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Abstract

Macrophages are well characterized as immune cells. However, in recent years, a multitude of 

non-immune functions have emerged many of which play essential roles in a variety of 

developmental processes (Wynn, Chawla and J. W. Pollard, 2013; DeFalco et al., 2014). In adult 

animals, macrophages are derived from circulating monocytes originating in the bone marrow, but 

much of the tissue-resident population arise from erythro-myeloid progenitors (EMPs) in the 

extra-embryonic yolk sac, appearing around the same time as primitive erythroblasts (Schulz et al., 
2012; Kierdorf et al., 2013; McGrath, Frame and Palis, 2015; Gomez Perdiguero et al., 2015; 

Mass et al., 2016). Of particular interest to our group, macrophages have been shown to act as pro-

angiogenic regulators during development (Owen and Mohamadzadeh, 2013; DeFalco et al., 2014; 

Hsu et al., 2015), but there is still much to learn about these early cells.

The goal of the present study was to isolate and expand progenitors of yolk-sacderived Embryonic 

Macrophages (EMs) in vitro to generate a new platform for mechanistic studies of EM 

differentiation. To accomplish this goal, we isolated pure (>98%) EGFP+ populations by flow 

cytometry from embryonic day 9.5 (E9.5) Csf1r-EGFP+/tg mice, then evaluated the angiogenic 

potential of EMs relative to Bone Marrow-Derived Macrophages (BMDMs). We found that EMs 

expressed more pro-angiogenic and less pro-inflammatory macrophage markers than BMDMs. 

EMs also promoted more endothelial cell (EC) cord formation in vitro, as compared to BMDMs in 

a manner that required direct cell-to-cell contact. Importantly, EMs preferentially matured into 
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microglia when co-cultured with mouse Neural Stem/Progenitor Cells (NSPCs). In conclusion, we 

have established a protocol to isolate and propagate EMs in vitro, have further defined specialized 

properties of yolk-sac-derived macrophages, and have identified EM-EC and EM-NSPC 

interactions as key inducers of EC tube formation and microglial cell maturation, respectively.
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INTRODUCTION

Beside their key role in immune response, macrophages have been shown to mediate the 

development and maintenance of normal structure and function of several tissues including 

the vascular system. For instance, macrophages were previously shown to regulate vascular 

complexity during retinal development by secreting VEGF-C, which activates VEGFR3 on 

vascular endothelial cells and reinforces Notch expression (Tammela et al., 2011). 

Additionally, previous studies have suggested that macrophages function as cellular 

chaperones to enhance vascular anastomosis in the developing hindbrain and retina by 

mediating the fusion of endothelial tip cells (Fantin et al., 2010; Rymo et al., 2011). Others 

have found that macrophages function in vascular remodeling and regression such as in the 

case of the transient hyaloid vasculature of the eye. Here, resident macrophages mediate 

vascular endothelial cell apoptosis via the cooperation between the angiopoietin-2 and 

Wnt7β pathways (Rao et al., 2007). In addition, recent work has indicated that macrophages 

promote pupillary membrane capillary regression by engulfing endothelial cell membrane 

particles emanating from the pupillary membrane vasculature (Poché et al., 2015). Together, 

these studies suggest that macrophages play various roles during the development and 

remodeling of the vascular system, but the exact mechanisms underlying this functional 

diversity are not fully understood.

Beyond development, macrophages have also been implicated in pathological angiogenesis 

of several diseases such as cancer. For instance, tumor associated macrophages (TAMs) play 

an important role in tumor angiogenesis as they regulate the angiogenic switch leading to 

increased tumor vascularization, which is required for the transition to the malignant state 

(Lin et al., 2006). Additionally, studies have shown that TAMs can secrete many pro-

angiogenic factors and proteases. TAMs are also characterized by the expression of the 

mannose receptor 1 (Mrc1), which is also highly expressed on embryonic macrophages 

during development (Takahashi et al., 1998; Lin and J. W. Pollard, 2007; Mazzieri et al., 
2011). These data are in line with the previous finding that TAMs and EMs share a common 

gene signature suggesting overlapping functions possibly at the level of angiogenic potential 

(Pucci et al., 2009). While these studies investigated the function of adult macrophages in a 

tumor environment, our project aimed at elucidating the functional properties of yolk sac-

derived embryonic macrophages (EMs) isolated from the embryo proper.

The many described roles for macrophages point to tremendous functional heterogeneity, but 

also plasticity. Many groups have described the ability of macrophages to respond to altered 
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cellular environments by dramatically changing their functional role. For example, in the 

broadest sense, the presence of specific signaling molecules are well known to instruct 

macrophages to adopt either the so-called M1 (pro-inflammatory) identity versus the M2 

(anti-inflammatory) identity (Jetten et al., 2014). Importantly, EMs have been shown to 

express M2 markers such as Mrc1 and Arginase 1, suggesting they are more similar to the 

M2, versus the M1, classification scheme (Takahashi et al., 1998; Rőszer, 2015). 

Additionally, M2 macrophages have been reported to exhibit pro-angiogenic activities. 

However, it is important to recognize that within these two very general classifications of 

macrophages, other levels of functional variation likely exist along a continuum 

(Ovchinnikov, 2008; Pucci et al., 2009; Mazzieri et al., 2011; Jetten et al., 2014).

In addition to environmental cues, macrophages may also be influenced by developmental 

origin and the corresponding cell intrinsic transcriptional identity (Matcovitch-Natan et al., 
2016). Macrophages derived from various progenitor populations (yolk sac, fetal liver, and 

bone marrow) appear at different stages of development, coincident with different sites of 

hematopoiesis. The earliest macrophages in the mouse embryo are found at embryonic day 

(E) 7.5, but are actually a transient population of maternally derived macrophages that are 

cleared by E9.0 (Bertrand et al., 2005; Kierdorf et al., 2013). Embryonic macrophages 

derive from the extra-embryonic yolk sac and arise from both primitive hematopoietic 

progenitors, which are evident as early as E7.5, as well as from erythromyeloid progenitors, 

which are detected by E8.5 (Bertrand et al., 2005; Schulz et al., 2012; Kierdorf et al., 2013; 

McGrath, Frame and Palis, 2015; Gomez Perdiguero et al., 2015; Mass et al., 2016). By 

E10.5, definitive hematopoietic stem cells (HSCs) are present within the aorto-

gonadomesonephros (AGM) region and generate a second population of embryonic 

macrophages. Subsequently, AGM HSCs cells migrate to the fetal liver where they expand 

and differentiate starting at E12.5 (Bertrand et al., 2005; Orkin and Zon, 2008; Schulz et al., 
2012; Gomez Perdiguero et al., 2015). At this point, the fetal liver is a transient source of 

definitive hematopoiesis from which circulating monocytes are derived. During neonatal 

stages, fetal liver hematopoiesis declines and is replaced by bone marrow hematopoiesis 

(Lichanska et al., 1999; Lichanska and Hume, 2000; Geissmann et al., 2010; Wynn, Chawla 

and J. W. Pollard, 2013).

Yolk-sac-derived macrophages form the first wave of tissue resident macrophages. Cell 

lineage tracing studies have shown that mouse yolk sac macrophages colonize the 

developing central nervous system (CNS) and persist to adulthood as tissue resident 

microglia (Ginhoux et al., 2010). These cells self-renew within the CNS throughout 

adulthood without significant contribution from the bone marrow and circulating blood 

monocytes and were shown to play important roles in the sprouting, migration, anastomosis 

and refinement of the CNS vascular system (Herbomel, B. Thisse and C. Thisse, 2001; 

Ajami et al., 2007; Ginhoux et al., 2010; Fantin et al., 2010; Hashimoto et al., 2013; Arnold 

and Betsholtz, 2013). For example, the microglia-deficient mice (Pu.1 knockouts and Csf1 

op/op mutants) have reduced numbers of vascular branch points in the hindbrain (Fantin et 
al., 2010). Similarly, previous studies indicates that microglia play roles in shaping the 

vascular plexus in the retina (Rymo et al., 2011; Arnold and Betsholtz, 2013). However, 

microglia share a number of molecular characteristics with other macrophage classes, 

making it difficult to distinguish microglia from other macrophages using molecular marker 
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analysis. Therefore, the detailed characterization of morphological features has been widely 

used as an alternative to quantitatively differentiate between microglia and other myeloid 

cells in culture (Fujita et al., 1996; Eder et al., 1999; Szabo and Gulya, 2013; Sheets et al., 
2013).

In this study, we first investigated the possibility that EMs are endowed with greater pro-

angiogenic potential than BMDMs. Despite several studies indicating that EMs express pro-

angiogenic factors and gene expression signatures distinct from fetal liver and adult 

macrophages (Bertrand et al., 2005; Ovchinnikov, 2008; Pucci et al., 2009; Schmieder et al., 
2012), very little is known about the phenotypic properties and functional capabilities of 

EMs before the production of the definitive HSCs. Furthermore, to date, most research 

investigating the pro-angiogenic potential of macrophages has been performed using adult 

macrophages. Therefore, isolation and characterization of EMs is necessary for determining 

the full potential of macrophages in driving vascular development as well as other roles 

served by microglia.

Here, we report successful isolation, in vitro expansion and characterization of EMs derived 

from E9.5 Csf1r-EGFP+/tg transgenic mice. We confirmed the macrophage identity in our 

isolated/cultured EMs by their expression of the specific macrophage markers Csf1r and 

F4/80. We also determined that EMs possess pro-angiogenic and pro-inflammatory 

properties distinct from adult macrophages. Most importantly, we demonstrated that EMs 

have a greater capability to differentiate into microglia as compared to adult macrophages 

when co-cultured with NSPCs, consistent with data showing that microglia derive from EMs 

(Ginhoux et al., 2010). The purified EM population is thus suitable to investigate a wide 

range of molecular properties and functional capabilities of macrophages ex vivo.

MATERIAL AND METHODS

Mice

Flk1-myr::mCherrytg/tg mice (Larina et al., 2009) were crossed to Csf1r-EGFPtg/tg mice 

(Sasmono et al., 2003) to generate Csf1r-EGFP+/tg; Flk1-myr::mCherry+/tg mice. Csf1r-EGF 
+/tg; Flk1-myr::mCherry+/tg mice were intercrossed to generate Csf1r-EGFPtg/tg; Flk1-
myr::mCherrytg/tg mice. Csf1r-EGFPtg/tg males were mated to CD1 females to generate 

Csf1r-EGFP+/tg mice. CD1 females were purchased from the Charles River Laboratories. 

All animal procedures were reviewed and approved by Baylor College of Medicine 

Institutional Animal Care and Use Committee in compliance with the National Research 

Council Guide for the Care and Use of Laboratory Animals.

In vivo confocal imaging macrophages in the embryo

CD1 females were mated to Csf1r-EGFPtg/tg; Flk1-myr::mCherrytg/tg males to generate 

Csf1r-EGFP+/tg; Flk1-myr::mCherry+/tg transgenic embryos. The morning of a vaginal plug 

formation was counted as embryonic day 0.5 (E0.5). Embryos were isolated at E9.5 and 

dissected under a stereomicroscope at 37°C. Embryos were kept in a prewarmed dissection 

media (1XDMEM-F12 contains 10% Fetal Bovine Serum (FBS), 100 U/ml penicillin and 

100 μg/ml streptomycin Life technologies). The decidua, Reichert’s membrane, and yolk sac 
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were removed to allow visualization of the embryo. Embryos from different litters were 

stage matched by somite numbers. Dissected embryos were allowed to recover for one hour 

in a 35 cm2 glass bottom dish containing pre-warmed dissection media at 37°C and 95% air/ 

5% CO2 incubator. The dish was placed onto a Zeiss LSM 780 confocal microscope with an 

incubated stage (humidified at 37°C and 95% air/ 5% CO2) for imaging. Tiled-z-stack 

images were taken using 10X, 20X, and 40X objectives. Images were analyzed to determine 

the spatial distribution of EGFP+ macrophages in the embryo and their association with the 

vasculature (identified by mCherry expression).

Macrophage Isolation

Embryonic macrophages.—E9.5 Csf1r-EGFP+/tg transgenic embryos were harvested at 

room temperature (RT) and placed in cold HBSS+ (HBSS without calcium or magnesium 

and containing 5% FBS, 10 mM HEPES, 100 U/ml penicillin and 100 μg/ml streptomycin 

pH=7.4 (Life technologies)). After rapid transfer into a polypropylene tube containing cold 

HBSS+ stored on ice, embryos were then digested with 0.1% type I collagenase 

(Cat#17101015 Life technologies) for 20 minutes at 37°C in a humid incubator containing 

95% air/ 5% CO2. The collagenase activity was terminated by addition of an equal volume 

of cold HBSS. The suspension was gently mixed by pipetting several times with a 5ml 

pipette and passed through a sterile 27.5 gauge needle attached to a syringe. Embryonic cell 

pellets were collected and resuspended in cold HBSS+ and filtered through a 40 μm cell 

strainer into clean tubes to generate single cell suspensions. A live cell count was determined 

using the 0.4% trypan blue exclusion test, and enumeration was performed with a disposable 

hemocytometer. Samples were centrifuged and resuspended with cold HBSS+ at a 

concentration of 106 cells/ml. Samples were then transferred into polypropylene 

fluorescence-activated cell sorting (FACS) tubes for cell sorting by EGFP signal using a BD 

FACSAria II cell sorter. Sorted cells were collected in polypropylene FACS tube contains 

DMEM+ (1X DMEM high glucose medium supplemented with 20% fetal bovine serum, 

100 U/ml penicillin and 100 μg/ml streptomycin, Life technologies) and immediately 

cultured in a DMEM+ supplemented with 40 ng/ml macrophage colony stimulating factor 

(M-CSF, ProSpec) at a concentration of 5 × 105 cells/ml, and incubated in a humidified 

incubator at 37°C and 95% air/ 5% CO2. Csf1r-EGFP labeled EMs were used between 

passages 2 and 4 for further experimentations.

Bone marrow derived macrophages.—Bone marrow cells were isolated from the tibia 

of 10–14 week-old Csf1r-EGFP+/tg transgenic mice under sterile conditions as described 

previously (Kroeger, Collins and Ugozzoli, 2009; Marim et al., 2010). Briefly, tibias were 

placed in a 60 mm petri dish containing sterile 1XPBS, and the muscles connected to the 

bone were removed. In a tissue culture hood, both ends of the tibia were cut off and bone 

marrow cells were flushed out into a petri dish with 27.5 gauge needle attached to a 1cc 

syringe containing sterile 1X PBS. Bone marrow cells were homogenized and resuspended 

in DMEM+ media. The cell suspension was mixed thoroughly and passed through a 40 μm 

cell strainer to create a single cell suspension. Bone marrow cells were differentiated into 

BMDMs by culturing in DMEM+ supplemented with 40 ng/ml M-CSF and incubated for 4 

days in a humidified incubator at 37°C and 95% air/ 5% CO2. BMDMs were selected by 
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adhesion to petri dishes after 5 days of differentiation. Csf1r-EGFP labeled BMDMs were 

used between passages 2 to 4 for our experiments.

Quantitative real time PCR (qRT-PCR)

EMs or BMDMs were seeded on tissue culture treated 6-well plate at a density of 10,000 to 

15,000 cells/cm2, and allowed to grow to confluence at 37°C in humidified incubator 

containing 95% air and 5% CO2. Confluent EMs and BMDMs were washed with cold 

1XPBS and the total RNA was extracted with Trizol-reagent (Life technologies) and purified 

following the Qiagen RNeasy mini kit guidelines. 2μg RNA was reverse transcribed using 

Invitrogen SuperScript ® III cDNA synthesis kit, and 250ng cDNA was used per reaction. 

qRT-PCR was carried out using Taqman primers, Taqman Universal Master Mix II on a 

StepOnePlus Real-Time PCR system (Applied Biosystems). The following Taqman qRT-

PCR primers were used: EGF-like module-containing mucin-like hormone receptor-like 1 

(F4/80, Mm00802529_m1), Colony stimulating factor 1 receptor (Csf1r, 
Mm01266652_m1), Cluster of Differentiation Molecule 11b (CD11b, Mm00434455_m1) 

Inducible nitric oxide synthase (iNOS, Mm00440502_m1), Tumor Necrosis Factor alpha 

(TNF, Mm00443260_g1), C-C chemokine receptor type 2 (CCR2, Mm00438270-m1), 

Neuropilin 2 (Nrp2, Mm00803099_m1), Notch homolog 1 (Notch1, Mm00435249_m1), 

Arginase-1 (Arg1, Mm00475988_m1), Fractalkine receptor (CX3CR1, Mm02620111-s1) 

and Mannose receptor C type 1 (Mrc1, Mm01329362_m1). 18S (4333760F) level was used 

for normalization and relative gene expression ratios were calculated using quantitative ΔCT 

methods.

Immunocytochemistry

EMs or BMDMs or ANS4 were seeded at a density of 10,000 to 15,000 cells/cm2 into Lab-

Tek II 8 well glass chamber slide and grown to > 80% confluence prior to staining. Cells 

were washed with 1XPBS for 5 minutes and fixed in 4% paraformaldehyde (PFA) for 30 

minutes at RT. Cells were blocked with a blocking solution (1XPBS with 0.1% Triton-X and 

2% natural serum) for 1 hour at RT, followed by incubation with primary unconjugated 

antibodies diluted in the blocking solution and incubated overnight at 4°C. 

Immunocytochemical (ICC) analyses were performed with the following primary 

antibodies: F4/80, Csf1r, CD11b, iNOS, TNF, CCR2, Arg1, CX3CR1, Mrc1, GFP, ionized 

calcium-binding adapter molecule 1 (Iba-1), Nestin, and beta class III tubulin (TUJ1) (Sup. 

Table1). ANS4 were incubated with Iba-1, Nestin, and TUJ1 only. Following, cells were 

washed 3 times with 1XPBS for 5 minutes and incubated with secondary antibodies (1:400 

dilution), and 4’−6-Diamidino-2-phenylindole (DAPI) (1:500 dilution) in the blocking 

solution for 1 hour at RT (Sup. Table 2). After washing with 1XPBS as previously stated 

slides were mounted in fluoromount-G (SouthernBiotech) and images were taken using 

Zeiss LSM 780 confocal microscope at 20X objective. All comparative images were taken 

with the same laser power and gain settings in order to make qualitative comparisons 

between staining levels in different samples. Multiple fields of view were imaged from 

biological replicates and representative images are shown. The ratio of macrophage marker 

immunopositive cells with respect to total number of cells in a field of view was calculated 

using the software FARSIGHT (http://www.farsight-toolkit.org/). The total number of cells 
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in the field of view was calculated by enumerating the number of DAPI stained nuclei using 

the nuclear segmentation program in FARSIGHT (Al-Kofahi et al., 2011).

Western blotting

Total cytoplasmic and membrane proteins were isolated from proliferating EMs and 

BMDMs cultures grown to near confluence in 100 mm tissue culture treated plates. Proteins 

were quantified using Bradford protein assay. 30μg of protein from each sample were 

denatured and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE), then transferred to polyvinylidene fluoride (PVDF) membranes. Membranes 

were blocked with 5 % non-fat milk in Tris buffered saline supplemented with 0.05 % 

Tween-20 (TBS-T) for 1hour at RT, followed by incubation with primary unconjugated 

antibodies diluted in TBS-T containing 5% non-fat milk overnight at 4°C. The following 

primary antibodies were used: CD11b, iNOS, CCR2, Arg1, CX3CR1, Mrc1, GFP, GAPDH 

(Sup. Table 1). Following several washes with TBS-T, membranes were incubated with 

horseradish peroxidase-conjugated secondary antibodies diluted 1:5000 in TBS-T/5% non-

fat milk for 1 hour at RT (Sup. Table 2). Membranes were washed as above, treated with 

pierce enhanced chemiluminescence western blotting substrate plus detection reagents and 

visualized by generating autoradiographs following film exposure using a film processor. 

Protein expression levels were compared between samples and controls using spot 

densitometric analyses of digital autoradiographs relative to GAPDH expression using 

ImageJ software.

In vitro assays

Macrophage Polarization.—EMs or BMDMs were seeded at 10,000 cells/cm2 in culture 

medium containing 40ng/ml M-CSF onto tissue 6-well tissue culture plates and allowed to 

grow to > 70 confluence at 37°C in humidified incubator containing 95% air and 5% CO2. 

Macrophages were then polarized for 24 hours with 200ng/ml lipopolysaccharide (LPS, 

cat#L2630) for M1 or with 20ng/ml Interleukin-4 (IL-4, Prospec) for M2 macrophages. 

Non-stimulated EMs and BMDMs were used as control. Total RNA was extracted and 

cDNA was synthesized as previously described. Then macrophage polarization was 

confirmed by qRT-PCR analysis of gene expression of established M1 (CD11b, iNOS, 

CCR2, and TNF) and M2 (Arg1, Cx3cr1, and Mrc1) macrophage markers.

In vitro 3D-endothelial cell cord formation.—Human Umbilical Vein Endothelial 

Cells (HUVECs, Lonza) at a density of 2 × 106 cells/ml were encapsulated in 2.5 mg/ml 

collagen pre-gel solution with Csf1r-EGFP labeled EMs or Csf1r-EGFP labeled BMDMs at 

a density of 4 × 105 cells/ml as described before (Hsu et al., 2015). 10 μl of collagen pre-gel 

solution mix was gently seeded onto each well of a μ-Slide Angiogenesis (cat#81506, ibidi) 

and incubated at 37°C in humidified incubator containing 95% air and 5% CO2 for 30 

minutes to allow the collagen pre-gel to solidify. 50 μl EGM complete medium (Lonza) 

supplemented with 40 ng/ml human-VEGF (ProSpec), 40 ng/ml human-FGF2 (ProSpec) 

and 40 ng/ml Mouse-M-CSF was added to each well and incubated in a humidified 

incubator at 37°C and 95% air/ 5% CO2. To test whether macrophage conditioned media 

could influence HUVEC tube formation, HUVECs were seeded as described above, but then 

were cultured with conditioned media from EMs or BMDMs, supplemented with FGF, 

Yosef et al. Page 7

Dev Biol. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



VEGF and M-CSF as described above. To prepare conditioned media, EMs or BMDMs 

were plated at a density of 5×105 cells/ml in EGM complete medium. After 72 hours 

conditioned media were collected and stored at −20°C.

After 24 and 72 hours, collagen gels were collected from macrophage/endothelial cell co-

culture experiments, washed three times with 1XPBS for 5 minutes. They were then fixed in 

4 % PFA for 1 hour at RT and followed by three washes with 1XPBS. For conditioned 

media experiments, HUVECs within collagen gels were grown in conditioned media for 72 

hours then harvested in an identical manner. Samples were then incubated in a blocking 

solution (1 × PBS with 0.8% Triton × and 2% donkey serum) at RT for 1 hour. Following, 

samples were incubated with the primary antibody platelet endothelial cell adhesion 

molecule (mouse anti human PECAM-1, R&D) at the ratio of 1:200 in blocking solution at 

4°C overnight. Following three washes with 1XPBS, samples were incubated with Alexa 

donkey anti-mouse (1:400) and DAPI (1:500) diluted in blocking solution for 1 hour at RT. 

Samples were washed as above and mounted with fluoromount-G. Samples were examined 

by using a Zeiss LSM 780 confocal microscope. Z-stack images were taken using an EC 

Plan-Neofluar 10X/0.30 NA objective at 0.6 zoom with a step-size of 7.24μm. Since 

HUVECs have a diameter of 15–18μm, we assumed more than two cells would be needed to 

form a cord structure. Therefore, the length and number of cords over 40μm were calculated 

after skeletonizing vessel structures in z-stacks using a 3D open snake-tracing program in 

FARSIGHT (Wang et al., 2011).

Differentiation of EMs and BMDMs into Microglia.—EMs or BMDMs at a density of 

1 × 105 cells/ml were co-cultured with mouse adherent neural stem cell line (ANS4) at a 

density of 5 × 105 cells/ml into Lab-Tek 8 well chambered coverglass using neural stem cell 

special culture media (contains 40ng/ml Mouse-M-CSF) as described previously (S. M. 

Pollard, 2013). EMs or BMDMs at a density of 1 × 105 cells/ml cultured alone in neural 

stem cell media were used as controls. After 3, and 20 days in culture, cells were imaged 

using the EGFP signal. Images were taken with a Zeiss LSM 780 confocal microscope using 

a 40X objective at 1.2 zoom. Binary images of macrophages were generated from the 

confocal images using a custom MATLAB program (MATLAB 2008a, Mathworks, Natick, 

MA). The program uses a multilevel thresholding method in ImageJ to create a preliminary 

binary image of a macrophage. The binary image is then post-processed to remove binary 

components not associated with the macrophage. An editable contour of the macrophage is 

then created in MATLAB and the contour is manually edited to fine tune the boundary of the 

macrophage by comparing with the original color image. Finally, the refined binary image of 

the macrophage is generated from the edited contour. Perimeters and areas of macrophages 

were calculated from their binary images. The transformation index (TI) defined as 

((perimeter)2/4π × area) was calculated for each macrophage. TI reflects the degree of 

process extension of a macrophage (Szabo and Gulya, 2013). EMs, BMDMs and ANS4 

were seeded as described above, but then after 3 and 20 days, samples were collected and 

immunostained with Iba-1 as described above.

Cell density measurement.—EMs or BMDMs at a density of 1 × 105 cells/ml cultured 

alone or with 5 × 105 cells/ml ANS4. After 1, 3, 6, 10, 13, 15, and 20 days in culture, EMs 
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and BMDMs were imaged using the EGFP signal. Images were taken with a Zeiss LSM 780 

confocal microscope using a 40X objective at 0.6 zoom. Moreover, EMs, BMDMs and 

ANS4 were seeded as described above, but then to visualize neural stem cells, cells were 

stained with and antibody against Nestin at day 3 and 20. In addition, ANS4 seeded at a 

density of 5 × 105 cells/ml were used as control.

Differentiation of NSPCs into neurons.—ANS4 at a density of 5 × 105 cells/ml in 

neural stem cell special culture media (contains 40ng/ml Mouse-M-CSF) cultured alone or 

with 1 × 105 cells/ml EMs or BMDMs into Lab-Tek II 8 well glass chamber slide. To 

examine neural differentiation, after 20 days, samples were collected and immunostained 

with TUJ1 as described above.

qRT-PCR.—EMs or BMDMs were seeded at a density of 6,000 cells/cm2 on the back of 

tissue culture treated polyester membrane transwell inserts (6.5mm diameter, 0.4μm pore 

size). Transwell inserts were incubated for 2 hours in a humidified incubator at 37°C and 

95% air/ 5% CO2. After 2 hours, transwell inserts were placed in 24-well tissue culture plate 

contains 600μl neural stem cell special culture media (contains 40ng/ml Mouse-M-CSF). 

Then ANS4 at a density of 12,000 cells/cm2 in neural stem cell special culture media 

supplemented with 40ng/ml Mouse-M-CSF were cultured on the inside of tissue culture 

treated polyester membrane transwell inserts. At day 1 and 20, cells were collected with 

0.25% Trypsin-EDTA (life technologies), washed with cold 1XPBS, a total RNA was 

extracted with Trizol-reagent, and purified following the Qiagen RNeasy macro kit 

guidelines. cDNA was synthesized as previously described. Then microglia differentiation 

was confirmed by qRT-PCR analysis of gene expression of Tmem119 (Mm00525305_m1). 

Beta-2-microglobuin ((B2M), Mm00437762_m1) level was used for normalization and 

relative gene expression ratios were calculated using quantitative ΔCT methods.

Statistical analysis

Statistical analyses were performed using GraphPad prism 6 software with statistical 

significance set at p<0.05. p value ≥0.05 (N.S. not significant), < 0.05 (*), < 0.01 (*), < 

0.001(***), < 0.0001(****). All experiments were performed with an n ≥ 3. One-way 

ANOVA or unpaired student t-test were used to determine statistically significant differences 

between parametric variables based on the Shapiro-Wilk test of normality.

RESULTS AND DISCUSSION

In vivo imaging of embryonic macrophages

During early mouse development, EMPs and EMs express Csf1r. We have taken advantage 

of a Csf1r-EGFP+/tg reporter line to observe and purify EMs from the mouse embryo 

(Sasmono et al., 2003). First, we assessed the spatial distribution of EGFP+ cells in E9.5 

Csf1r-EGFP+/tg; Flk1-myr::mCherry+/tg transgenic embryos. This time point precedes the 

production of definitive Hematopoietic Stem Cells (HSCs) from the aortagonad-

mesonephros (AGM) region at E10.5 (Orkin and Zon, 2008; Schulz et al., 2012). Consistent 

with previous reports, E9.5 EGFP+ cells were found dispersed throughout the embryo with 

greater density anteriorly (Fig. 1 A, C), and appeared to be in close association with the 
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Flk1-myr::mCherry+ vasculature (Fig 1. B, E, H) (Bertrand et al., 2005; Ginhoux et al., 
2010; Schulz et al., 2012). High magnification imaging revealed Csf1r-EGFP+ cells in both 

the lumen of the vasculature and in extravascular spaces (Fig. 1 F, and I). At this stage, the 

cells exhibited a more rounded appearance and lacked the branched processes and 

extensions (Fig 1. D, G), similar to other studies describing yolk-sac-derived macrophages 

during early mouse embryogenesis (DeFalco et al., 2014). These early macrophages are 

likely yolk sac derived since they appeared prior to the formation of definitive HSCs in the 

AGM region but after the onset of circulation (Orkin and Zon, 2008; Ginhoux et al., 2010; 

Schulz et al., 2012). The anterior bias of macrophages is consistent with observations made 

by others that yolk sacderived macrophages move through the circulation to become 

microglia (Arnold and Betsholtz, 2013).

Primary cultures of Csf1r-EGFP +/tg embryo-derived EMs

To obtain pure isolates of EMs, E9.5 Csf1r-EGFP embryos were enzymatically digested and 

EGFP+ cells were isolated using FACS. The Csf1r-EGFP transgene has been shown to 

recapitulate the endogenous expression patterns of Csf1r. Csf1r mRNA is detectable in the 

earliest yolk sac macrophages and the expression in the embryo and adult mouse is largely 

restricted to cells of macrophage lineage (Sasmono et al., 2003). Despite the low density of 

EGFP+ macrophages in E9.5 embryo, we successfully isolated EMs from E9.5 Csf1r-EGFP 
embryos. After enzymatic digestion of embryonic tissues, EGFP+ cells were isolated by 

FACS then cultured. Freshly sorted Csf1r-EGFP+ EMs were obtained with a very high 

purity and, within 24 hours of plating, formed a monolayer and displayed a macrophage-like 

morphology (Fig. 2A). As illustrated in Fig. 2B, bright field (BF) imaging showed that all 

sorted cells were EGFP+. The EGFP signal in sorted EMs was confirmed by GFP antibody 

labeling (Fig. 2 C-E) and western blot analysis (Fig. 2G). Quantification from merged 

images of GFP and DAPI+ nuclei (Fig. 2 E) showed that 100% of DAPI+ EMs were GFP+ 

(Fig. 2F). There were no cells that were DAPI+ but did not express GFP, which confirmed 

that the flow cytometric isolation of EMs by EGFP selection yielded a highly pure EM 

population. The macrophage identity of EMs isolates was further supported by examining 

the expression Csf1r and F4/80, which are well characterized mouse macrophage markers 

and extensively used to detect macrophages in the yolk sac, embryo and adult mouse 

(Lichanska et al., 1999; Lichanska and Hume, 2000; Schulz et al., 2012). We compared 

these results to similar experiments performed on bone marrow-derived macrophages 

(BMDMs) sorted from Csf1r-EGFP+/tg adult transgenic mice. EM expression levels of Csf1r 
and F4/80 mRNA showed no statistically significant differences compared to BMDMs (Fig. 

3A). Consistent with the qRT-PCR data, immunofluorescence showed that there was no 

significant difference in Csfr1 or F4/80 immunofluorescence or staining distribution (Fig 

3B-O). Thus, flow cytometric cell sorting from E9.5 Csf1r-EGFP+/tg embryos allows for the 

selective isolation of EMs.

Reduction of pro-inflammatory gene/protein expression signature in EMs as compared to 
BMDMs

A few studies have suggested that EMs have gene signatures distinct from adult 

macrophages (Lichanska et al., 1999; Lichanska and Hume, 2000). Thus, we asked how 

cultured EMs differed from isolated BMDMs. Using qRT-PCR, we compared the expression 
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levels of the transcripts of pro-inflammatory macrophage markers including CD11b, iNOS, 

CCR2 and TNF alpha, which are known to be up-regulated on activated macrophages during 

inflammation (Willenborg et al., 2012; Duan et al., 2016; Eisenman et al., 2017). We found 

that EMs expressed significantly less iNOS, CCR2, and TNF alpha mRNA compared to 

BMDMs (Fig. 4A). While CD11b mRNA levels were similar between cell types, 

immunofluorescent and Western blot analysis of CD11b did indicate a reduction in protein 

expression in EMs relative to BMDMs (Fig. 4B-E and Supp. Fig. 1). Consistent with this 

observation, only a smaller percentage of EMs were labeled with iNOS and CCR2 

antibodies and Western blot showed an overall reduction in iNOS and CCR2 protein level in 

EMs (Fig. 4F-M and Supp. Fig. 1). It is important to note that we did not observe significant 

differences in TNF alpha protein expression between EMs and BMDMs (Supp. Fig. 2). 

While TNF alpha expression has been reported to increase during macrophage inflammatory 

response (Mantovani et al., 2004), it is also a signaling molecule that plays an important role 

in negatively regulating proliferation during development (Wride and Sanders, 1995; 

Kawamura et al., 2007). Therefore it is possible that EMs might use TNF alpha as a 

developmental cue to control cell proliferation during development. Taken together, these 

results suggest that EMs exhibit a less pro-inflammatory phenotype as compared to 

BMDMs, which is in line with previous reports on yolk-sac-derived macrophages (Schulz et 
al., 2012; Mizutani et al., 2012).

Amplified pro-angiogenic gene signature in EMs as compared to BMDMs

Next, we compared the mRNA expression levels of the pro-angiogenic markers Arg1, 

Cx3cr1, Mrc1, Nrp2 and Notch1 between EMs and BMDMs. We determined that EMs 

expressed significantly higher levels of Arg1, Cx3cr1, and Mrc1 mRNA compared to 

BMDMs, while both EMs and BMDMs equivalently expressed Nrp2 and Notch1 (Fig. 5A). 

Consistently, immunofluorescence showed that EM cultures contained more Arg1, Cx3cr1, 

and Mrc1 positive cells than BMDM cultures (Fig 5B-D, F-H, J-L and Supp. Fig. 1), This 

was especially true for Mrc1, which was scarcely detected in BMDM cultures, while more 

than 20% of the EMs were brightly positive for this marker. Western blot analysis also 

indicated higher levels of Arg1, Cx3cr1, and Mrc1 (Fig 5E, I and M), while no statistically 

significant differences were observed with the Nrp2 and Notch1 protein expression (data not 

shown). Taken together, these data show that EMs express higher level of pro-angiogenic 

markers than BMDMs, suggesting that EMs may have greater pro-angiogenic properties 

than adult macrophages. This is in line with previous observations that increased in Arg1 
and Mrc1 expression strongly associates with the potent pro-angiogenic activities of M2 and 

tumor associated macrophages (TAMs) (Leitinger and Hohenester, 2007; Ho and Sly, 2009; 

Madsen and Bugge, 2013; Madsen et al., 2013). The high expression of Cx3cr1 by EMs 

moreover provides evidence of their yolk sac origin. Cx3cr1 is known to be highly expressed 

in yolk sac macrophage precursors in early mouse embryos and has been shown to 

distinguish yolk-sac-derived macrophages from monocyte-derived macrophages (Mizutani 

et al., 2012). Altogether our data show that EMs have unique gene signatures compared to 

BMDMs, which is in agreement with previous reports on these classes of macrophages 

(Lichanska and Hume, 2000; Pucci et al., 2009; Schulz et al., 2012). Yet, it is not clear 

which factors are required for macrophage-specific functions in these cells, this will need to 

be determined in future studies.
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EMs can be polarized to both M1 and M2 phenotypes

Although it is known that EMs are more likely to express pro-angiogenic (M2) markers than 

adult macrophages (Ovchinnikov, 2008; Pucci et al., 2009; Mazzieri et al., 2011), we sought 

to determine if EMs have a similar capacity as BMDMs to become polarized toward both the 

M1 and M2 phenotypes. EMs and BMDMs were treated with the M1 stimulus 

lipopolysaccharide (LPS) and M2 stimulus Interleukin-4 (IL-4). This was followed by the 

assessment of the levels of established M1 (iNOS, CD11b, CCR2, and TNF alpha) and M2 

markers (Arg1, Cx3cr1, and Mrc1). We determined that EMs and BMDMs behaved 

similarly upon treatment with LPS or IL4 for both pro-inflammatory (Fig. 6) and pro-

angiogenic (Fig. 7) markers with a few notable exceptions. Upon exposure to either LPS or 

IL4, both EMs and BMDMs showed similar changes in mRNA expression of iNOS, CD11b, 

and TNF alpha in response to both signaling factors as compared to controls (Fig. 6A, B, C). 

However, while CCR2 mRNA expression was upregulated by both LPS and IL4 in BMDMs, 

EMs showed only a modest, but significant increase in CCR2 in response to IL4 but no 

change in expression when treated with LPS (Fig. D). This is consistent with previous 

reports showing that yolk sac progenitors express only low levels of CCR2 (CCR2low) 

(Epelman et al., 2014; Liu et al., 2017).

When mRNA expression of pro-angiogenic (M2) markers was examined, similar responses 

were observed in EMs and BMDMs for Arg1 and Mrc1 (Fig. 7A, B), but untreated EMs 

expressed higher levels of Cx3cr1 than untreated BMDMs and while treatment with LPS or 

IL4 greatly reduced expression of Cx3cr1 in BMDMs down to near undetectable levels, EMs 

still maintained significant expression of this marker in the presence of IL4 (Fig. 7C). 

Cx3cr1 has been shown to be expressed by EMs in the yolk sac and Cx3cr1+ cells have been 

shown to be microglial progenitors (Ginhoux et al., 2010; Mizutani et al., 2012). Moreover, 

Pinto, et al. has also shown that Cx3cr1 gene expression is lost with age in a subtype of 

cardiac tissue macrophages. This age-related loss of Cx3cr1 in cardiac tissue macrophages 

may relate to their exposure to inflammatory cytokines in adult hearts (Pinto et al., 2014). 

However, these data might suggest that reduced Cx3cr1 expression with age may result from 

replacement of tissue-resident macrophages, derived from EMs, with macrophages derived 

from the bone marrow. Overall, these data show the EMs can certainly be influenced by 

factors that can polarize BMDMs, but also show differences in the expression of markers 

such as CCR2 and Cx3cr1 that may reflect their embryonic origins.

EMs promote cord formation in vitro

Our lab recently showed that BMDMs promote the formation of vessels in vivo and in vitro 
(Hsu et al., 2015). Here, we compared the pro-angiogenic potential of EMs vs. BMDMs 

using a 3D in vitro cord formation assay. We co-cultured HUVECs with Csf1r-EGFP labeled 

EMs or BMDMs at the ratio of 5:1 in collagen gels in the presence of VEGF, FGF2 and M-

CSF. After 24 and 72 hours, we analyzed the ability of EMs or BMDMs to promote the 

formation of vascular structures. PECAM-1 immunofluorescence staining was used to 

visualize HUVECs and to quantify the number and length of angiogenic cords. After 24 

hours, we observed that HUVECs formed cords, while the addition of EMs or BMDMs did 

not enhance the number or length of cords compared to the control (data not shown). 

Interestingly, after 72 hours, we observed that HUVECs co-cultured with BMDMs (Fig. 8B) 
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or with EMs (Fig. 8C) exhibited an increased number and length of cord structures as 

compared to the control (Fig. 8A). Quantification using the 3D open snake-tracing program 

in FARSIGHT showed that the addition of EMs or BMDMs to HUVECs significantly 

increased the length of the cord structures over 40 μm as compared to HUVECs cultured 

alone, but no statistically significant differences were observed between EMs/HUVECs and 

BMDMs/HUVECs co-cultures (Fig. 8E). However, we found that the addition of EMs to 

HUVECs significantly increased the number of cords over 40 μm as compared to HUVECs 

co-cultured with BMDMs or cultured alone (Fig. 8F).

The in vitro cord formation assay does not allow for discrimination of the effect of cell-cell 

interactions from that of secreted factors that diffuse into the media. To investigate this, gel 

encapsulated HUVECs were incubated with conditioned medium from EM or BMDM 

cultures grown for 72 hours. The control group was incubated with fresh EGM complete 

medium. After 72 hours, PECAM-1 immunofluorescence staining was used to visualize 

HUVECs. We observed that HUVECs in all three conditions formed cords, but HUVECs 

incubated with EM conditioned media formed fewer cords compared to HUVECs incubated 

with BMDM conditioned media and control (Supp. Fig. 3). These data show that diffusible 

molecules are not responsible for the increased cord formation promoted by co-culture with 

EMs. Thus, it is likely that direct contact or close proximity is needed between EMs and 

ECs to promote angiogenesis. These data agree with previous studies that have reported the 

importance of yolk sac macrophages in facilitating vascular anastomosis by acting as 

cellular chaperones to mediate the fusion of endothelial tip cells (Fantin et al., 2010; Rymo 

et al., 2011).

EMs differentiate into microglia in the presence of NSPCs, in vitro

Recent evidence has shown that microglia of the CNS, are derived from yolk sac 

macrophages that travel through the circulation, as soon as it starts, to populate the early 

embryonic brain (Arnold and Betsholtz, 2013). These cells exit the yolk sac as rounded 

cells, but after several days within the embryonic CNS, they develop a highly ramified 

morphology with many branches, which is typical of microglia. First, we compared whether 

EMs or BMDMs had the capacity to differentiate into microglia. We found that both EMs 

and BMDMs did not differentiate and displayed elongated forms when cultured for 22 days 

(Supp. Fig. 4). Then, we tested whether cultured EMs had the capacity to form microglia in 

the presence of neural cells. EMs and BMDMs were co-cultured with ANS4 neural stem/

progenitor cells (NSPCs) or alone. ANS4 cells were previously shown to proliferate well in 

culture, maintain a pluripotent state, and differentiate into neurons upon addition of growth 

factors (S. M. Pollard, 2013). After 3 days and 20 days, EGFP+ cells were imaged and their 

morphological changes were recorded and quantified by a transformation index (TI). The TI 

reflects the degree of morphological differentiation or process extension of a cell into the 

highly ramified morphology indicative of microglia (Szabo and Gulya, 2013). After 3 days, 

EGFP+ cells had mixed morphologies in all culture conditions (Fig. 9A-U), including many 

rounded, elongated and amoeboid forms with TI values <10 (Fig. 9A-P). At this early time 

point, a few ramified cells with TI≥10 to TI<15 were observed in the cultures of EMs alone, 

as well as in the EMs/ANS4, and BMDMs/ANS4 co-cultures (Fig. 9Q-U), but were not 

found in BMDMs cultured alone. Quantitative analysis showed a significant increase in the 
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TI value in EMs/ANS4 co-cultures as compared to the other culture conditions (Fig. 9V). 

We also observed a higher density of EMs and BMDMs in the groups that contained NSPCs 

suggesting that these cells may provide survival or proliferation signals to EMs and 

BMDMs. We determined that the numbers of EMs per field of view were significantly 

higher in EMs/ANS4 co-cultures as compared to the other conditions (Fig. 9W).

After 20 days, mixed morphological forms of EMs/BMDMs were present in all culture 

conditions (Fig. 10A-M). A few cells displayed elongated and amoeboid forms, with little 

ramification (lowest group with TI values ≤ 5) (Fig. 10A-G). Slightly ramified cells (with 

TI≥25 to TI<35) were only observed in EMs/ANS4, and BMDMs/ANS4 cocultures (Fig. 

10H-K), but not in EMs or BMDMs cultured alone. We also found that only EMs co-

cultured with ANS4 differentiated into extensively ramified morphologies with TI≥ 35 to 

TI<50 (Fig. 10L-M). Quantitative analysis based on the TI value showed that the degree of 

morphological differentiation into more microglial ramified morphology was significantly 

increased in EMs/ANS4 co-cultures as compared to BMDMs/ANS4 cocultures, EMs and 

BMDMs cultured alone (Fig. 10N).

A recent study suggested that the trans-membrane protein 119 (Tmem119), as a highly 

specific marker of mature microglia in both mouse and human (Bennett et al., 2016). To test 

molecularly whether EMs vs. BMDMs formed into bona fide microglia, we examined the 

mRNA expression level of Tmem119 between EMs, EMs+ANS4, BMDMs, BMDMs

+ANS4, and ANS4 cultured under the influence of neural environment. At day 1, Tmem119 
mRNA was not detectable in either EMs or BMDMs cultured alone or with ANS4. 

Interestingly, at day 20, both EMs and EMs+ANS4 expressed Tmem119, but EMs+ANS4 

significantly expressed more Tmem119 compared to EMs cultured alone. In contrast, we 

found that Tmem119 was not detectable in BMDMs, BMDMs+ANS4, and ANS4 (Supp. 

Fig. 5), in agreement with previous findings that microglia derived from bone marrow (BM) 

progenitors do not express Tmem119 and engrafted BM cells retain their non-microglial 

identity, even after 6 months in the adult CNS (Bennett et al., 2016). Interestingly, the level 

of Tmem119 expression paralleled the findings from morphological analysis. Tmem119 
expression was increased in EMs+ANS4 and we also showed that EMs preferentially 

differentiated into microglial ramified morphology when co-cultured with ANS4 for 20 

days. The expression studies also indicate that EMs cultured alone can express this marker 

and we have detected a small number of cells with a lower transformation index in these 

cultures (Fig. 9U and Fig. 10F) suggesting that Tmem119 expression is tightly regulated by 

the degree of EMs differentiation into mature microglia. These data are in line with previous 

in vivo findings that Tmem119 expression is developmentally regulated and correlates with 

microglia maturity. Prenatal immature microglia in mice express a low level of Tmem119, 

but the expression is highly increased in mature microglia postnatally (Bennett et al., 2016). 

These observations raise important questions for future studies: What signals do the ANS4 

cells produce at day 20 that enhanced microglia maturation? Does ANS4 differentiation, 

similarly to CNS maturation, induce a signal that acts on microglia?

We also analyzed the protein expression of the microglia marker ionized calciumbinding 

adaptor molecule 1 (Iba-1). First, we compared the protein expression levels of Iba-1 

between EMs, BMDMs, and ANS4 cultured alone in their regular media. We found that 
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EMs express more Iba-1 compared to BMDMs and ANS4, but we were surprised to see that 

this marker was expressed neural progenitor cells, albeit at low levels (Supp. Fig. 6). Other 

studies have also noted that Iba-1 is not an exclusive marker of microglia as well (Szabo and 

Gulya, 2013; Bennett et al., 2016). However, comparisons of Iba-1 expression between EMs/

ANS4, EMs, BMDMs/ANS4, BMDMs, and ANS4 cultures after 3 days did show higher 

expression levels of Iba-1 in EMs/ANS4 and BMDMs/ANS4 cocultures compared to EMs, 

BMDMs, and ANS4 cultured alone (Supp. Fig. 8). At day 20, we observed a higher density 

of Iba-1 positive cells per field of view in EMs/ANS4 and BMDMs/ANS4 co-cultures as 

compared to EMs, BMDMs, and ANS4 (Supp. Fig. 9). We have also observed a great 

expansion in the density of EMs and BMDMs between day 3 and day 20 when co-cultured 

with ANS4, while few cells where present in EMs or BMDMs cultured alone. To further 

determine the effects of NSPCs on the growth rate of EMs and BMDMs, we measured the 

cell density at different time points (1, 3, 6, 10, 13, 15, and 20 days). Quantification of the 

total numbers of cells per field of view showed that, starting at day 3 in culture, the numbers 

of EMs and BMDMs were significantly higher in co-culture conditions as compared to EMs 

and BMDMs cultured alone (Fig. 9W, Fig. 10O, and Supp. Fig. 11). This suggests that 

NSPCs have a trophic effect on macrophages that enhance macrophage proliferation and 

survival. This result is consistent with previous reports that neural stem cells produce wide 

array of secreted immune-modulatory and trophic molecules capable of promoting immune 

cell proliferation and survival (Kokaia et al., 2012).

The crosstalk between Macrophages and NSPCs is reciprocal

To determine if macrophages can also influence the differentiation of neural cells, we 

analyzed EM/ or BMDM/NSPC co-cultures for expression of the neural stem marker Nestin. 

Nestin is CNS-expressed intermediate filament protein that is down regulated upon 

differentiation of NSPCs and coincident with the increase in other intermediate filament 

proteins such as neurofilament in neurons and GFAP in astrocytes (Michalczyk and Ziman, 

2005). First, we compared Nestin expression levels between EMs, BMDMs, and ANS4 

cultured alone in their regular media without the influence of neural cues. Interestingly, we 

found that EMs, but not BMDMs are strongly positive for Nestin (Supp. Fig. 7). This result 

is consistent with data showing that yolk-sac-derived microglia in the retina, but not the 

circulating monocytes express Nestin (Ahmad, Tang and Pham, 2000; Wohl et al., 2011). 

Next, we examined Nestin expression in EMs/ANS4, EMs, BMDMs/ANS4, BMDMs, and 

ANS4 cultures under the influence of neural environment. After 3 days in culture, there were 

no differences in Nestin expression between EMs/ANS4, BMDMs/ANS4, and ANS4 

cultured alone (Supp. Fig. 8), but after 20 days in culture, we observed morphological 

differences in the EMs/ANS4 and BMDMs/ANS4 co-cultures compared to ANS4 cultured 

alone. ANS4 cells continued to expand in culture as they do normally forming a near 

confluent monolayer of individual cells whereas cultures containing ANS4 cells with either 

EMs or BMDMs showed networks of cells with extended processes reminiscent of 

differentiated neurons (Supp. Fig. 9). To further confirm the differentiation of NSPCs into 

neurons, we examined ANS4, EMs/ANS4 and BMDMs/ANS4 cultures for their expression 

of the neuron specific beta class III tubulin (TUJ1), which is highly expressed in post-

mitotic, differentiated neurons, and early neuronal precursors. At day 20, we found that 

ANS4 cells expressed higher levels of TUJ1 when co-cultured with EMs or BMDMs than 
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ANS4 cultured alone (Supp. Fig. 10), indicating that co-culture of either EMs or BMDMs 

with ANS4 enhanced neuronal differentiation. Recent evidence points to an important role 

for microglia in regulating neurogenesis, neuronal differentiation, and neuronal circuit 

development (Butovsky et al., 2006; Miyamoto et al., 2016; Choi et al., 2017); however, the 

mechanisms by which EMs and BMDMs induced neuronal differentiation in our coculture 

system are unclear. Future studies are aimed at determining whether neural differentiation or 

neural network formation is promoted by specific cues made by microglia. Since it has been 

reported previously that microglia secret factors and cytokines that enhance neurogenesis in 

the subventricular zone (SVZ) during brain development, a comprehensive analysis of 

signaling molecules and cytokines from EMs will be necessary to fully understand the 

mechanisms underlying the effects of EMs on NSPCs proliferation and differentiation. 

Taken together, these studies show that not only are EMs influenced by neural cells, but the 

EMs may also supply specific cues that promoting CNS maturation during development.

CONCLUSIONS

Despite several studies reporting that yolk-sac-derived EMs play important roles in the 

development and maintenance of many tissues, including the vascular system, the exact 

cellular and molecular mechanisms, which confer these properties remain largely undefined. 

This is due to both a lack of suitable in vitro models of EMs and the fact that established 

adult macrophage lines are phenotypically and functionally distinct from EMs (Pucci et al., 
2009; Wynn, Chawla and J. W. Pollard, 2013; Pinto et al., 2014; DeFalco et al., 2014). To 

overcome these issues, we have isolated and expanded EMs from E9.5 Csf1r-EGFP+/tg mice, 

characterized their molecular phenotype and assessed their angiogenic and differentiation 

potential as compared to adult BMDMs. The isolated EM population retains essential 

phenotypic and functional properties expected of yolksac-derived macrophages. The 

capability of mouse EMs to differentiate into bone fide microglia provide an approach to 

experimentally replace microglia after injury in mouse models of stroke, cerebral ischemia 

or neurological disorders. Several recent papers have shown that microglia can be generated 

from human iPS cells (Buchrieser, James and Moore, 2017; Douvaras et al., 2017; Takata et 
al., 2017). Interestingly, these microglia differentiate in a myb-independent fashion, similar 

to yolk sac-derived macrophages in the mouse. Purified cultures of mouse and human 

microglia will provide experimental approaches that can bridge between pre-clinical and 

translational models. Moreover, in vitro systems, such as the one described here will also 

help to improve our understanding of the molecular mechanisms underlying different roles 

of EMs during embryogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Csf1r-EGFP+ cells are found in and around the vasculature (Flk1-myr::mCherry+). A., B. 
and C. Confocal images of an E9.5 Csf1r-EGFP+/tg; Flk1-myr::mCherry+/tg transgenic 

embryo showing EGFP+ embryonic macrophages dispersed throughout the embryo with 

greater density anteriorly. D. to I. High magnification images of the anterior dorsal part of 

the embryonic head at E9.5. EGFP+ embryonic macrophages appear in close association 

with the vasculature, in both the lumen of the vasculature (red arrow) and extravascular 

spaces (white arrow), and exhibit a rounded morphology.
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Figure 2. 
Isolation of a pure EGFP-expressing EM population from Csf1r-EGFP+/tg transgenic 

embryos A. Confocal image of sorted fluorescent EMs in culture showing their macrophage-

like morphology and monolayer growth B. Phase contrast image of cultured EMs confirming 

that monolayers contain only fluorescent cells. C-G. Fluorescent isolated cells are EGFP-

expressing EMs: C. Fluorescence ICC confocal image of EMs stained with GFP antibody 

(green) D. EMs stained with nuclear counterstain DAPI (gray) E. Merged image of GFP 

antibody labeling and DAPI F. Quantification of the GFP and DAPI signals demonstrating 
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that 100% of DAPI positive EMs were GFP positive. G. Immunoblot image of GFP showing 

that EMs express GFP at the protein level. N = 3 groups. Scale bars 50 μm
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Figure 3. 
Macrophage identity of E9.5 Csf1r-EGFP+/tg FACS cells. A. Csf1r and F4/80 mRNA 

expression showed no significant differences between EMs and BMDMs. B-D. Fluorescence 

ICC images of BMDMs stained with Csf1r (red) and DAPI (blue). E-G. Fluorescence ICC 

images of EMs stained with Csf1r (red) and DAPI (blue). H. Quantification of the Csf1r 

signal demonstrating that ~100% of DAPI positive BMDMs and EMs were CSf1r positive. 

I-K. Fluorescence ICC images of BMDMs stained with F4/80 (red) and DAPI (blue). L-N. 
Fluorescence ICC images of EMs stained with F4/80 (red) and DAPI (blue). O. 
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Quantification of the F4/80 signal demonstrating ~70% of DAPI positive BMDMs and EMs 

were F4/80 positive. Error bars indicate SE of the mean. N = 3. Scale bars 50 μm.
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Figure 4. 
Expression of pro-inflammatory macrophage markers by EMs A. Comparative transcript 

expression analysis of pro-inflammatory macrophage markers, CD11b, iNOS, CCR2, and 

TNF in EMs and BMDMs. EMs significantly expressed less iNOS, CCR2, and TNF than 

BMDMs, while CD11b expression was similar between EMs and BMDMs. B. and C. 
Merged fluorescence ICC images of BMDMs (B) and EMs (C) stained with CD11b (red) 

and DAPI (blue). D. Quantification analysis of the CD11b ICC images using Farsight toolkit 

demonstrating that significantly fewer EMs express CD11b compared to BMDMs. E. 
Immunoblot and semi-quantitative analysis of CD11b showed that EMs significantly 

Yosef et al. Page 27

Dev Biol. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expressed less CD11b compared to BMDMs. F. and G. Merged fluorescence ICC images of 

BMDMs (F) and EMs (G) stained with iNOS (red) and DAPI (blue). H. Quantification 

analysis of the iNOS ICC images using Farsight toolkit showed that significantly fewer EMs 

express iNOS compared to BMDMs. I. Immunoblot and semi-quantitative analysis of iNOS 

showed that EMs significantly expressed less iNOS compared to BMDMs. J. and K. 
Merged fluorescence ICC images of BMDMs (J) and EMs (K) stained with CCR2 (red) and 

DAPI (blue). L. Quantification analysis of the CCR2 ICC images using Farsight toolkit 

showed that significantly fewer EMs express CCR2 compared to BMDMs. M. Immunoblot 

and semi-quantitative analysis of CCR2 showed that EMs significantly expressed less CCR2 

compared to BMDMs. Error bars indicate SE of the mean. N = 3. Scale bars 50 μm.
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Figure 5. 
Expression of pro-angiogenic macrophage markers by EMs A. Comparative transcript 

expression analysis of pro-angiogenic macrophage markers, Arg1, Cx3cr1, Mrc1, Nrp2 and 

Notch1 in EMs and BMDMs. EMs significantly expressed more Arg1, Cx3cr1 and Mrc1, 

while both EMs and BMDMs equivalently expressed Nrp2 and Notch1. B., and C. Merged 

fluorescence ICC images of BMDMs (B) and EMs (C) stained with Arg1 (red) and DAPI 

(blue). D. Quantification analysis of the Arg1 ICC images using Farsight toolkit showed that 

significantly more EMs express Arg1 compared to BMDMs. E. Immunoblot and semi-
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quantitative analysis of Arg1 showed that EMs significantly expressed more Arg1 compared 

to BMDMs. F. and G. Merged fluorescence ICC images of BMDMs (F) and EMs (G) 

stained with Cx3cr1 (red) and DAPI (blue). H. Quantification analysis of the Cx3cr1 ICC 

images using Farsight toolkit showed that significantly more EMs express Cx3cr1 compared 

to BMDMs. I. Immunoblot and semi-quantitative analysis of Cx3cr1 showed that EMs 

significantly expressed more Cx3cr1 compared to BMDMs. J. and K. Merged fluorescence 

ICC images of BMDMs (J) and EMs (K) stained with Mrc1 (red) and DAPI (blue). L. 
Quantification analysis of the Mrc1 ICC images using Farsight toolkit showed that 

significantly more EMs express Mrc1 compared to BMDMs. M. Immunoblot and 

semiquantitative analysis of Mrc1 showed that EMs significantly expressed more Mrc1 

compared to BMDMs. Error bars indicate SE of the mean. N = 3. Scale bars 50 μm.
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Figure 6. 
Expression profiles of pro-inflammatory macrophage markers in LPStreated/M1 and IL-4 

treated/M2 macrophages A. iNOS expression was significantly upregulated in untreated 

BMDMs and LPS treated EMs/BMDMs and attenuated in IL-4 treated EMs /BMDMs as 

compared to untreated EMs. B. CD11b expression was significantly up-regulated in LPS 

treated EMs/BMDMs and attenuated in IL-4 treated EMs/BMDMs as compared to untreated 

EMs. C. TNF expression was significantly upregulated in untreated BMDMs, LPS treated 

EMs/BMDMs and attenuated in IL-4 treated EMs/BMDMs as compared to untreated EMs. 

D. CCR2 expression was significantly upregulated in IL-4 treated EMs, untreated BMDMs, 

LPS and IL-4 treated BMDMs, but no statistically significant differences were observed in 

LPS treated EMs compared to untreated EMss. Error bars indicate SE of the mean. N=3.
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Figure 7. 
Expression profiles of pro-angiogenic macrophage markers LPS-treated or M1 driven 

macrophages and IL-4 treated or M2 driven macrophages A. EMs significantly express more 

of Arg1 as compared to untreated BMDMs. IL-4 and LPS treated EMs/BMDMs 

significantly express more Arg1 as compared to untreated EMs. B. Mrc1 expression was 

significantly attenuated in LPS treated EMs, BMDMs and LPS treated BMDMs and up-

regulated in IL-4 treated EMs /BMDMs as compared to untreated EMs. C. Cx3cr1 
expression was significantly attenuated in BMDMs, IL-4 and LPS treated EMs/BMDMs as 

compared to untreated EMs. Error bars indicate SE of the mean. N=3.
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Figure 8. 
EMs increased cord length and numbers in a 3D collagen base in vitro system. After 72 

hours, the cord strustures formed by HUVECs cultured alone (A), HUVECs co-cultured 

with BMDMs (B), and HUVECs co-cultured with EMs (C) imunnostained with PECAM-1 

and imaged with confocal microscopy. In the EMs/HUVECs and BMDM/HUVECs co-

cultures the distribution of the cord lengths over 40 μm (E) were significantly increased 

compared to HUVECs cultured alone. In EMs/HUVECs co-cultures the numbers of cords 

over 40 μm were significantly increased compared to HUVECs co-cultured with BMDMs or 

alone (F).
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Figure 9. 
After 3 days, EMs differentiated into amoeboid/ramified microglia morphologies in the 

presence of NSPCs. Csf1r-EGFP transgene was used to visualize the morphological changes 

of EMs and/or BMDMs into microglial phenotypes. (A, B, C, D, E, F, G and H) Confocal 

images of EMs + ANS4, EMs, BMDMs + ANS4 and BMDMs with TI ≤ 5 displayed 

rounded and elongated morphologies. (I, J, K, L, M, N, O and P) Confocal images of EMs 

+ ANS4, EMs, BMDMs + ANS4 and BMDMs with TI < 10 displayed more amoeboid 

forms. (Q, R, S, T and U) Confocal images of EMs + ANS4, EMs and BMDMs + ANS4 
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with TI ≥ 10, displayed more ramified cell forms, but not BMDMs cultured alone. (V) 
Quantitative analysis of the morphological changes of EMs or BMDMs into microglia as 

shown in the distribution of the TI values as function of the culture conditions, the TI values 

of EMs + ANS4 significantly increased compared to the TI values of BMDMs + ANS4 and 

BMDMs cultured alone, but no statistically significant differences were observed between 

EMs + ANS4 and EMs cultured alone. (W) Density measurements in EMs + ANS4, EMs, 

BMDMs + ANS4 and BMDMs cultures. The data show significantly a higher density of 

EMs identified in groups that contained NSPCs compared to the other groups.
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Figure 10. 
After 20 days, EMs differentiated into more ramified microglia morphologies in the 

presence of NSPCs. (A, B, C and D) Confocal images of EMs + ANS4, EMs, BMDMs + 

ANS4 and BMDMs with TI < 5 displayed rounded and elongated cell forms. (E, F and G) 
TI > 5, EMs + ANS4 and BMDMs + ANS4 displayed more amoeboid forms, no BMDMs 

cultured alone were observed with TI > 5. (H, I, J and K) TI > 15, EMs + ANS4 and 

BMDMs + ANS4 displayed ramified cell forms, but no EMs cultured alone were observed at 

TI values > 15. (L and M) Only EMs + ANS4 were observed with TI > 35 and they 
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displayed more ramified cell forms. (N) Quantitative analysis of the morphological changes 

of EMs or BMDMs into microglia as shown in the distribution of the TI values as function 

of the culture conditions, EMs + ANS4 significantly had higher TI values compared to the 

other conditions. (O) Density measurements in EMs + ANS4, EMs, BMDMs + ANS4 and 

BMDMs cultures. The data show a higher density of EMs or BMDMs identified in groups 

that contained NSPCs indicating that NSPCs may support the survival or proliferation of 

EMs and BMDMs.
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