signaling as 

resident progenitors in the BM or that extramedullary niches such as the brain might contain 

other factors that could compensate for c-KIT deficiency. Therefore, a missing effect on brain-

resident MyPs in c-Kit-mutants does not necessarily falsify exchange between BM and brain.  

Still it is tempting to speculate about the presence of self-renewing HSCs inside the CNS, 

as it has already been done by Perry F. Bartlett184. The spleen colony-forming assays he 

performed with brain homogenates actually had the potential to provide first evidence for such 

cells184. In this assay, single cell suspensions are injected intravenously into irradiated mice, 

where some of them give rise to macroscopically discriminable nodules in the spleen226. It has 

been shown that spleen colonies that are present at day 7 - 8 after transplantation (CFU-Sd7-8) 

derive mostly from committed progenitors178,227, while CFU-Sd10-12
 indicate ST-HSCs17,227. 

Unfortunately, the author analyzed brain-derived splenic colonies at day 9 after transplantation, 

which leaves progenitor identity ambiguous184.  
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Yet it is not unthinkable that HSCs might be seeded in the CNS behind the BBB, may it be 

transiently or permanently. For instance, HSCs have been demonstrated to independently emerge 

from hemogenic endothelium within the embryonic head at around E10.5 in addition to the AGM 

regions228. They also seem to be preferentially recruited to the brain upon BM transplantation as 

compared to late hematopoietic progenitors136. Whether significant amounts of LT-HSCs are 

actually present in the adult brain under steady-state conditions will have to be analyzed in serial 

transplantation experiments.  

4.2.5  What might be the relevance of myeloid progenitors inside the brain? 

Brain-resident progenitors were capable of producing all erythro-myeloid cell types 

in vitro, while their colony-pattern significantly differed from BM and PB, suggesting a tissue-

specific composition of cells. It remains unknown whether there is also lymphoid potential inside 

the CNS, as the latter goes undetected in the employed CFU assays. Compared to BM-resident 

progenitors, brain-derived MyPs displayed a strong tendency towards the erythroid lineage, 

which is consistent with previous reports184. While this finding is useful to discriminate 

progenitor populations, it is important to note that in vitro potential does not necessarily correlate 

with actual differentiation in the living animal37, as required factors, which are abundant in the 

artificial environment, might not be encountered in the in vivo situation. In order to elucidate 

actual differentiation pathways in vivo, specific lineage tracing models would have to be 

employed.  

It is questionable whether brain-resident MyPs would ever produce erythrocytes within the 

CNS. However, they might locally supply e.g. granulocytes, macrophages, and dendritic cells in 

the steady-state and/or during injury/inflammation, without the need for BBB passage. 

Intriguingly, HSPCs have been shown to be active players in immunologic processes. They sense 
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pathogens via Toll-like receptors41,67 and react with proliferation, differentiation41,67 and 

extensive cytokine production72,229. It is therefore conceivable that MyPs exert a surveillance 

function in the brain, as it has been postulated for other organs41. Due to high proliferative 

capacity, even a small progenitor pool would be able to significantly shape local immune 

reactions especially during the initiation phase, when peripheral immune cells have not yet 

infiltrated the CNS in high numbers. In this process, the direct contact of MyPs to local cues 

might actually result in the generation of innate immune cells that are specifically adapted to the 

prevailing brain environment, as recent studies have shown that “trained immunity” is already 

formed on the level of the HSPC compartment7,230. A meningeal localization would be optimally 

suited for such tasks, because interstitial and cerebrospinal fluid washes macromolecules from all 

over the CNS into the subarachnoid space prior to drainage into meningeal lymphatics231,232.  

Hence, brain-resident MyPs might have broad implications for the field of neuro-

immunology. In addition, they have practical meaning for researchers studying the adult mouse 

brain, as co-isolation of resident hematopoietic progenitors might explain the reported 

transdifferentiation of primary brain pericytes into microglia/macrophages in vitro
150–152 as well 

as the putative hematopoietic potential of NSCs180,181.  
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4.3  CNS macrophages self-renew independently of brain-resident progenitors  

In order to test the contribution of local progenitors to brain macrophage maintenance, the 

experimental model of forced brain macrophage repopulation via CSF-1R inhibition was 

revisited. In this system, first evidence for microglial progenitors was observed by Elmore et al. 

in 2014154. It is important to note that the inhibitor PLX3397 was used in the latter study, which 

also affects the kinases FLT3, PDGFR, and c-KIT233,234. In the presented work however, the 

molecule PLX5622 was employed, as PLX3397 is no longer available for preclinical 

investigations. PLX5622 is a more selective CSF-1R inhibitor (Plexxikon Inc., personal 

communication) and also leads to rapid CNS macrophage depletion. Elimination of brain 

macrophages was less efficient than described by Elmore et al. (~99 %, PLX3397)154, but was 

comparable to recently published studies using PLX5622204,235,236. The treatment exerted a 

systemic effect on tissue macrophages and also reduced circulating monocytes, which has not 

been reported consistently in previous studies237,238. Yet the effect on blood monocytes was 

comparable to what has been observed in adult Csf-1r
-/- and op/op mice239.  

Upon inhibitor withdrawal, CNS macrophages repopulated the brain within 14 days, 

following a kinetic that matched observations by other investigators145,159,235,236. Importantly, it is 

now well-established that circulating cells do not contribute to microglia/macrophage recovery 

following PLX5622 treatment145,159, which was confirmed in own experiments, making it an ideal 

model to study the activity of local progenitors.  

In this work, it was demonstrated that the adult mouse brain harbored progenitors with 

broad erythro-myeloid potential. This includes differentiation towards monocytes/macrophages 

and thus possibly microglia. In previous studies, it was found that a subset of repopulating 

microglia co-expressed the typical progenitor markers CD34 and c-KIT154, which were also 
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present on brain-derived MyPs. This might point towards a contribution of MyPs to microglia 

recovery. However, the debate about NESTIN and microglial progenitors has vividly shown that 

marker expression is insufficient to justify precursor activity142,145,154,159.  

Brain-resident MyPs were found to constitute a rare population inside the adult brain 

(around 1 progenitor per 5,000 mature brain macrophages). If these cells significantly contributed 

to CNS macrophage recovery via rapid proliferation and differentiation, one would expect to find 

foci of repopulating cells. Yet prominent clusters of multiple IBA1+ cells were not observed 

during the recovery period, contrasting reports by other investigators142,154. Repopulation also did 

not appear to originate from the brain surface, where brain-resident MyPs were found to be 

concentrated. Instead, the spatial distribution of repopulating cells seemed to correlate with 

homeostatic CNS macrophage densities and turnover rates, which have been shown to differ 

among brain regions107,112,114,240. It is conceivable that the same mechanisms (e.g. availability of 

growth factors) that mediate a faster turnover of microglia/macrophages in the steady-state also 

lead to a faster repopulation in regions such as the hippocampus or olfactory bulb. Conversely, 

brain-resident MyPs were hardly detectable in especially these anatomical sites.  

In addition, it was hypothesized that brain-resident MyPs that were activated by a strong 

repopulating stimulus should transiently expand in an “emergency reaction” to be able to rapidly 

restore CNS macrophage numbers, which would be noticeable by an increased number of 

CFU-Cs during the recovery period. In order to test this hypothesis, clonogenic activity was 

analyzed in brain homogenates during early repopulation (up to day 3 after drug withdrawal). 

Although the kinetics of brain macrophage recovery showed some degree of inter-experimental 

variance, first expansion of IBA1+ cells was robustly observed within this time-window. More 

importantly, Elmore et al. described a sudden emergence of proliferating Cx3cr1
- cells already at 

day 2 of recovery154, which could point towards MyP activity. Yet there was no major change of 
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brain-derived CFU-C frequency during early CNS macrophage repopulation, falsifying 

concomitant expansion of the progenitor pool.   

The most valid arguments against a contribution of brain-resident MyPs to 

microglia/macrophage repopulation stem from recent fate mapping studies. Based on the 

Cx3cr1
CreER mouse model, it was demonstrated that CNS macrophages repopulate from a 

Cx3cr1
+ population following genetic or pharmacological (PLX5622) depletion142,145,159. 

However, the vast majority of brain-resident progenitors were shown to be Cx3cr1
- in the steady-

state. Cx3cr1
+ clonogenic cells only constituted a minor subpopulation and displayed reduced 

proliferative capacity in CFU assays, noticeable by small colony size. These cells might represent 

MDPs or dendritic cell progenitors within the MyP population, which already express the 

differentiation marker Cx3cr1
15,241. The lifespan of such late progenitors is usually limited, which 

notably is the basis of the Cx3cr1
CreER-mediated, specific targeting of CNS macrophages143,144. 

Hence also the brain-resident Cx3cr1
+ progenitor subset was probably not tagged anymore at the 

time when brain macrophage repopulation was induced in the lineage tracing studies. In 

conclusion, it is highly unlikely that MyPs in the brain are involved in acute CNS macrophage 

recovery.  

Moreover, brain-resident progenitors do not contribute to normal microglia maintenance, as 

they produced GFP+ progeny in Flt3
Cre x Rosa26

mT/mG mice. Microglia, on the other hand, have 

been shown to lack recombination in Flt3
Cre mice at least until 1 year of age27,98. Other CNS 

macrophages, such as subdural meningeal and perivascular macrophages, are also largely 

independent of Flt3
+ progenitors98. 
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5  Conclusion and Outlook 

Based on the herein described findings, there was no evidence for AMPCs, as characterized 

in peripheral arteries, in the adult mouse CNS. Yet a heterogeneous population of MyPs was 

recovered from the brain, in accordance with previously observed cerebral hematopoietic activity. 

In the context of their detailed characterization, they were found to likely occupy a meningeal 

location behind the BBB. It is still conceivable that the meningeal vasculature provides a niche 

for these cells. To clarify this issue in further studies, an adapted form of the ex vivo vessel 

culture, which was established in this thesis, could be employed.  

Even though brain-resident MyPs do not seem to contribute to microglia maintenance, they 

might be important participants in neuroinflammation. Extramedullary HSPCs have received 

increasing attention over the last years, as it becomes clear that these cells are an integral part of 

immunity, apart from merely producing functional blood cell types. It is tempting to speculate 

that, among the already described tissue-associated HSPCs, a population of hematopoietic 

progenitors behind the BBB would be of exceptional significance.  

In order to elucidate the relevance of brain-resident MyPs in CNS disease, some remaining 

questions have to be addressed: Are progenitors in the brain replaced by trafficking HSPCs? And 

if so, what is the kinetics of their turnover? Parabionts and refined BM chimeras can provide 

answers to these questions. Care should be taken in selecting appropriate models, as classical 

preconditioning for BM transfer (irradiation or chemotherapy) also eliminates extramedullary 

progenitors. However, new approaches have become available that are based on genetics242,243 or 

use antibody-directed toxins for preconditioning244, which do not cross the BBB. If MyPs in the 

brain were actually not or only slowly replenished from the BM, which has already been 

implicated in previous studies41, this could be exploited to differentially target the brain-resident 

and peripheral progenitor compartments. The arising system could eventually be combined with 

various disease models in order to define the significance of local MyPs in neuroinflammation. 
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6  Materials  

6.1.  Reagents and supplies 

6.1.1  Media 
 

Table 3 | Cell culture media 

Product name Manufacturer Cat. # 

Dulbecco’s modified Eagle’s medium (DMEM) Thermo Fisher Sci.  41966-029 
Iscove’s modified Dulbecco’s medium (IMDM) Thermo Fisher Sci. 12440053 
Mouse methylcellulose complete media R&D Systems HSC007 
Opti-MEMTM, GlutaMAXTM Thermo Fisher Sci. 51985026 
Roswell Park Memorial Institute (RPMI) 1640 medium 
without phenol red 

Thermo Fisher Sci. 11835-063 

StemSpanTM serum-free expansion medium (SFEM) STEMCELL technologies  09650 
 

6.1.2  Buffers and solutions 
 

Table 4 | Ready-to-use buffers and solutions 

Product name Manufacturer Cat. # 

Dulbecco’s phosphate buffered saline  
(DPBS) - Ca2+/Mg2+ 

Sigma-Aldrich D8537 

10x Hank's balanced salt solution (HBSS) - Ca2+/Mg2+ Thermo Fisher Sci. 14185-045 
6x Loading dye  Thermo Fisher Sci. R0611 
Phosphate buffered saline (PBS) salt  AppliChem A0964 
2x RNA gel loading dye Thermo Fisher Sci. R0641 
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Table 5 | Self-prepared buffers and solutions 

Name Ingredients Concentration 

Ammonium-chloride (AMC) buffer (10x) 
pH = 7.3 

NH4Cl 1.5 M 
NaHCO3 100 mM 
Na2EDTA • 2 H2O 10 mM 

DAB staining solution Phosphate buffer  
Nickel sulfate 0.25 mg mL-1 

Glucose 0.2 % (w/v) 
NH4Cl 0.38 mg mL-1 
DAB 0.48 mg mL-1 
Glucose oxidase 4 µg mL-1 

Digestion medium (2x) Medium A  
Collagenase Type 2 2 mg mL-1 
Dispase II 1 mg mL-1 
Benzonase  50 U mL-1 
Penicillin G / streptomycin 0.2 U mL-1 

Eosin staining solution Eosin Y 0.1 % (w/v) 
Hematoxylin staining solution Hematoxylin 0.1 % (w/v) 
 NaJO3 0.02 % (w/v) 
 KAl(SO4)2 5 % (w/v) 
 Chloral hydrate 5 % (w/v) 
 Citric acid 0.1 % (w/v) 
Lysis buffer for genotyping Sodium hydroxide 25 mM 

EDTA 200 µM 
Medium A, pH = 7.4 RPMI 1640 without phenol red  

HEPES  10 mM 
Medium B, pH = 7.4 HBSS - Ca2+/Mg2+  

HEPES  10 mM 
EDTA 1 mM 

Mowiol mounting solution Tris-HCl (pH = 8.5) 0.1 M 
Glycerol 25 % (w/v) 
Mowiol-488 10 % (w/v) 
DABCO 25 mg mL-1 

Myelin removal medium, pH = 7.4 Medium B  
Albumin fraction V 20 % (w/v) 

Nuclear fast red staining solution Nuclear fast red 0.1 % (w/v) 
 Aluminium sulfate-18-hydrate 5 % (v/v) 
Phosphate buffer, pH = 7.4 KH2PO4 18 mM 

Na2HPO4 82 mM 
Sorensen’s phosphate buffer, pH = 6.95 0.1 M KH2PO4 in dH2O 4 parts 

0.1 M Na2HPO4 in dH2O 6 parts 
Sorting medium, pH = 7.4 HBSS - Ca2+/Mg2+  

HEPES  25 mM 
EDTA 1 mM 
Fetal bovine serum 2 % (v/v) 
Penicillin G / streptomycin 0.1 U mL-1 

Tris-acetate-EDTA (TAE) (50x) 
pH = 8.3 

Tris free base 2 M 
Acetic acid 5.71 % (v/v) 
Na2EDTA • 2 H2O 50 mM 
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6.1.3  Chemicals  
 

Table 6 | Chemicals  

Product name Manufacturer Cat. # 

Acetic acid ROTH 3738.4 
Agarose Biozym 840004 
Albumin fraction V (pH 7.0)  AppliChem A1391 
Aluminium sulfate-18-hydrate Sigma-Aldrich 450308 
Ammonium chloride (NH4Cl) ROTH P726.2 
Chloroform AppliChem A1585 
Citric acid AppliChem A1350 
Chloral hydrate AppliChem A4431 
DABCO ROTH 0718.2 
DePeX Serva 18243.02 
Di-sodium ethylene diamine tetraacetate di-hydrate 
(Na2EDTA • 2 H2O) 

Merck 8418.0250 

Di-sodium hydrogen phosphate AppliChem 131679.1211 
D(+)-Glucose AppliChem A1422 
D(+)-Saccharose (sucrose) ROTH 4621.1 
Ethanol ROTH 9065.4 
Glycerol AppliChem A3552 
Heparin sodium (5,000 U mL-1) Ratiopharm  
Hydrochloric acid Sigma-Aldrich 30721 
Hydrogen peroxide ROTH 9683.1 
2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic acid 
(HEPES) sodium salt 

AppliChem A1070,0100 

KAl(SO4)2 AppliChem A2811 
2-methylbutane (isopentane) ROTH 3927.1 
Mowiol 4-88  ROTH 0713.1 
NaJO3 Merck 7412159 
Nickel(II) sulfate hexa-hydrate  Merck 1.06727.0100 
Paraffin wax Merck 1.11609.2504 
Paraformaldehyde ROTH 0335.4 
Penicillin G sodium salt AppliChem A7000 
PLX5622, formulated in AIN-76A  
standard rodent chow 

Plexxicon Inc.  

Potassium di-hydrogen phosphate AppliChem A3620 
2-Propanol (isopropanol) ROTH 6752.4 
Sodium citrate di-hydrate ROTH 4088.1 
Sodium hydroxide AppliChem A3910 
Streptomycin sulfate salt Sigma-Aldrich S6501 
Tris free base ROTH 4855.2 
TriZol Ambion 15596018 
O.C.TTM compound  Sakura 4583 
Triton X-100 Sigma-Aldrich T-9284 
Xylole, 99.9 %, redistilled  University of Würzburg  
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6.1.4  Biochemicals / enzymes  
 

Table 7 | Biochemicals / enzymes 

Product name Manufacturer Cat. # 

Benzonase® nuclease, purity > 90 % Merk Millipore 70746 
Collagenase type 2 Worthington biochemical LS004177 
Rat collagen I (5 mg mL-1) Cultrex 3440-100-01 
Dispase II Thermo Fisher Sci. 17105-041 
Fetal bovine serum  Thermo Fisher Sci. 10270-106 
Glucoseoxidase type VII Sigma-Aldrich G2133 
Normal goat serum Sigma-Aldrich G9023 
PureCol® bovine collagen (3 mg mL-1) Advanced Biomatrix 5005 
 

6.1.5  Kits  
 

Table 8 | Kits and ready-to-use reagents 

Product name Manufacturer Cat. # 

GeneRulerTM 1 kb Thermo Fisher Sci. SM0311 
GeneRulerTM 100 bp Thermo Fisher Sci. SM0321 
Mannosylated macrophage depletion kit Encapsula NanoSciences LLC 8914 
QuantiTect® reverse transcription kit  QIAGEN 205311 
Red mastermix (2x) Genaxxon bioscience M3029.0000 
SsoAdvancedTM universal SYBR®  
green supermix 

BIO-RAD 1725270 

VECTASTAIN® ABC HRP kit Vector Laboratories PK-4000 
 

6.1.6  Antibodies  
 

Table 9 | Unconjugated primary antibodies for immunofluorescence microscopy  

Antigen Clone Origin Dilution Manufacturer Cat. # 

CD11B M1/70 Rat 1:1000 eBiosciences 14-0112 - 82 
CD34 MEC 14.7 Rat 1:100 Abcam ab8158 
CD45.2 30-F11 Rat 1:500 eBioscience 14-0451 
F4/80 BM-8 Rat 1:200 eBioscience 14-4801-85 
FLK-1 Polyclonal Goat 1:100 Santa Cruz Biotechnology sc-48161 
GP1Bα  Rat 1:500 B. Nieswandt                    

(University of Würzburg) 
- 

IBA1 Polyclonal Rabbit 1:500 Wako 019-19741 
Ly6G RB6-8C5 Rat 1:500 eBioscience 14-5931-81 
SCA-1 Polyclonal Goat 1:100 R&D Systems AF1226 
 

  



Materials 
 

84 
 

Table 10 | Antibodies and antibody cocktails for flow cytometry 

Antigen Clone Fluorochrome Dilution Manufacturer Cat. # 

CD45.2 30-F11 APC 1:500 BioLegend 103112 
SCA-1 D7 FITC 1:200 BD Biosciences 557405 
SCA-1 D7 biotinylated 1:40 Miltenyi 130-101-995 
CD117 / c-KIT REA791 PE 1:50 Miltenyi 130-111-693 
CD117 / c-KIT REA791 VioBrightTM 515 1:50 Miltenyi 130-111-696 
CD11B M1/70 PE 1:500 BD Biosciences 557397 
CD127 / IL7Rα REA680 biotinylated 1:20 Miltenyi 130-110-373 
FcγR (CD16/32) 93 Brilliant  

VioletTM 711 
1:50 BioLegend 101337 

CD34 MEC14.7 PE 1:100 BioLegend 119307 
„LIN-cocktail“  
(CD5, TER-119, 
CD11B, 7-4, 
CD45R, GR-1) 

 biotinylated 1:20 Miltenyi 130-092-613 

Ly6C HK1.4 PE-Cy7 1:500 BioLegend 128017 
      

Table 11 | Isotype controls for flow cytometry 

Origin Subclass/clone Fluorochrome Manufacturer Cat. # 

Rat IgG2a, κ PE BioLegend 400507 
Rat IgG2b, κ PE BD Biosciences 553989 
Rat IgG2c, κ PE-Cy7 BioLegend 400721 
Human REA293 VioBrightTM 515 Miltenyi 130-113-457 
Human REA293 PE Miltenyi 130-104-613 

 

6.1.7  Secondary reagents and dyes 
 

Table 12 | Secondary reagents and dyes 

Product name Manufacturer Cat. # 

7-AAD BD PharmingenTM 51-68981E 
Brillialt Violet 421TM streptavidin BioLegend 405226 
Brilliant Violet 510 TM streptavidin BioLegend 405233 
Biotinylated goat anti-rabbit IgG (H+L) Vector Laboratories BA-1000 
Biotinylated goat anti-rat IgG (H+L) Vector Laboratories BA-9400 
CyTM3-conjugated AffiniPure donkey anti-goat IgG 
(H+L) 

Jackson ImmunoResearch 
Laboratories Inc. 

705-165-003 

CyTM3-conjugated AffiniPure goat anti-rat IgG 
(H+L) 

Jackson ImmunoResearch 
Laboratories Inc. 

112-165-003 

CyTM5-conjugated AffiniPure goat anti-rabbit IgG 
(H+L) 

Jackson ImmunoResearch 
Laboratories Inc. 

111-175-144 

CyTM5-conjugated AffiniPure goat anti-rat IgG 
(H+L) 

Jackson ImmunoResearch 
Laboratories Inc. 

112-175-143 

4′,6-diamidin-2-phenylindol (DAPI) Roche 10236276001 
3,3′-diaminobenzidin (DAB) Sigma-Aldrich D5637 
Eosin Y AppliChem A0822 
Fixable viability stain (FVS) 450 BD Biosciences 562247 
Giemsa-stain, modified solution Sigma-Aldrich 48900-1L-F 
Hematoxylin Chroma 50837 
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Table 12 (continued) 
Product name  Manufacturer Cat. # 
May-Grünwald-Solution Sigma-Aldrich 63590-1L 
Midori Green Nippon Genetics Europe MG04 
NeutrAvidin Protein, DyLight® 550  Thermo Fisher Sci. 84606 
Nuclear fast red Merck 5189 
Rabbit-peroxidase-anti-peroxidase (PAP) Jackson ImmunoResearch 

Laboratories Inc. 
323-005-024 

Trypan blue ROTH CN76.2 
 

6.1.8  Cytokines and growth factors  
 

Table 13 | Cytokines and growth factors 

Product name Manufacturer Cat. # 

Mouse interleukin-34 (mIL-34) protein, His tag Sino Biologicals 50055-M08H 
Recombinant human erythropoietin (hEPO) PeproTech 100-64 
Recombinant murine colony-stimulating factor-1 
(mCSF-1) 

PeproTech 315-02 

Recombinant murine granulocyte-macrophage 
colony-stimulating factor (mGM-CSF) 

PeproTech 315-03 

Recombinant murine interleukin-3 (mIL-3) PeproTech 213-13 
Recombinant murine stem cell factor (mSCF) PeproTech 205-03 
Recombinant murine thrompopoietin (mTPO) PeproTech 315-14 
Recombinant murine vascular endothelial  
growth factor165 (mVEGF165) 

PeproTech 450-32 

 

6.1.9  Primers 
 

Table 14 | Primers for genotyping  

Target gene Forward primer (5‘-3‘) Reverse primer (5‘-3‘) 

Iba1-eGFP transgene CTGCCAGCCTAAGACAACCA ACTTGTGGCCGTTTACGTCG 
 

Table 15 | Primers for RT-PCR  

Target mRNA Forward primer (5‘-3‘) Reverse primer (5‘-3‘) 

Mouse Ccr2 AACAGTGCCCAGTTTTCTATAGG CGAGACCTCTTGCTCCCCA 
Mouse Cx3cr1 ACCGGTACCTTGCCATCGT ACACCGTGCTGCACTGTCC 
Mouse Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 
Mouse Tmem119 GTGTCTAACAGGCCCCAGAA AGCCACGTGGTATCAAGGAG 
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6.1.10  Supplies  
 

Table 16 | Supplies 

Product name Manufacturer Cat. # 

1.5 mL reaction tubes Ratiolab 5615000 
2 mL reaction tubes Ratiolab 5615101 
12-well cell culture plate Greiner Bio-one 665180 
14 G needle (Sterican®) B.Braun 4665473 
15 mL conical tube Sarstedt 62.554.502 
20 G needle (Neoject®) Dispomed 10030 
21 G Venofix® A  B.Braun 4056337 
24 G needle (Neoject®) Dispomed 10017 
24-well cell culture plate Greiner Bio-one 662160 
27 G needle (Neoject) Dispomed 10020 
30 G needle  Becton Dickinson  324826 
40 µm cell strainer SPL 93040 
50 mL conical tube Sarstedt 62.547.254 
6-well cell culture plate Greiner Bio-one 657160 
70 µm cell strainer SPL 93070 
96-well cell culture plate Greiner Bio-one 655180 
Coated cytospin glass slides  Tharmac JC311 
Single Cellfunnel® Tharmac JC320 
MicroAmpTM fast 96-well reaction plate Applied biosystems 4346907 
MicroAmpTM optical adhesive film Applied biosystems 4311971 
Petri dish Greiner Bio-one 633180 
Sterile FACS tubes Sarstedt 55.476.013 
SuperFrostTM plus microscope slides  R. Langenbrinck  03-0060 
Syringe for Perfusor® (50 mL) B.Braun  8728810F 
   

6.2  Animals 

Mice were bred and/or maintained at the facilities of the Centre for Experimental Molecular 

Medicine (Zinklesweg 10, 97078 Würzburg), the Department for Functional Materials in 

Medicine and Dentistry (Röntgenring 11, 97070 Würzburg), the Institute of Physiology 

(Röntgenring 9, 97070 Würzburg), or purchased from Charles River Laboratories. Animals were 

kept in a specific pathogen-free environment under standard housing and barrier conditions (12 h 

light-dark cycle, 19-22 °C room temperature, 40-60 % humidity). B6.Iba1-GFP mice were 

obtained from Shinichi Kohsaka (National Institute of Neuroscience, Kodaira, Tokyo, Japan198). 

The colony was maintained by crossing heterozygous mice with wildtype animals of the same 

genetic background. Genotyping was performed by PCR on lysed ear-punches collected after 
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weaning. To avoid imprinting of the transgene, only transgenic males were used for breeding198. 

Heterozygous B6.Cx3cr1-GFP mice were kindly provided by Andreas Beilhack, (Medizinische 

Klinik und Poliklinik II & Universitäts-Kinderklinik, Julius-Maximilians-Universität, Würzburg) 

and B6.Flt3
Cre x Rosa26

mT/mG mice by Christian Schulz (Medizinische Klinik und Poliklinik I, 

Ludwig-Maximilians-Universität, Munich). As the cre recombinase is located on the Y-

chromosome, only male B6.Flt3
Cre x Rosa26

mT/mG mice were analyzed. Mice were used in 

experiments at 6 - 8 weeks (PLX5622 treatments) or 10 - 14 weeks of age (CFU assays). Animals 

of either gender were included if not stated otherwise. All procedures were performed in 

accordance with the German Law on the Protection of Animals and the Guide for Care and Use 

of Laboratory Animals
245, and were approved by the government of lower Franconia, Germany 

(approval number: 55.2 DMS-2532-2-109). 

6.3  Instruments  

Table 17 | Instruments 

Instrument name Manufacturer 

Perfusor® VI B.Braun  
Tissue embedding system, TP1020 Leica Biosystems 
Paraffin pouring station, 2080/K BAVIMED 
Microtome SM2010 R Leica Biosystems 
Cryostat CM3050S Leica Biosystems 
Inverted fluorescence microscope Leica Biosystems 
BZ-9000 fluorescence microscope 
- Plan Apo 4x/0.2 
- Plan Apo 10x/0.45 
- Plan Apo 20x/0.75 
- Plan Apo 40x/0.95  

KEYENCE (Nikon objectives) 

Axioscope 2 mot plus  
- Plan-NEOFLUAR 5x/0.15 
- Plan-NEOFLUAR 10x/0.30 
- Plan-APOCHROMAT 20x/0.8 

Zeiss (Zeiss objectives) 

A1R+ confocal microscope Nikon  
FACSCantoTM II BD Biosystems 
FACSAriaTM III BD Biosystems 
VeritiTM 96-well thermal cycler Applied Biosystems 
Nanodrop 2000c spectrophotometer Thermo Scientific 
StepOnePlusTM real-time PCR system Applied Biosystems 
Cellspin® II cytocentrifuge Tharmac 
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6.4  Software 

Statistics were performed using GraphPad Prism version 6.01 for Windows, GraphPad Software, 

La Jolla California USA, www.graphpad.com. Flow cytometry data was analyzed using FlowJo 

X 10.0.7r2. Images were edited and analyzed using ImageJ version 1.49m, Wayne Rasband, 

National Institutes of Health, USA. 

7  Methods 

7.1  Cell and tissue processing for cytological and histological stainings 

7.1.1  Perfusion fixation  

Mice were euthanized via CO2-asphyxiation and immediately dissected for perfusion. The 

abdomen and thoracic cavity were opened and the heart exposed. A section was made in the right 

atrium and the perfusion needle was carefully introduced into the tip of the left ventricle, while 

solution was already flowing. The needle was secured with a hemostat. Perfusion was performed 

with the pressure of ~1 m liquid column above the animal and at a rate of 10 mL min-1. First, 

blood was flushed out with PBS at 20 - 25 °C until the liver had lost its reddish color, usually for 

1 - 2 mins. Then, the solution was changed to 4 % (w/v) paraformaldehyde in PBS (pH = 7.4) at 

20 - 25 °C and perfusion was continued for 15 min. Before the brain was removed, perfused mice 

were chilled on ice for 2 h to allow formaldehyde crosslinking and therefore preserve tissue 

integrity during dissection.    

7.1.2  Paraffin embedding  

Fresh or perfusion-fixed tissue was immersed in 4 % (w/v) paraformaldehyde in PBS (pH = 7.4) 

and incubated overnight at 4 °C with mild movement. Following 4 consecutive washes in PBS 

for 30 minutes at 20 - 25 °C, tissue was processed directly for paraffin embedding or stored up to 
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several days in PBS at 4 °C. Samples were washed twice in 70 % (v/v) ethanol at 20 - 25 °C with 

mild movement, before they were further dehydrated via consecutive incubations in 

ethanol/xylene (20 - 25 °C) and eventually embedded in molten paraffin wax using the TP1020 

embedding carousel from Leica Biosystems (Tab. 18).  

Table 18 | Procedure to dehydrate and paraffinize tissues.   

Solution Incubation [min] 

 70 % (v/v) ethanol 30 
 70 % (v/v) ethanol 60 
 80 % (v/v) ethanol 150 
 80 % (v/v) ethanol 150 
 96 % (v/v) ethanol 150 
100 % (v/v) ethanol 60 
100 % (v/v) ethanol 120 
100 % (v/v) ethanol 120 
100 % (v/v) xylene 60 
100 % (v/v) xylene 120 
100 % (v/v) xylene 120 

Paraffin wax 210 
Paraffin wax 210 

 
 

7.1.3  Embedding for cryosectioning  

Fresh or perfusion-fixed tissue was immersed in 4 % (w/v) paraformaldehyde in PBS (pH = 7.4) 

and incubated overnight at 4 °C with mild movement. Following 4 consecutive washes in PBS 

for 30 minutes at 20 - 25 °C, the tissue was transferred into 10 % (w/v) sucrose in PBS and 

incubated for several hours at 20 - 25 °C with mild movement, until the tissue had sunk to the 

bottom of the tube. The solution was changed to 20 % (w/v) sucrose in PBS and incubation was 

continued overnight at 4 °C with mild movement. The tissue was embedded in O.C.T. compound 

in a mold build from copper foil and rapidly frozen in an isopentane bath, cooled by liquid 

nitrogen. Frozen tissues were stored at -80 °C.  
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7.1.4  Cytospin preparations 

Cytological samples on microscope glass slides were prepared via cytospin. Cells that e.g. had 

been obtained via picking of individual colonies in CFU assays were resuspended in ~200 µL 

PBS - Ca2+/Mg2+ and loaded into a cytofunnel assembled on a cytoslide. Cells were spun onto the 

slide at 30 x g and 20 - 25 °C for 10 min. For subsequent immunocytochemistry, slides were 

immediately immersed in ice-cold 2 % (w/v) paraformaldehyde in PBS (pH = 7.4) and incubated 

for 10 min at 2 - 8 °C, followed by 1 - 2 washes with PBS. For Pappenheim staining, slides were 

air dried overnight at 20 - 25 °C.  

 

7.2  Immunostaining of cells and tissues 

7.2.1  Immunofluorescence staining of paraffin sections  

Paraffin sections were deparaffinized in xylene and gradually rehydrated via consecutive 

incubations in varying dilutions of ethanol in dH2O (Tab. 19).   

Table 19 | Procedure to deparaffinize and rehydrate paraffin sections for IHC-P.  

Solution Incubation [min] 

100 % (v/v) xylene 10 
100 % (v/v) xylene 10 

 100 % (v/v) ethanol 5 
 100 % (v/v) ethanol 5 
   96 % (v/v) ethanol 5 
   80 % (v/v) ethanol 5 
   70 % (v/v) ethanol 5 

dH2O 5 
 

Buffer for demasking (10 mM sodium-citrate, pH = 6.0 or 10 mM Tris plus 1 mM EDTA, 

pH = 9.0) was preheated in a microwave in temperature-stable glassware. Samples were 

immersed in boiling buffer and incubated for 30 min at 95 °C. The setup was cooled down at 

20 - 25 °C for 30 min. Samples were put beneath the tap and buffer was diluted by a constant 

flow of dH2O for 5 min. Further washing was performed with 0.25 % (v/v) Triton X-100 in PBS, 
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three times for 5 min each. Sections were surrounded with a lipid marker and covered with PBS 

plus 5 % (v/v) normal goat serum to block unspecific binding for 2 h. Blocking solution was 

discarded by blotting the edge of the glass slide on absorbent paper and replaced with primary 

antibody, diluted in 1 % (v/v) normal goat serum in PBS. After incubation overnight at 4 °C, 

excess antibody was removed via three consecutive 5 min washes in PBS. Sections were covered 

with secondary antibody, diluted in PBS plus 1 % (v/v) normal goat serum, and incubated for 1 h, 

protected from light. This was followed by three consecutive 5 min washes in PBS in the dark. 

When necessary, the last two steps were repeated, while incubation was done with streptavidin- 

or neutravidin-conjugated fluorochromes. To counterstain nuclei, DAPI was included in the last 

incubation step at 1 µg mL-1. Eventually, sections were mounted with coverslips and mowiol 

mounting solution and let solidify at 2 - 8 °C before microscopic analysis.  

All washes and incubations were performed at 20 - 25 °C, if not stated otherwise. To reduce 

evaporation, all incubation steps were conducted in a humidified chamber. For washing steps, 

slides were transferred into a cuvette and placed on a shaker. 

7.2.2  DAB-staining of paraffin sections  

Paraffin sections were deparaffinized in xylene and gradually rehydrated via consecutive 

incubations in varying dilutions of ethanol in dH2O (Tab. 20).   

Table 20 | Procedure to deparaffinize and rehydrate paraffin sections for IHC-P. 

Solution Incubation [min] 

100 % (v/v) xylene 10 
100 % (v/v) xylene 10 

 100 % (v/v) ethanol 5 
 100 % (v/v) ethanol 5 
   96 % (v/v) ethanol 5 
   80 % (v/v) ethanol 5 
   70 % (v/v) ethanol 5 

dH2O 5 
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To block endogenous peroxidase activity, sections were incubated in 3 % (v/v) H2O2 in dH2O for 

10 min in the dark, followed by two consecutive 5 min washes in dH2O. Buffer for demasking 

(10 mM sodium-citrate, pH = 6.0 or 10 mM Tris plus 1 mM EDTA, pH = 9.0) was preheated in a 

microwave in temperature-stable glassware. Samples were immersed in boiling buffer and 

incubated for 30 min at 95 °C. The setup was cooled down at 20 - 25 °C for 30 min. Samples 

were put beneath the tap and buffer was diluted by a constant flow of dH2O for 5 min. Further 

washing was performed with 0.25 % (v/v) Triton X-100 in PBS, three times for 5 min each. 

Sections were surrounded with a lipid marker and covered with PBS plus 5 % (v/v) normal goat 

serum to block unspecific binding for 2 h. Blocking solution was discarded by blotting the edge 

of the glass slide on absorbent paper and replaced with primary antibody, diluted in PBS plus 

1 % (v/v) normal goat serum. After incubation overnight at 4 °C, excess antibody was removed 

via three consecutive 5 min washes in PBS. Sections were covered with biotinylated secondary 

antibody, diluted in PBS plus 1 % (v/v) normal goat serum, and incubated for 1 h. Following 

three 5 min washing steps with PBS, samples were incubated with peroxidase anti-peroxidase, 

diluted in PBS plus 1 % (v/v) normal goat serum, for 30 min. Excess reagent was removed via 

three 5 min washes in PBS, before incubating sections with AB-complex for 30 min. Samples 

were washed twice with PBS and another two times with 0.1 M phosphate buffer for 5 min each. 

To develop the staining, sections were incubated in DAB staining solution for 5 - 30 min in the 

dark. Staining was regularly checked at a microscope and eventually stopped by transferring the 

samples in PBS. Following three consecutive 3 min washes in PBS and one wash in dH2O for 1 

min, sections were incubated in nuclear fast red staining solution for 2 min. Excess dye was 

removed by washing in dH2O for 1 min. Samples were gradually dehydrated via consecutive 

incubations in ethanol/xylene (Tab. 21) and mounted with DePex and a coverslip.  
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Table 21 | Procedure to dehydrate sections after IHC-P.  

Solution Incubation [min] 

 70 % (v/v) ethanol 1 
 80 % (v/v) ethanol 1 
 96 % (v/v) ethanol 1 
100 % (v/v) ethanol 3 
100 % (v/v) ethanol 3 
100 % (v/v) xylene 5 
100 % (v/v) xylene 5 

 

All washes and incubations were performed at 20 - 25 °C, if not stated otherwise. To reduce 

evaporation, all incubation steps were conducted in a humidified chamber. For washing steps, 

slides were transferred into a cuvette and placed on a shaker. 

 

7.2.3  Immunofluorescence staining of frozen sections  

Frozen sections were air-dried for 60 min at 20 - 25 °C and washed/permeabilized with 

0.25 % (v/v) Triton X-100 in PBS for 10 min at 20 - 25 °C. Sections were surrounded with a lipid 

marker and covered with PBS plus 5 % (v/v) normal goat serum to block unspecific binding for 

1 h at 20 - 25 °C in a humidified chamber. Blocking solution was discarded by blotting the edge 

of the glass slide on absorbent paper and replaced with primary antibody, diluted in PBS plus 

1 % (v/v) normal goat serum. Following incubation overnight at 4 °C in a humidified chamber, 

excess antibody was removed via three consecutive 5 min washes in PBS at 20 - 25 °C. For 

washing, slides were transferred into a cuvette on a shaker. Sections were then covered with 

secondary antibody, diluted in PBS plus 1 % (v/v) normal goat serum, and incubated for 1 h at 

20 - 25 °C in a humidified chamber, protected from light. To counterstain nuclei, DAPI was 

included in the antibody dilution at 1 µg mL-1. This was followed by three consecutive 5 min 

washes in PBS at 20 - 25 °C in the dark. Eventually, sections were mounted with coverslips and 

mowiol mounting solution and let solidify at 2 - 8 °C before microscopic analysis.  



Methods 
 

94 
 

7.2.4  Immunocytochemistry 

Cells seeded on cover slips in 24-well plates were briefly washed with PBS and fixed in 0.5 mL 

of 2 % (w/v) paraformaldehyde in PBS (pH = 7.4) for 10 min on ice (Cytological preparations 

that were obtained via cytospin were handled comparably). The fixative was discarded and the 

cells were washed again with PBS before they were permeabilized in 0.5 mL of 0.25 % (v/v) 

Triton X-100 in PBS for 10 min at 20 - 25 °C. The solution was discarded and replaced by 

250 µL of PBS plus 1 % (w/v) BSA per well to block unspecific binding for 30 min at 20 - 25 °C. 

Primary antibody was diluted in PBS plus 0.2 % (w/v) BSA and 250 µL of the dilution per well 

were incubated overnight at 4 °C. Excess antibody was removed via 3 consecutive 5 min washes 

with 0.5 mL PBS at 20 - 25 °C. This was followed by incubation with secondary antibody 

(250 µL per well), which had been diluted in PBS plus 0.2 % (w/v) BSA and 1 µg mL-1 DAPI, 

for 1 hour at 20 - 25 °C in the dark. Again, 3 consecutive 5 min washes were performed with 

0.5 mL PBS at 20 - 25 °C, while protecting the samples from light. Eventually, the coverslip was 

removed from the well and mounted onto a clean glass slide with mowiol mounting solution.  
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7.2.5  Whole-mount immunofluorescence staining of CWFAs 

CWFAs in 96-well plates were briefly washed with 200 µL PBS per well before they were fixed 

with 200 µL of 4 % (w/v) paraformaldehyde in PBS (pH = 7.4) for 1 h at 20 - 25 °C. The fixative 

was discarded and the wells washed with 200 µL PBS. Samples were stored in fresh PBS at 

2 - 8 °C for up to 2 weeks. On the day of staining, the supernatant was removed and the wells 

were washed twice with 200 µL of 0.25 % (v/v) Triton X-100 in PBS for 15 min at 20 - 25 °C. 

This was followed by an incubation with 100 µL PBS plus 5 % (v/v) normal goat serum to block 

unspecific binding for 2 h at 20 - 25 °C. Primary antibody (anti-CD11B, 1:1000) was diluted in 

PBS plus 1 % (v/v) normal goat serum and 50 µL per well were incubated overnight at 4 °C. 

Excess antibody was removed via 3 consecutive 15 min washes with 200 µL of 0.1 % (v/v) 

Triton X-100 in PBS per well at 20 - 25 °C, before 50 µL of biotinylated secondary antibody 

(1:1000) in PBS plus 1 % (v/v) normal goat serum were added and incubated for 2 h at 

20 - 25 °C. Again, 3 consecutive washes were performed with 200 µL of 0.1 % (v/v) Triton X-

100 in PBS per well for 15 min at 20 - 25 °C. 50 µL of neutravidin DyLight® 550 (1:1000) and 

DAPI (1 µg mL-1) in PBS were added per well and incubated for 2 h at 20 - 25 °C in the dark. 

This was followed by 3 consecutive washes with 200 µL of 0.1 % (v/v) Triton X-100 in PBS per 

well for 15 min at 20 - 25 °C, while protecting the samples from light. Eventually, the collagen 

gel at the bottom of the well was carefully detached with a needle and transferred into a drop of 

mowiol mounting solution on a clean glass slide. The gel was gently spread with forceps under a 

dissecting microscope before carefully putting on a cover slip. The samples were let solidify at 

2 - 8 °C before microscopic analysis.    

  



Methods 
 

96 
 

7.2.6  Extracellular staining for flow cytometry   

For flow cytometry staining, 2 - 5 x 105 cells were resuspended in 50 µL of antibody-mixture, 

diluted in PBS - Ca2+/Mg2+ plus 1 % (v/v) FBS, and incubated for 10 min at 2 - 8 °C in the dark. 

Cells were washed once with four volumes of buffer and centrifuged at 500 x g and 4 °C for 

5 min. The cells were resuspended in 100-200 µL of PBS - Ca2+/Mg2+ plus 1 % (v/v) FBS and 

1 µM DAPI or 7-AAD (1:100). Cells were incubated for at least 5-10 min on ice in the dark, 

before analysis at a flow cytometer. In contrast to DAPI or 7-AAD, viability staining with FV450 

was performed before antibody incubation. To this end, cells were washed once with protein-free 

PBS - Ca2+/Mg2+, before they were resuspended in 50 µL of FVS450 (1:1000), diluted in protein-

free buffer, and incubated for 30 min on ice in the dark. After an additional washing step with 

four volumes of PBS - Ca2+/Mg2+ plus 1 % (v/v) FBS, antibody staining was conducted as 

described.        

 

7.3  Automated quantification of IBA1+ cells in brain slices 

To quantify IBA1+ cells in sagittal brain slices after PLX5622 treatment (Fig. 11b), 10 µm 

paraffin sections were stained with fluorescent antibodies and acquired in total with a confocal 

microscope at 20x magnification. Several Z-planes were recorded for all individual images to 

balance unevenness of the sample, which were fused to a maximal projection. Images were 

stitched to create an overview image using NIS elements (Nikon). “Macro A” was used in ImageJ 

to automatically count IBA1+ cells. Accuracy was verified by comparing the output with 

manually counted control samples. To determine the analyzed area in mm2 and calculate IBA1+ 

cell density, “non-tissue” area was measured via “Macro B” and subtracted from the total image 

area, measured by “Macro C”. Macros are listed on the following page.  
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Macro A 

originalImage = getTitle();   

selectWindow(originalImage);   

run("Gamma...", "value=0.40");   

run("Duplicate...", "title=new");   

selectWindow("new");   

run("Gaussian Blur...", "sigma=7");   

setAutoThreshold("Default");   

//run("Threshold...");   

setThreshold(0, 45);   

run("Make Binary", "thresholded remaining black"); 

run("Dilate");   

run("Dilate");   

run("Dilate");   

run("Dilate");   

run("Dilate");   

run("Invert");   

selectWindow(originalImage);   

run("Subtract Background...", "rolling=500"); 

run("Duplicate...", "title=[bg]");   

selectWindow("bg");   

run("Gaussian Blur...", "sigma=10");   

imageCalculator("Subtract create", 

originalImage,"bg");   

rename("one");   

close("bg");   

imageCalculator("Substract create", "one","new"); 

close("new");   

close(originalImage);   

setThreshold(50, 255);   

//setThreshold(50, 255);   

setOption("BlackBackground", false);   

run("Convert to Mask"); 

rename(originalImage+"_analyzed");   

run("Analyze Particles...", "size=13-70 clear 

summarize");   

Macro B

 

originalImage = getTitle();  

selectWindow(originalImage);  

run("Gamma...", "value=0.40");  

run("Gaussian Blur...", "sigma=7");  

setAutoThreshold("Default");  

//run("Threshold...");  

setThreshold(0, 45);  

run("Make Binary", "thresholded remaining black");  

run("Set Scale...", "distance=806.5 known=1 

unit=mm");  

run("Analyze Particles...", "size=0.0001-Infinity clear 

summarize"); 

Macro C 

 
originalImage = getTitle(); 

selectWindow(originalImage); 

setAutoThreshold("Default"); 

//run("Threshold..."); 

setThreshold(0, 255); 

run("Set Scale...", "distance=806.5 known=1 

unit=mm"); 

run("Analyze Particles...", "size=0-Infinity clear 

summarize");
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7.4  Histochemical staining techniques  

7.4.1  Hematoxylin and eosin staining  

Sections were deparaffinized in xylene and gradually rehydrated via consecutive incubations in 

varying dilutions of ethanol in dH2O (Tab. 22).   

Table 22 | Procedure to deparaffinize and rehydrate paraffin sections for hematoxylin and eosin staining. 

Solution Incubation [min] 

100 % (v/v) xylene 10 
100 % (v/v) xylene 10 

 100 % (v/v) ethanol 2 
 100 % (v/v) ethanol 2 
   96 % (v/v) ethanol 2 
   80 % (v/v) ethanol 2 
   70 % (v/v) ethanol 2 

dH2O 2 
 

Rehydrated samples were incubated in hematoxylin staining solution for 10 min at 20 - 25 °C, 

shortly rinsed with dH2O and washed under running tap water for 10 min. After a brief rinse with 

dH2O, sections were incubated in eosin staining solution for 10 min at 20 - 25 °C. Following a 

short wash in dH2O, samples were gradually dehydrated via consecutive incubations in 

ethanol/xylene (Tab. 23) and mounted with DePeX and a coverslip.  

Table 23 | Procedure to dehydrate sections after hematoxylin and eosin staining.  

Solution Incubation [min] 

   96 % (v/v) ethanol 2 
 100 % (v/v) ethanol 5 
 100 % (v/v) ethanol 5 
100 % (v/v) xylene 5 
100 % (v/v) xylene 5 
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7.4.2  Pappenheim staining of cytospin preparations  

Cytological samples were air dried overnight at 20 - 25 °C on a glass slide. Samples were fixed in 

100 % methanol for 10 min at 20 - 25 °C, before staining with filtered May-Grünwald solution, 

diluted 1:2 in Sorensen’s phosphate buffer (pH = 6.95), for 7 min at 20 - 25 °C in a humidified 

chamber. The staining solution was drained from the slide and replaced with filtered Giemsa 

solution, diluted 1:7 in Sorensen’s phosphate buffer (pH = 6.95). After a 10 min incubation at 

20 - 25 °C in a humidified chamber, the solution was drained from the slide. Three consecutive 

washes were performed in Sorensen’s phosphate buffer (pH = 6.95) for 10 seconds, 4 min, and 3 

min. Excess solution was removed with tissue paper and the slide was dried overnight at 

20 - 25 °C. Samples were mounted with DePeX and a coverslip following a brief equilibration in 

100 % xylene.  

7.5  Circle of Willis fragment assay (CWFA) 

C57BL/6J mice at the age of 8 - 12 weeks were sacrificed via CO2-asphyxiation. Animals were 

thoroughly sprayed with 70 % (v/v) ethanol before the abdomen and thoracic cavity were opened 

and the mice were transcardially perfused with sterile, ice-cold PBS - Ca2+/Mg2+ at a flow rate of 

10 mL min-1 using a perfusion pump. Perfusion was performed until the liver was completely 

devoid of blood, usually for 2 min. The brain was dissected and stored in sterile PBS - Ca2+/Mg2+ 

on ice. Subsequently, the circle of Willis was isolated by peeling the meninges from the ventral 

side of the brain. They were transferred into a 30 mm dish filled with sterile, ice-cold 

PBS - Ca2+/Mg2+, where vessels were separated from the surrounding meningeal tissue using 

sterile scissors and forceps under a dissecting microscope. A mm2 grid was placed beneath the 

dish to cut vessels into 2 - 3 mm fragments. The latter were transferred into a new dish filled with 

sterile Opti-MEMTM plus 0.1 U mL-1 penicillin G / streptomycin, on ice. Groups of 5-15 
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fragments were transferred under a laminar flow into 6-wells, filled with 2 mL of sterile serum-

free Opti-MEMTM plus 0.1 U mL-1 penicillin G / streptomycin, using sterile forceps. The plate 

was incubated at 37 °C, 5 % CO2, 2 % O2 (hypoxia) for 24 - 36 h to starve the vessels of growth 

factors. Care was taken that every vessel was immersed in medium and did not float on the 

surface due to attached air bubbles. For embedding of vessel fragments, a 1 mg mL-1 

collagen type I solution was prepared on ice by diluting the collagen stock solution in DMEM. 

To neutralize the acidic pH, 1 µL of 1 M NaOH was added per mL of the mixture. 50 µL of the 

prepared solution were pipetted into a well of a sterile 96-well flat bottom plate, while avoiding 

the introduction of air bubbles. The solution was distributed to only 3 - 5 wells at a time to avoid 

premature polymerization of the collagen. Vessels were grabbed with sterile forceps, briefly 

dipped in extra collagen solution, and fully immersed in the pre-distributed matrix. Correct 

placement of the vessel in the center of the well was assessed at an inverted microscope. 

Polymerization of the collagen was completed by incubation at 37 °C, 5 % CO2 for 45 - 60 min. 

Eventually, 150 µL of Opti-MEMTM, supplemented with 5 % (v/v) FBS, 0.1 U mL-1 penicillin G / 

streptomycin, 20 ng mL-1 CSF-1, 20 ng mL-1 IL-34, 20 ng mL-1 GM-CSF, and 30 ng mL-1 

VEGF-A, was added dropwise onto the center of the well, taking care not to destroy the still 

fragile collagen matrix. Vessels were cultured at 37 °C, 5 % CO2, 2 % O2 (hypoxia). Medium 

was first changed on the fourth day of culture, then every second day.   

7.6  Clodronate liposome treatment in the CWFA 

Treatment with clodronate-loaded liposomes was implemented into the CWFA protocol. As 

perivascular macrophages in the CNS express the mannose-receptor (CD206)246, mannosylated 

liposomes were used to further improve targeting of vessel-resident phagocytes. Incubation with 

liposomes was conducted during growth factor starvation in serum-free Opti-MEMTM, plus 
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0.1 U mL-1 penicillin G / streptomycin. Liposomes were added to the medium at 0.5 mg 

clodronate mL-1 (1:10 dilution of the liposome stock) and the vessels were incubated for 36 h at 

37 °C, 5 % CO2, 2 % O2 (hypoxia). To avoid sedimentation of the particles, the plate was rocked 

slowly during incubation. Excess liposomes were removed after treatment by transferring the 

fragments into 2 mL of fresh medium. Eventually, vessels were embedded in a collagen matrix 

and cultured as described in the CWFA protocol.  

7.7  Treatment of mice with CSF-1R inhibitor 

Female C57BL/6 mice at the age of 6 - 8 weeks were treated with the CSF-1R inhibitor PLX5622 

(Plexxicon, Inc.) for 7 - 21 days. The inhibitor was formulated in AIN-76A standard rodent chow 

at concentrations of 300 - 1200 mg kg-1 and administered ad libitum.   

7.8  Cell preparation from adult mouse tissues   

7.8.1  Isolation of peripheral blood leukocytes 

PB was collected during transcardial perfusion of CO2-asphyxiated animals with 

PBS - Ca2+/Mg2+ plus 5 U mL-1 heparin using a 10 mL syringe equipped with a 20 gauge needle. 

1 - 2 mL of blood was drawn from the thoracic cavity while being flushed out through the opened 

right atrium of the heart and transferred into a 50 mL conical tube filled with 10 mL of 

PBS - Ca2+/Mg2+ on ice. The cells were centrifuged at 300 x g and 4 °C for 10 min. The 

supernatant was discarded and the cells were resuspended in 1 mL of PBS - Ca2+/Mg2+, before 

adding 9 mL of 1x AMC buffer and mixing the sample by briefly inverting the tube. Following 

incubation for 5 min at 20 - 25 °C, the tube was filled up with ice-cold PBS - Ca2+/Mg2+ and the 

cells were spun down at 300 x g and 4 °C for 10 min. The supernatant was discarded and the cells 

were resuspended in PBS - Ca2+/Mg2+ or medium for further processing.  
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7.8.2  Isolation of BM cells  

Mice were euthanized via CO2-asphyxiation. Animals were thoroughly sprayed with 70 % (v/v) 

ethanol and the hind limbs were collected. Skin and muscle were removed under a laminar flow 

and femora and tibiae were cut open at the epiphysis. A 24 gauge needle fitted on a syringe was 

inserted into the bone cavity and the marrow was flushed out with ice-cold PBS - Ca2+/Mg2+ onto 

a 70 µm cell strainer placed on top of a 50 mL conical tube. To isolate BM from the skull, bone 

was cut into small pieces with scissors and crushed in 10 mL of ice-cold PBS - Ca2+/Mg2+ using 

mortar and pestle until it had lost its reddish color. The suspension was filtered through a 70 µm 

cell strainer into a 50 mL conical tube. BM cells were centrifuged at 300 x g and 4 °C for 10 min. 

The supernatant was discarded and the cells were resuspended in 1 mL of PBS - Ca2+/Mg2+, 

before adding 9 mL of 1x AMC buffer and mixing the sample by briefly inverting the tube. 

Following incubation for 5 min at 20 - 25 °C, the tube was filled up with ice-cold 

PBS - Ca2+/Mg2+ and the cells were spun down at 300 x g and 4 °C for 10 min. The supernatant 

was discarded and the cells were resuspended in PBS - Ca2+/Mg2+ or medium for further 

processing.  

7.8.3  Isolation of single cells from adult brain 

C57BL/6J mice at the age of 10 - 14 weeks were sacrificed via CO2-asphyxiation. Animals were 

thoroughly sprayed with 70 % (v/v) ethanol and the abdomen and thoracic cavity were opened 

carefully. Transcardial perfusion was performed with sterile, ice-cold PBS - Ca2+/Mg2+ plus 

5 U mL-1 heparin at a flow rate of 10 mL min-1 using a perfusion pump. To this end, the right 

atrium was cut open and the needle was carefully inserted ~5 mm through the tip of the left 

ventricle, while flow was already started. Perfusion was continued until the liver was completely 

devoid of blood, but at least for 2 min. The brain was dissected under a laminar flow using sterile 
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scissors and forceps and transferred onto a 100 mm petri dish on ice, which had been filled with 

2.5 mL of Medium A. The tissue was minced with two scalpels into 1 - 2 mm-thick pieces and 

transferred into a 15 mL conical tube using a 5 mL serological pipette. The preparation was 

mixed with 3 mL of 2x digestion medium and incubated for 60 min at 37 °C in a water bath. 

Every 15 min, the digest was thoroughly triturated 5 times using a 5 mL serological pipette. 

Following incubation, samples were immediately transferred on ice and filled up to 15 mL with 

ice-cold Medium B. Enzymes were removed via centrifugation at 300 x g and 4 °C for 10 min. 

To lyse residual red blood cells, the homogenate was resuspended in 1 mL of PBS - Ca2+/Mg2+ 

and 3 mL of freshly diluted 1x AMC buffer were added. The suspension was mixed by inverting 

the tube and incubated for 5 min at 20 - 25 °C. Samples were subsequently filled up with ice-cold 

PBS - Ca2+/Mg2+ and centrifuged at 300 x g and 4 °C for 10 min. The pellet was then 

resuspended in 10 mL of ice-cold myelin removal medium via drawing into a 10 mL serological 

pipette for at least ten times. Samples were spun at 700 x g and 4 °C for 10 min. The supernatant, 

including a dense layer of myelin and cell debris, was carefully removed. Cells were resuspended 

in 5 mL ice-cold Medium B and filtered through a 40 µm cell strainer, which had been 

equilibrated with an equal volume of buffer, into a fresh 15 mL conical tube. Following 

centrifugation at 300 x g and 4 °C for 10 min, the supernatant was removed completely. Cells 

were resuspended in 0.2 mL ice-cold Medium B or IMDM plus 2 % (v/v) FBS and stored on ice 

until further processing.  

Animals were perfused in a clean laboratory environment. Further dissection, tissue processing, 

and handling of single cell suspensions were performed under a laminar flow using sterile cell 

culture grade plastic ware. All buffers and media were at least sterilized via filtration through a 

0.22 µm filter. Centrifugation steps were carried out in a swing-rotor centrifuge. When isolating 
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cells from brain fractions (hippocampus / olfactory bulbs, meninges, and choroid plexus), 

digestion and cell processing were performed in 1.5 mL tubes and volumes were reduced 

accordingly (e.g. digestion: 500 µL, myelin-removal: 1 mL, filtration was omitted). Trituration in 

1.5 mL tubes was conducted using 1000 µL pipette tips that had been cut ~0.5 cm beneath the top 

and autoclaved.     

7.9  CFU assays 

7.9.1  Collagen-based CFU assay 

Following isolation, single cells were counted using a Neubauer hemocytometer and 0.1 % (w/v) 

trypan-blue in PBS and 1.1-times the final cell number per 12-well (final cell numbers: BM: 

5 x 103; spleen: 1 x 105, PB, brain, liver, kidney: 2 x 105) was transferred into a 1.5 mL tube. The 

suspension was centrifuged at 300 x g and 4 °C for 10 min. The supernatant was removed 

carefully. Cells were resuspended in 530 µL of StemSpanTM SFEM, supplemented with 

12.5 % (v/v) FBS, 0.125 U mL-1 penicillin G / streptomycin, 37.5 ng mL-1 mSCF, 12.5 ng mL-1 

mTPO, 12.5 ng mL-1 mIL-3, 12.5 ng mL-1 hEPO, 12.5 ng mL-1 mGM-CSF, and 12.5 ng mL-1 

mIL-34, and stored on ice. 130 µl of ice-cold rat collagen I (5 mg mL-1) were drawn into a cut, 

sterile 200 µL pipette tip. The pipette holding the collagen was shortly laid aside. Care was taken 

to continue the procedure without any delay in order to avoid premature polymerization of the 

collagen. 3 µL of 1M NaOH were added to 530 µL of cell suspension, immediately followed by 

adding the prepared collagen aliquot and vigorous mixing by pipetting. As soon as the collagen 

smear had dissolved completely, 600 µL of the mixture were distributed onto a 12-well plate and 

incubated at 37 °C and 5 % CO2 for 7 days. To reduce evaporation, plates were placed within a 

small chamber accompanied by an uncovered dish filled with sterile water. Eventually, plates 
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were placed onto a grid printed on transparent film and counted using an inverted microscope. 

Colonies were defined as cell clusters composed of a minimum of 30 cells.  

7.9.2  Methylcellulose-based CFU assay 

Complete methylcellulose media was divided into single-use aliquots of 2.4 mL in sterile 5 mL 

tubes using a 14 gauge needle fitted onto a 3 mL luer lock syringe and stored at -20 °C. 

Immediately before use, aliquots were thawed at 20 - 25 °C for about 30 min. Following their 

isolation, cells were resuspended in IMDM plus 2 % (v/v) FBS and counted using a Neubauer 

hemocytometer and 0.1 % (v/v) trypan-blue in PBS. Cell concentration (in cells mL-1) was 

adjusted with IMDM plus 2 % (v/v) FBS so that it represented 11-times the final cell number per 

6-well (final cell numbers: BM: 1 x 104; PB, brain: 3 x 105). 240 µL of the cell suspension were 

thoroughly mixed with an aliquot of complete methylcellulose media plus 0.1 U mL-1 

penicillin G / streptomycin using a 14 gauge needle fitted onto a 2 mL syringe, before 

immediately distributing the mixture onto non-treated 6-well plates using 1 mL per well. Plates 

were placed within a small chamber accompanied by an uncovered dish filled with sterile water 

and incubated at 37 °C and 5 % CO2 for 7-10 days. Cultures were not moved during the 

incubation time to not disturb forming colonies. Eventually, plates were placed onto a grid 

printed on transparent film and counted / graded using an inverted microscope. Colonies were 

defined as cell clusters composed of a minimum of 30 cells. Grading was performed based on the 

characteristics described in Tab. 24 and was trained in advance with BM-derived colonies, the 

identity of which was verified via Pappenheim staining of cytospin preparations. Verification was 

also done in the experimental setup whenever colony identity was unclear. Colonies from brain, 

PB, and BM were always graded on the same day and in an alternating fashion to ensure reliable 

outcomes.  
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Table 24 | Grading of colonies in methylcellulose-based CFU assays.  
Colony type Characteristics 

Burst-forming unit-erythroid (BFU-E) - very small, irregularly shaped cells 
- cell borders not discernable/appear fused 
- colony is composed of many clusters 
- red color (hemoglobin) 

Colony-forming unit-granulocyte (CFU-G) - small or medium sized, round cells 
- densely packed colonies with dark cores,              
  where individual cells are not discernable  

Colony-forming unit-macrophage (CFU-M) - large, smooth, round cells  
- often loosely packed colonies  

Colony-forming unit-granulocyte/macrophage (CFU-MG) - mix of CFU-G and CFU-M 
- often larger colony sizes  

Colony-forming unit-megakaryocyte (CFU-Mk) - very large, irregularly shaped cells with protrusions  
- loosely packed colonies  

Colony-forming unit-erythroid/megakaryocyte (CFU-E/Mk) - mix of BFU-E and CFU-Mk  
Colony-forming unit-erythroid/mix (CFU-E/mix) - mix of ~BFU-E and Mk/M/G (not clearly   

  distinguishable) 
  

 

7.10  Staining of intravascular leukocytes and BM cells via antibody injection.  

Mice were immobilized in a restrainer and the tail was carefully heated for about 1 min under an 

infra-red light source to induce dilation of the vasculature. Using a 30 gauge needle, 5 µg or 

10 µg of anti-CD45 APC antibody (BioLegend #103112) in 100 µl of sterile PBS - Ca2+/Mg2+ 

were slowly injected into the tail vein, together with 2500 U heparin kg-1 body weight. Correct 

placement of the needle was checked via mild aspiration. Following a circulation time of 5 or 60 

minutes, mice were euthanized via CO2-asphyxiation. Each injected mouse was checked for 

sufficient staining of blood leukocytes (> 90 % positive cells) or skull BM cells (> 60 % positive 

cells). Insufficiently labeled animals were excluded from the experiment. 
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7.11  Cell sorting 

To obtain enough cells for cell sorting, brain cells of 5-6 mice were pooled per experiment. Cells 

were mixed with antibodies diluted in sorting medium and stained at a cell concentration of 107 

cells mL-1 for 10 min at 2 - 8 °C in the dark. If anti-CD16/32 was used, the cells were pre-

incubated with this antibody alone for 5 min to stain / block Fc receptors. Cells were washed 

once with four volumes of buffer and centrifuged at 300 x g and 4 °C for 10 min. If necessary, 

additional incubation with streptavidin BV421 was performed for 5 min at 2 - 8 °C in the dark, 

followed by an extra washing step. Cells were resuspended in sorting medium plus 1 µM DAPI at 

about 2 - 4 x 106 cells mL-1 and transferred into sterile FACS tubes that had been incubated with 

50 % (v/v) FBS in PBS overnight at 4 °C to minimize cell adherence to the plastic surface. 

Sorting was performed at a BD FACSAriaTM III cell sorter, equipped with a 70 µm nozzle. Cells 

were divided into up to 4 fractions and sorted into sterile 15 mL or 2 mL tubes filled with sorting 

medium (5 mL or 1 mL, respectively) that had been supplemented with an extra 10 % (v/v) of 

FBS. After the sort, cell suspensions were filled up with sterile PBS - Ca2+/Mg2+ and centrifuged 

at 300 x g and 4 °C for 10 min. Cells were resuspended in 0.1 - 0.2 mL IMDM plus 2 % (v/v) 

FBS. Eventually, living cells were counted in each fraction based on trypan blue exclusion using 

a Neubauer hemocytometer.  
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7.12  Molecular biology 

7.12.1  RNA isolation & quality control  

For RNA isolation, ~250 mg of brain tissue was snap-frozen in liquid N2 and stored at -80 °C 

until further processing. The tissue was rapidly thawed and mixed with 1 mL of TRIzol reagent 

in a 10 mL round bottom tube before homogenizing it with a blender. The homogenate was 

incubated for 5 min at 20 - 25 °C. After addition of 200 µL chloroform, the tube was shaken 

vigorously for about 15 seconds. The mixture was incubated for 2 - 3 min at 20 - 25 °C followed 

by centrifugation at 12,000 x g and 4 °C for 15 min. The aqueous top layer was carefully 

removed and transferred into a fresh plastic tube, where 0.5 mL of isopropanol were added and 

the mixture was incubated for 10 min at 20 - 25 °C. After centrifugation at 12,000 x g and 4 °C 

for 10 min, the supernatant was discarded and the RNA pellet was resuspended in 1 mL of 

75 % (v/v) ethanol. The sample was centrifuged at 7,500 x g and 4 °C for 5 min. The supernatant 

was discarded and the pellet was air dried for 5 - 10 min at 20 - 25 °C. RNA was resuspended in 

RNase-free water and incubated for 10 min at 60 °C to fully dissolve. Purity was tested at a 

NanoDrop spectro-photometer by measuring the absorption at 230, 260, and 280 nm (260/230 

ratio = 1.8 - 2.2; 260/280 ratio = 1.8 - 2.2). RNA integrity was assessed via gel electrophoresis 

(see below) and visualization of 28S and 18S rRNA bands. Samples were stored at -80 °C until 

further use, while avoiding repeated freeze-thaw cycles.  

7.12.2  cDNA synthesis  

Complimentary DNA was reverse transcribed from RNA samples using the QuantiTect® reverse 

transcription kit while following the manufacturer’s instructions. In brief, 1 µg of RNA was 

mixed with 7x concentrated gDNA wipeout buffer and RNase-free water to obtain a sample of 

14 µL. The mix was incubated for 2 min at 42 °C and immediately chilled on ice. Next, 5µL of 



Methods 
 

109 
 

5x concentrated Quantiscript RT buffer were added, along with 1 µL of RT primer mix and 1 µL 

of Quantiscript reverse transcriptase. The 20 µL sample was incubated for 15 min at 42 °C, 

followed by inactivation of the RT enzyme for 3 min at 95 °C. Samples were chilled on ice and 

stored at -20 °C until further use.    

7.12.3  Quantitative polymerase chain reaction (qPCR) 

For qPCR, 5 µL of cDNA (12.5 ng from whole brain), diluted in dH2O, were mixed with 10 µL 

of 2x SsoAdvancedTM universal SYBR® green supermix and 200 nM (final conc.) forward and 

reverse primers, respectively. The sample was brought to a final volume of 20 µL with dH2O and 

run in a qPCR thermal cycler following the protocol described in Tab. 25. Before performing 

relative quantifications in an experimental setting, specificity of the primers (via melting curve 

and gel electrophoresis of PCR products), amplification of genomic DNA (via -RT controls), as 

well as primer efficiency (= 90 - 110 %) and dynamic range (via a serial dilution of cDNA) of the 

experiment were tested. Negative controls without cDNA template were included in every run 

and for all primer pairs. Melting curve analysis was performed as a standard quality control 

procedure.  

Table 25 | Protocol for quantitative polymerase chain reaction (qPCR).   

Step Temperature Duration Repetitions 

1. Activation  95 °C 600 s 1x 
2. Denaturation  95 °C 10 s 

40x 
3. Annealing/elongation 58 °C 25 s 
4. Melting curve 58 °C - 95 °C 0.3 °C / 15 s 1x 
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7.12.4  Genomic DNA preparation from ear punches   

Ear punches were immersed in 100 µL lysis buffer for genotyping and incubated for 50 min at 

90 °C with shaking. 100 µL of 40 mM Tris-HCl were added and the sample was centrifuged at 

250 x g and 20 - 25 °C for 5 minutes. Eventually, 0.5 - 2 µL of the cleared supernatant were used 

in a standard PCR.  

7.12.5  Genomic DNA preparation from cell colonies 

Individual colonies were cut from collagen-based CFU assays under a dissecting microscope and 

transferred into a 0.25 mL reaction tube, before adding 10 µL of lysis buffer for genotyping. 

Samples were briefly spun down and incubated in a thermal cycler at 90 °C for 30 min with 

heated lid (105 °C). Next, 10 µL of 40 mM Tris-HCl were added and the tube was centrifuged at 

10,000 x g and 20 - 25 °C for 5 min. Eventually, 2 µL of the cleared supernatant were used in a 

standard PCR.  

7.12.6  Polymerase chain reaction (PCR) 

For PCR, 0.5 - 2 µL of genomic DNA isolated from ear punches, colony lysates, or cDNA 

(25 - 100 ng) were mixed with 12.5 µL of 2x red master mix, 1 mM (final conc.) MgCl2, and 

200 nM (final conc.) of forward and reverse primers, respectively. The sample was brought to a 

final volume of 25 µL with dH2O and run in a thermal cycler following the protocol described 

in Tab. 26.  

Table 26 | Protocol for standard polymerase chain reaction (PCR).  

Step Temperature Duration Repetitions 

1. Denaturation   95 °C 30 s 
35x 2. Annealing  59 °C 30 s 

3. Elongation 72 °C 30 s 
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7.12.7  DNA/RNA gel electrophoresis 

Especially for analysis of RNA, gels were prepared fresh by boiling 1 - 1.5 % (w/v) agarose in 

TAE buffer until the agarose had completely dissolved. After the solution had cooled to ~50 °C, 

1 µL Midori Green was added per 50 mL of volume. The solution was transferred into a 

thoroughly cleaned running chamber and was allowed to gel completely at 20 - 25 °C. For 

electrophoresis, the gel was immersed in fresh TAE buffer. 1 µg RNA was mixed with 2x RNA 

Gel Loading Dye for integrity testing. PCR products that had been generated in red master mix 

were analyzed directly, while products from qPCR were mixed with 6x loading dye. Gel 

electrophoresis of DNA samples was performed for about 45 minutes at 20 - 25 °C and 

10 V cm-1. RNA samples were run at lower voltage (3.5 V cm-1) for 2 h at 4 °C. Bands were 

visualized under UV light and compared to 100 bp or 1 kb marker sets.  
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7.13  Experimental design and statistics 

Controls were always performed in parallel to all experimental approaches. In addition to 

treatment controls, these included positive controls (if applicable) and reagent controls for 

ICC/IHC, as well as unstained, isotype, FMO, and compensation controls for flow cytometry. 

Apart from preliminary or supplementary analyses, at least two independent runs were conducted 

per experiment. As the same investigator performed dissections, cultures, and analysis of CWFAs 

and CFU assays, blinding was not applicable. To quantify IBA1+ cells in brain sections after 

PLX5622 treatment, automated counting with ImageJ was applied, making blinding unnecessary.  

Following the GrapPad statistics guide (https://www.graphpad.com/guides/prism/6/statistics/ 

index.htm) , experiments with low sample size per group (n < 7) were neither tested for Gaussian 

distribution nor analyzed via nonparametric tests, as both operations have insufficient power at 

low n size, rendering them unfeasible in these situations. Instead, in these cases, data was 

assumed to be normally distributed and analyzed with Student’s t-tests or ANOVAs. When 

comparing groups with n > 7, the compliance to a Gaussian distribution was tested using the 

D'Agostino & Pearson omnibus normality test, before analyzing parametric data with Student’s t-

tests or ANOVAs and nonparametric data with Mann-Whitney or Kruskal-Wallis tests. P values 

below 0.05 were considered statistically significant. All results are given as mean ± standard 

deviation (SD).  

 

 

 

https://www.graphpad.com/guides/prism/6/statistics/%20index.htm
https://www.graphpad.com/guides/prism/6/statistics/%20index.htm
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10  Annex 

10.1  Supplementary figures 

 

Figure S1 | Adventitial CD34 and FLK-1 staining of mouse aorta. C57BL/6 mice were sacrificed at the 

age of 8 weeks and 10 µm aortic cross-sections were stained via IHC-P for CD34 and FLK-1. Lu: vessel 

lumen. Scale bar: 50 µm 

 

 

Figure S2 | BM progenitors were targeted by intravenous anti-CD45 antibody. Mice were injected 

i.v. with 10 µg of anti-CD45 APC antibody and sacrificed after a circulation time of 60 min. BM was 

prepared from the skull and sorted based on APC fluorescence. IV-CD45+ and IV-CD45- cells were 

analyzed in collagen-based CFU assays. Results represent the means of one preliminary experiment 

including n = 3 mice. Error bars indicate SDs.  
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Figure S3 | Upstream gating strategy to sort brain cell suspensions. Single cells were separated from 

clusters and debris based on SSC/FSC characteristics. No life/dead staining was included, as viable cells 

were identified via trypan blue exclusion after the sort. Plots are contour plots with 5% contour levels 

including outliers.  

 

 

Figure S4 | CNS macrophages failed to form colonies in CFU assays even in the presence of other 

brain cells. 10,000 GFP+ cells were sorted from brain homogenates of B6.Iba1-GFP mice and mixed 1:9 

with pseudo-sorted WT brain cells, before analyzing the mixtures in collagen-based CFU assays. Colonies 

(1 - 17) were picked after 7 days of culture and examined via genomic PCR for the presence of the 

Iba1-GFP transgene (Tg). Colonies that arose from the GFP- fraction of B6.Iba1-GFP brain cells were 

used as positive controls (+). None of the colonies that were generated in the mixed cultures were 

transgene-positive and therefore derived from GFP+/Iba1
+ cells, illustrating that even in the presence of 

other brain cells, CNS macrophages lacked prominent clonogenicity in CFU assays. Data derived from 

one experiment including a total of n = 3 mice.  
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Figure S5 | Diverse myeloid cell types could be differentiated from brain suspension cultures. 

(a) Overview of the experimental procedure. GFP-/Iba1
- cells were sorted from the brains of adult         
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Figure S5 (continued) B6.Iba1-GFP mice and cultured in CFU assay medium without addition of 

collagen. After 7 days, medium was changed to DMEM plus 10 % FBS, 10 ng mL-1 CSF-1, 10 ng mL-1 

IL-34 and cells were cultured for another week. (b) Non-adherent cells rapidly proliferated and formed 

free-floating clusters in expansion culture. Following medium change, cells attached to the well bottom 

and started to show a macrophage-like morphology. (c) Adherent cells stained positive for the 

myeloid/macrophage markers PU.1, CD11B, F4/80, and IBA1 after one week of differentiation culture. 

(d) Unsorted whole brain cells were expanded in serum-free StemSpan SFEM plus 20 ng mL-1 SCF and 

10 ng mL-1 IL-3 for 7 days, followed by a short differentiation period in DMEM plus various growth 

factors (10 ng mL-1 each). Depending on the medium composition, cultures could be enriched for F4/80+ 

monocytes/macrophages, Ly6G+ neutrophils, or GP1Bα+ megakaryocytes, which was assessed via 

Pappenheim and immuno-fluorescence stainings of cytospin preparations.  

 

 

 

Figure S6 | CMPs frequently produced large-sized colonies in contrast to more committed 

progenitor fractions. BM cells were sorted into CMP, GMP, and MEP phenotypes, which were 

individually analyzed in methylcellulose-based CFU assays. Depicted are colonies at day 8 of culture. 

Although all wells contained around 100 colonies (comprising > 30 cells), many clusters in the CMP 

fraction were already macroscopically discernable.  
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Figure S7 | Flow cytometric analysis of forced CNS macrophage repopulation. B6.Iba1-GFP mice 

were sacrificed following treatment with 1200 mg PLX5622 (kg chow)-1 for 7 days (depletion) or 3 days 

after drug withdrawal (recov. d3). Single cell suspensions were prepared from the brains and analyzed via 

flow cytometry. (a) GFP+/Iba1
+ cells were reduced by 90 % following PLX5622 treatment, but rapidly 

recovered within 3 days. (b,c) Repopulating GFP+/Iba1
+ cells displayed increased cell size (b) and 

elevated CD45 surface expression (c), indicative of cellular activation. Depicted plots are contour plots 

with 5 % contour levels including outliers. The classical “microglia gate” (CD45lo CD11B+) is indicated. 

(d) The percentage of Ly6C+ cells within the CD45+ CD11B+ myeloid population was not elevated at 

day 3 of recovery, arguing against infiltration of Ly6C+ monocytes. Results represent the means of one 

experiment including a total of n = 2 - 4 mice per group/time point. Error bars indicate SDs. Statistical 

analyses were performed using unpaired Student’s t tests or ordinary one-way ANOVAs with Tukey’s 

multiple comparisons test. ****P < 0.0001, n.s.: non-significant, MFI: median fluorescence intensity.  
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Figure S8 | Forced CNS macrophage repopulation using PLX5622 showed some degree of inter-

experimental variance. Shown are representative FOVs within the neocortical region, taken from IBA1-

immunostained sagittal brain sections of mice that had been fed with 1200 mg PLX5622 (kg chow)-1 for 

7 days (depletion) or had been allowed to recover (recov.) for 3 or 7 days, respectively, following 

withdrawal of the drug. Scale bar: 100 µm. Stainings were obtained in parallel to the qPCR data presented 

in Fig. 21c and d. In contrast to the analysis shown in Fig. 21a and b, repopulation occurred at a slower 

pace, although depletion efficiency was similar in both experiments.  

 

 

 

Figure S9 | The monocyte fraction expanded in blood following transient PLX5622 treatment. Mice 

were sacrificed after treatment with 1200 mg PLX5622 (kg chow) -1 for 7 days (depletion) or 1, 3, and 7 

days following withdrawal of the drug (recovery). Mixed PB was analyzed via flow cytometry. Blood 

cells were pre-gated on CD45 and monocytes were defined as the SSClo (gate P1) FSChi CD11B+ (gate P2) 

leukocyte fraction188, as shown in the representative contour plots (5 % contour levels including outliers). 

Results represent the means of one experiment including n = 4 - 8 mice per group and time point. Error 

bars indicate SDs. Statistical analysis was performed using ordinary two-way ANOVA with Sidak’s 

multiple comparisons test. ****P < 0.0001, n.s.: non-significant. 
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