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SUMMARY

Microglia, the tissue-resident macrophages of the
CNS, represent major targets for therapeutic inter-
vention in a wide variety of neurological disorders.
Efficient reprogramming protocols to generate
microglia-like cells in vitro using patient-derived
induced pluripotent stem cells will, however, require
a precise understanding of the cellular andmolecular
events that instruct microglial cell fates. This remains
a challenge since the developmental origin of micro-
glia during embryogenesis is controversial. Here, us-
ing genetic tracing in zebrafish, we uncover primitive
macrophages as the unique source of embryonic
microglia. We also demonstrate that this initial
population is transient, with primitive microglia
later replaced by definitive microglia that persist
throughout adulthood. The adult wave originates
from cmyb-dependent hematopoietic stem cells.
Collectively, our work challenges the prevailing
model establishing erythro-myeloid progenitors as
the sole and direct microglial precursor and provides
further support for the existence of multiple waves
of microglia, which originate from distinct hemato-
poietic precursors.

INTRODUCTION

Microglia (MG) represent a distinct population of mononuclear

phagocytes that serve multiple functions in central nervous sys-

tem (CNS) physiology and disease (Colonna and Butovsky,

2017; Wolf et al., 2017). They are distributed throughout the brain

and spinal cord parenchyma, accounting for up to 15% of total
130 Cell Reports 24, 130–141, July 3, 2018 ª 2018 The Authors.
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glial cells. As resident phagocytes in the CNS, MG act as immune

sentinels and constitute the first line of defense in response to

local infection or injury. Elegant live-imaging studies in mouse

(Davalos et al., 2005; Nimmerjahn et al., 2005) and zebrafish (Li

et al., 2012; Peri and N€usslein-Volhard, 2008; Sieger et al.,

2012) have shown that MG constantly survey their surroundings

through highlymotile cellular processes and quickly react to path-

ological stimuli by adoptingmorphological changes and stimulus-

dependent phenotypes (Ransohoff and Cardona, 2010). In addi-

tion to their role as immune effectors, MG also perform numerous

key functions in the development and homeostasis of the CNS,

including removal of cellular debris from apoptotic neurons, pro-

duction of trophic factors, synaptogenesis, and injury repair.

While it was generally believed that MG do not contribute directly

to CNS pathologies, increasing evidence now indicates that

defectiveMGcanbedirectly causative in several neurological dis-

orders (Guerreiro et al., 2013; Mass et al., 2017; Paloneva et al.,

2002; Rademakers et al., 2011). These observations have

increased the general interest in targetingMG for therapeutic pur-

poses. Understanding the precise developmental program of MG

has thus become a major goal of the field, as it will advance cur-

rent reprogramming protocols for generation of MG-like cells

in vitro for therapeutic use or to model disease in a dish.

Previous findings in humans (Boche et al., 2013), mice (Alliot

et al., 1999), chicken (Cuadros et al., 1993), and zebrafish (Her-

bomel et al., 1999) have demonstrated that MG are established

early during embryogenesis. Additional studies using parabiotic

mice have revealed that adult MG in the steady state are auton-

omously maintained in the CNS through proliferation, with no

contribution of bone marrow-derived progenitor cells (Ajami

et al., 2007; Mildner et al., 2007). Across the vertebrate phylum,

myelopoiesis occurs in three distinct waves (Bertrand et al.,

2005). In mice, the two first waves originate in the yolk sac and

give rise to primitive macrophages (pMFs) and erythro-myeloid

progenitors (EMPs) at embryonic day 7.5 (E7.5) and E8.25,
creativecommons.org/licenses/by-nc-nd/4.0/).
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respectively. A third wave of macrophages (MFs) is produced by

hematopoietic stem cells (HSCs) after they emerge at E10.5

within the embryo proper (Medvinsky et al., 2011). Using newly

generated lineage-tracing tools in the mouse model, several

groups have attempted to identify the cellular origin of MG,

with conflicting conclusions. Using a Runx1:MER-CRE-MER

knockin allele, Ginhoux et al. (2010) concluded that adult MG

derive from pMFs during murine embryogenesis. More recent

studies identified the EMP as the sole and direct precursor of

embryonic and perinatal mouse MG (Gomez Perdiguero et al.,

2015; Kierdorf et al., 2013). These discordant results highlight

the difficulty of performing in utero selective labeling of specific

hematopoietic populations that all arise within a very narrow

temporal window during development. Moreover, as yolk sac-

derived hematopoietic precursors share multiple markers and

temporally overlap, the relative contribution of each cell subset

to MG ontogeny cannot be faithfully addressed using the induc-

ible fate-mapping models currently available in the mouse

(reviewed in McGrath et al., 2015). Also, in these fate-mapping

experiments, only a subset of MG found in adult mice were

genetically labeled, leaving open the possibility of the existence

of multiple sources of MG progenitors during vertebrate devel-

opment. Interestingly, a previous study in the zebrafish using

controlled temporal and spatial lineage tracing suggested that

two waves originating from distinct anatomical locations are

responsible for the establishment of the MG network (Xu et al.,

2015). This work, however, did not identify the precise nature

of the hematopoietic progenitors involved in MG formation. In

conclusion, the prevailing view that EMPs serve as the unique

and direct precursor of MG may need reassessment, using bet-

ter tools to precisely label each possible progenitor subset. Here,

we utilized the unique strengths of the zebrafish model, where

each possible precursor of MG (pMFs, EMPs, and HSCs) is

spatially and temporally distinct during embryonic development,

to refine our understanding of MG ontogeny in the vertebrate

embryo.

RESULTS

Zebrafish MG Display Similar Features to Their
Mammalian Counterparts
We initially investigated the MF populations present in the brain

of adult zebrafish, using two transgenic lines where the class II

major histocompatibility beta chain (mhc2dab) and the cd45 pro-

moters drive GFP and DsRed, respectively. As we previously

described, co-expression of these fluorescent transgenes spe-

cifically labels cells of the mononuclear phagocyte system in ze-

brafish (Wittamer et al., 2011). Confocal microscopy of adult

brain sections from Tg(cd45:DsRed;mhc2dab:GFP) double-

transgenic animals demonstrated a dense network of double-

positive cells that displayed the typical ramified MGmorphology

(Figure 1A). By flow cytometry, two cell populations could be

discriminated in the brain based on cd45:DsRed expression (Fig-

ure 1B). qPCR analyses indicated that cd45lowmhc2+ cells ex-

pressed high levels of the MG-specific genes apolipoprotein

Eb (apoeb) and purinergic receptor p2y12 (p2ry12) (Butovsky

et al., 2014), and low levels of macrophage-expressed gene 1

(mpeg1), a MF-specific marker (Ellett et al., 2011) (Figure 1C).
In contrast,mpeg1was abundantly expressed in cd45highmhc2+

cells, whereas MG-specific transcripts were nearly undetectable

(Figure 1C). Other markers, previously shown to be expressed in

murine MG (Butovsky et al., 2014), such as C1qc, csf1ra, and

csf3r, were also highly enriched in cd45lowmhc2+ cells when

compared to cd45highmhc2+ cells (Figure 1C). Thus, the cd45low

population represents parenchymal MG, whereas cd45high cells

likely represent non-parenchymal CNS-associated MFs, consis-

tent with the use of CD45 for their discrimination in mammals

(Schmid et al., 2009). Based on the differential expression of

mpeg1 transcripts between cd45high and cd45low populations,

we further showed that fluorescence expression in the MF

mpeg1:GFP transgenic reporter (Ellett et al., 2011) enabled

similar MG purification and histological detection from adult ze-

brafish (Figures 1D–1F). Collectively, these findings demonstrate

that MG identity has been conserved through evolution and pro-

vide reliable techniques for their prospective isolation from the

adult brain.

Embryonic MG Do Not Originate from Definitive
Hematopoietic Precursors
MG development in the zebrafish embryo occurs around 60 hr

post-fertilization (hpf) (Herbomel et al., 2001), when the differen-

tiation marker apoeb becomes first detectable in mpeg1:GFP+

cells (Figure 1G). To investigate the identity of embryonic MG

precursors, we first examined the expression of apoeb in mu-

tants with defective embryonic hematopoiesis. One potential

precursor population is HSCs, which derive from the hemogenic

endothelium of the aorta between 36 and 54 hpf (Bertrand et al.,

2010; Kissa and Herbomel, 2010). Analysis of cmyb mutant em-

bryos, which completely lack HSCs (Soza-Ried et al., 2010), re-

vealed no difference in the number of apoeb+ cells at 4 days

post-fertilization (dpf) (Figures 2A and 2A0). This observation

demonstrates that the hematopoietic precursors that seed the

developing brain to generate embryonic MG do not derive from

HSCs, consistent with previous findings in mice (Schulz et al.,

2012) and zebrafish (Xu et al., 2015). We next investigated the

possibility that EMPs might be responsible for generating MG.

We previously identified EMPs, oligopotent progenitors en-

dowed with erythroid and myeloid potential that arise from the

posterior blood island (PBI), in zebrafish (Bertrand et al., 2007).

Zebrafish EMPs express low levels of cd41, similar to yolk sac-

derived murine EMPs (Frame et al., 2013). They are present in

the embryo between 30 and 48 hpf, and can be isolated by

flow cytometry from Tg(lmo2:GFP; gata1:DsRed) double-trans-

genic animals based on their lmo2highgata1+ phenotype (Ber-

trand et al., 2007). Recently, we identified the transcription factor

tfec (P2 isoform) as a regulator of the HSC niche (Mahony et al.,

2016). Whereas tfec-P2 was specifically expressed in the

vascular niche, the tfec-P3 variant was highly enriched in

EMPs (Figure S1A). We therefore reasoned that tfec might also

be important for EMP biology and that EMP specification or

function might be perturbed following modulation of tfec activity.

Whereas the disruption of tfec-mediated transcriptional activity

had no effect on EMP specification (by overexpressing mRNA

coding for the dominant-negative tfec) (Mahony et al., 2016) (Fig-

ures S1B–S1D0), the expression of key myeloid genes was

strongly decreased in purified EMPs (Figure S1E), resulting in
Cell Reports 24, 130–141, July 3, 2018 131



Figure 1. MG Identity Is Conserved in the Zebrafish

(A) Fluorescence of GFP (left panel) and DsRed (middle panel) in the brain of adult cd45:DsRed; mhc2dab:GFP double-transgenic fish. The right panel shows a

merge of both fluorescent channels (n = 3). Scale bar: 10 mm.

(B) Flow cytometry analysis on brain cell suspensions from adult Tg(cd45:DsRed; mhc2dab:GFP) identifying cd45:DsRedlowmhc2dab:GFP+ MG (red gate, MG)

and cd45:DsRedhighmhc2dab:GFP+ CNS-associated macrophages (blue gate, MFs).

(C) Comparison of the relative expression of apoeb, p2ry12, csf1ra,C1qc, csf3r,mpeg1, pu.1/spi1b, and cd45/ptprc transcripts betweenMG (red bars) and MFs

(blue bars) cell subsets isolated by FACS. Error bars represent mean ± SD (n = 3).

(D and E) Flow cytometry of a brain cell suspension from adult mpeg1:GFP transgenics (D) and expression of apoeb, p2ry12, csf1ra, and mpeg1 by qPCR in

FACS-sorted mpeg1:GFP+ cell subsets (E). Error bars represent mean ± SD (n = 3).

(F) GFP immunohistochemistry on adult mpeg1:GFP brain sections. Scale bar: 25 mm.

(G) apoeb expression in mpeg1:GFP+ cells sorted at 1, 2, and 3 dpf. MG, microglia; MFs, macrophages.
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Figure 2. pMFs Are the Unique Source of MG in the Vertebrate Embryo

(A–C) Expression of the MG marker apoeb (red quadrants) in the brains of cmybnull (A), tfecnull (B), alk8null (lost-a-fin) (C), and their sibling control animals at the

indicated developmental stages. For (A), cmybnull embryos are identified by the concomitant absence of lymphoid-specific rag1 (arrowheads) transcripts in the

thymus. Scale bar: 50 mm.

(A0–C0) Quantification of apoeb+ MG in embryos of indicated genotypes. Each symbol represents a single embryo. Error bars represent mean ± SEM.

(D) Strategy for transient fate mapping of pMFs in vivo.

(legend continued on next page)
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decreased myelopoiesis in tfec-impaired animals at 48 hpf in the

caudal hematopoietic tissue (CHT), the niche for EMP differenti-

ation (Figure S1F). These observations indicate that EMPs show

altered differentiation potential in response to tfec loss of func-

tion. However, MG numbers were similar between tfecnull em-

bryos and their siblings at 4 dpf (Figures 2B and 2B0), strongly
suggesting that EMPs are not responsible for establishing em-

bryonic MG. Together, these results exclude definitive hemato-

poietic progenitors (EMPs and HSCs) as the origin of MG initially

present in the zebrafish embryo.

pMFs Are the Unique Source of MG in the Vertebrate
Embryo
Because primitive myelopoiesis develops normally in cmybnul

(Soza-Ried et al., 2010) and tfecnull embryos (Figures S1G and

S1G0), we reasoned that embryonic MG likely derived from

pMFs. Indeed, we observed a complete absence of MG in

lost-a-fin mutant embryos that lack primitive myelopoiesis (Ho-

gan et al., 2006) (Figures 2C and 2C0). To trace directly the fate

of pMFs, we examined animals carrying thempeg1:Kaede trans-

gene, which encodes a green-to-red photoconvertible fluoro-

phore under control of the MF-specific mpeg1 promoter (Ellett

et al., 2011). Kaede+ embryos were photoconverted between

26 and 28 hpf (a time when kaede is expressed only in pMFs),

and their progeny was analyzed by flow cytometry at 72 hpf (Fig-

ures 2D and 2E). Photoconverted cells expressed theMGmarker

apoeb and the MF transcript csf1ra (Figures 2E and 2F), thus

indicating that pMFs contribute to MG at 72 hpf. In agreement

with a previous report (Xu et al., 2016), we also observed that

colonization of the brain by pMFs did not require blood flow,

since MG numbers were normal in 60 hpf silent heart mutants

that lack blood circulation (Figure S2). These findings strengthen

pMFs as the unique origin of embryonic MG in zebrafish since

seeding of the developing brain by PBI-derived EMPs would

likely depend upon circulation.

In the mouse, fate-mapping studies have led to the consensus

that EMPs generate embryonic and perinatal MG (Prinz et al.,

2017). One discrepancy, however, is that c-Myb�/� mouse em-

bryos, which lack HSCs and display strongly impaired EMPs

(based on phenotype and functional analyses) (Sumner et al.,

2000), show normal embryonic MG numbers (Kierdorf et al.,

2013; Schulz et al., 2012), therefore strongly pointing to

c-Myb-independent pMFs (Schulz et al., 2012) as the precursors

of murine embryonic MG. To reconcile these findings and inves-

tigate whether our observations in zebrafish were conserved

across evolution, we analyzed Runx1�/� mouse embryos, which

differ notably from c-Myb�/� embryos by the additional absence

of pMFs (Figure S3; Table S1). Initial seeding of the mouse brain

parenchyma by MG progenitors has been reported at around
(E) Flow cytometry showing absence of kaede-Red expression in non-photoconv

present and sortable in the photoconverted embryos (right panel).

(F) qPCR analyses for apoeb and csf1ra onmpeg1:kaede-Green cells sorted from

from photoconverted embryos. The color code matches the gates on the FACS

(G) Sagittal sections of E10.5 Runx1null embryos and their littermates (upper body

DAPI used as a nuclear counterstain. Tile-scanned images show that Runx1null mu

mesenchyme (n = 3). Scale bar: 500 mm.

See also Figures S1–S3.
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E10. We therefore evaluated the presence of CD45+ MG pro-

genitors in E10.5 Runx1�/� embryos. In contrast to c-Myb�/�

embryos, MG were completely absent in Runx1�/� embryos,

correlating with the absence of pMFs (Figure 2G). These results

suggest that, as observed in the zebrafish, embryonic MG

in the mouse correlate with the presence of pMFs but not

with definitive hematopoietic progenitors (EMPs and HSCs)

(Table S1).

MG Ontogeny Proceeds into Two Distinct Waves
We returned to the zebrafish model to further investigate the fate

of pMF-derived MG. Because the transient nature of the photo-

converted kaede precluded long-term analyses, we turned to a

Cre-lox system to enable indelible cell labeling. To overcome

the lack of a specific marker for pMFs, we developed a strategy

to distinguish primitive versus definitive hematopoietic waves

based on their origin, and used the endothelial-specific constitu-

tive kdrl:Cre, in combination with the lineage marker actb2:loxP-

STOP-loxP-DsRed (also known as ßactin:Switch-DsRed). As we

previously demonstrated, the kdrl promoter drives expression in

hemogenic endothelium, resulting in HSCs and their progeny be-

ing permanently labeled in Tg(kdrl:Cre; ßactin:Switch-DsRed)

double-transgenic animals (Bertrand et al., 2010). Since EMPs

also arise from an endothelial precursor in mice (Chen et al.,

2011; Frame et al., 2016), we hypothesized that, similar to their

murine counterparts, zebrafish EMPs would also originate from

hemogenic endothelium and would therefore be marked in the

Tg(kdrl:Cre; ßactin:Switch-DsRed) combination. This strategy

should thus label both definitive precursor populations but spare

pMFs that originate directly from mesoderm (Herbomel et al.,

1999). Supporting this postulate, fluorescent confocal micro-

scopy analysis of Tg(kdrl:Cre; ßactin:Switch-DsRed; cd41:

eGFP) triple-transgenic embryos revealed the presence of

cd41loDsRed+ EMPs within the vascular walls of the caudal he-

matopoietic tissue at 30 and 36 hpf (Figure S4A), thus demon-

strating their endothelial origin in zebrafish. In contrast, when

Tg(kdrl:Cre; ßactin:Switch-DsRed) were crossed to the MF-spe-

cificmpeg1:GFP reporter, we never observed GFP+ pMFs to ex-

press DsRed, at any time from their emergence in the rostral

blood island to their migration over the yolk ball at 30 hpf (Fig-

ures 3B and S4B). A quantification of 119 GFP+ pMFs (from

14 embryos) demonstrated that 100% of this population was

indeed DsRed�. Importantly, in Tg(kdrl:Cre; ßactin:Switch-

DsRed; mpeg1:GFP) embryos, the absence of DsRed expres-

sion in pMFs was not due to a delay in fluorophore synthesis,

as these cells remained GFP+DsRed� over time, as observed

by confocal microscopy later during development (Figure S4B).

Therefore, in Tg(kdrl:Cre; ßactin:Switch-DsRed; mpeg1:GFP)

embryos, the differential expression between DsRed� pMFs
erted embryos (left panel), whereas cells expressing both forms of kaede were

control and photoconverted embryos, and onmpeg1:kaede-Green/Red cells

plots. Error bars represent mean ± SD (n = 3 experiments).

) immunostained for CD31 (vascular) and CD45 (hematopoietic) markers, with

tants are completely devoid of CD45+ MG in the neuroepithelium and cephalic



Figure 3. Embryonic and Adult MG Have

Distinct Origins

(A) Scheme of the transgenic lines used to address

the MG potential of primitive versus definitive

hematopoiesis.

(B and C) Whole-mount fluorescence microscopy

images of Tg(kdrl:Cre; ßactin:Switch-DsRed;

mpeg1:GFP) triple-transgenic embryos show

absence of DsRed expression (red) in GFP+ pMFs

(green) on the yolk ball at 30 hpf (B), and in GFP+

embryonic MG (green) in the brain parenchyma at

3 dpf (C) (n = 14).

(D) In contrast, in sections of adult triple-trans-

genic animals, DsRed labeling is observed in all

GFP+ MG cells.

(E) Flow cytometry analysis on a brain dissected

from a 12-week-old triple-transgenic animal iden-

tifies blood-derived mpeg1:GFPhigh CNS-associ-

atedMFs (blue circle,MFs) andmpeg1:GFPlowMG

(red circle, MG). Both populations express the

DsRed reporter at high level (n = 5). Scale bar:

50 mm. MFs, macrophages; MG, microglia.

See also Figures S4 and S5.
versus DsRed+ definitive hematopoietic precursors can be used

to investigate their relative contribution to MG ontogeny (Fig-

ure 3A). Concordant with our initial observations, mpeg1:GFP+

MG cells at 3 dpf were DsRed� (Figures 3B and 3C), thus vali-

dating a direct and exclusive lineage relationship with pMFs,

further excluding EMPs as a precursor for embryonic MG.

Interestingly, when Tg(kdrl:Cre; ßactin:Switch-DsRed; mpeg1:

GFP) zebrafish were raised to adulthood and subjected to further

examination, we observed thatmpeg1:GFPlowMG all expressed

DsRed (Figure 3D). Fluorescence-activated cell sorting (FACS)

analyses of brain cell suspensions confirmed that the entire

mpeg1:GFPlow MG population was labeled by DsRed in adult

transgenic animals (Figure 3E). Because the kdrl promoter activ-

ity is rapidly extinguished during the endothelial-to-hematopoi-

etic transition (Bertrand et al., 2010) and is not detected in MG

(Figure S5), this color switch indicates that embryonic and adult

MG have distinct cellular origins in zebrafish, as previously sug-

gested (Xu et al., 2015). Time course analyses of Tg(kdrl:Cre;

ßactin:Switch-DsRed; mpeg1:GFP) larvae further demonstrated

that colonization of the brain parenchyma by DsRed+ MG initi-

ates at around 2 weeks of age, leading to the complete replace-

ment of embryonic DsRed� MG by 3 months (Figure 4). There-

fore, our results demonstrate the existence of two successive

waves of MG that can be discriminated based upon the hemo-
genic nature of their precursors. The first

primitive wave originates from pMFs at

3 dpf, whereas the second wave gives

rise to definitive adult MG, starting at

around 20 dpf.

cmyb Requirement Discriminates
Embryonic versus Adult MG
Since our fate-mapping results indicated

that definitive MG derive from kdrl+ he-

mogenic endothelium, we hypothesized
that the second MG wave originated from definitive hematopoi-

etic precursors and examined MG ontogeny in cmyb-deficient

zebrafish that lack HSCs. To overcome the lethality due to the

lack of HSCs and allow for long-term analyses, we rescued

mutant embryos by hematopoietic cell transplantation, as previ-

ously described (Hess et al., 2013; Traver et al., 2003). Also, to

allow for the rapid screening of recipient cmybnull embryos and

for the visualization of host-derived MG, we incrossed adult

cmyb heterozygous fish carrying the following reporter trans-

genes: Tg(kdrl:Cre; ßactin:Switch-DsRed; mpeg1:GFP) (Fig-

ure 5A). cmybnull embryos were identified at 5 dpf based on

the absence of HSC-derived DsRed+ thymocytes and selected

for transplantation. Transplantation experiments were con-

ducted using adult whole-kidney marrow (WKM) isolated from

cd41:GFP transgenic adults, allowing for continued production

of GFP+ thrombocytes to serve as a readout for efficient long-

term reconstitution. The mutually exclusive expression of both

cd41:GFP andmpeg1:GFP transgenes, together with the typical

cell shape of MG versus thrombocytes, prevented any possible

issue regarding the discrimination between either GFP+ popula-

tion when analyzing the brain parenchyma. Rescued cmybnull

kdrl:Cre+ ßactin:Switch-DsRed+ mpeg1:GFP+ embryos were

then raised to adulthood (>3 months) before examination. By

performing immunostaining on adult brain sections, we found a
Cell Reports 24, 130–141, July 3, 2018 135



Figure 4. Kinetics of Adult MG Emergence during Zebrafish

Development

(A) Scheme of the transgenic lines used to discriminate pMF-derived embry-

onic MG from endothelial-derived adult MG.

(B) GFP (left panels) and DsRed (middle panels) immunostaining performed

on brain sections from Tg(kdrl:Cre; ßactin:Switch-DsRed; mpeg1:GFP) triple

transgenics at the indicated developmental stage, showing the replacement

of GFP+ DsRed� embryonic MG by GFP+ DsRed+ cells in the brain paren-

chyma. The right panels show a merge of both fluorescent channels. Scale

bar: 50 mm.

Figure 5. The Transcription Factor cmyb Is Required for the Estab-

lishment of Adult MG

(A) Scheme of the hematopoietic cell transplantation experiments performed

to circumvent the lethality of c-mybnull animals due to the lack of definitive

hematopoiesis.

(B) GFP immunostaining performed on adult brain sections from wild-type

controls (upper panels) and rescued cmybnull mutants (lower panels),

demonstrating a complete absence of host-derived GFP+ MG in the cmyb

mutants (left panels), as well as the presence of GFP� donor-derived L-plastin+

hematopoietic cells (fuchsia, middle panels). The right panels show amerge of

both fluorescent channels (n = 4). Scale bar: 50 mm.
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complete absence of host-derived GFP+ MG in the rescued

cmybnull animals (n = 3) (Figure 5B). Interestingly, staining of

cmybnull adult brains with the pan-leukocyte L-plastin antibody

revealed CNS engraftment of ramified L-plastin+ GFP� cells,

likely of donor origin (Figure 5B). Collectively, these observations

demonstrate that cmyb is critical for the establishment and/or

maintenance of adult MG precursors.

Embryonic HSCs Give Rise to Adult MG
Because endogenous MGwere absent in adult cmybnull fish that

lack HSCs, we reasoned that HSCs may be the precursors of

the second MG wave. As we previously showed, gata2b serves

as an early marker of hemogenic endothelium in the dorsal

aorta of the zebrafish embryo, and lineage tracing performed in

Tg(gata2b:Gal4; UAS:Cre; ßactin:Switch-DsRed) reporter lines

selectively and permanently labeled emerging HSCs and their

adult blood progeny (Butko et al., 2015). To directly assess the

contribution of HSCs to adult MG, we crossed Tg(gata2b:

Gal4; UAS:Cre; ßactin:Switch-DsRed) transgenic animals to
(C) Quantification of DsRed+ MG in the brain parenchyma during zebrafish

development, determined as percent recombination among the whole GFP+

MG population. Error bars represent mean ± SEM of pooled data from two

experiments (n = 3). MG, microglia.



Figure 6. Adult MG Derive from Embryonic

HSCs

(A) Transgenic lines used to address the MG po-

tential of embryonic HSCs.

(B) GFP (left panel) and DsRed (middle panel) im-

munostaining performed on quadruple-transgenic

adult brain sections. The right panel shows amerge

of both fluorescent channels.

(C) Pooled data from two experiments showing the

percent recombination among brain MG in control

(left) and gata2b:Cre adult fish (right) (n = 6). Error

bars represent mean ± SEM.

(D) Correlation and regression analysis (R2 = 0.85)

between the chimerism in brain MG and the WKM

myeloid fraction. MG, microglia; WKM, whole-kid-

ney marrow.

See also Figure S6.
the mpeg1:GFP reporter line (Figure 6A). As expected, in 3 dpf

quadruple-transgenic embryos, DsRed fluorescence was found

in hematopoietic cells in the caudal hematopoietic tissue,

thymus, and kidney, but not in parenchymal GFP+ primitive

MG (Figure S6). In contrast, confocal microscopy analyses of

brain sections from adult transgenic fish revealed robust labeling

of MG, with 36.1% ± 10.9% GFP+ cells expressing DsRed (Fig-

ures 6B and 6C). In comparison, no DsRed+ cells were found in

control brains from adult Tg(UAS:Cre; ßactin:Switch-DsRed;

mpeg1:GFP) (Figure 6C). Importantly, although not all adult MG

weremarked in these experiments, within individual fish, the pro-

portions of DsRed+ MG and DsRed+ leukocytes in the WKM, the

site of adult hematopoiesis, were highly correlated (Figure 6D),

supporting the hypothesis of a common ancestor. Taken

together, our data establish embryonic HSCs as a major source

of adult MG in the zebrafish.

DISCUSSION

Although several candidates have been suggested, the precise

nature of MG progenitors remains a matter of intense debate.
This is due, in part, to the lineage-tracing

methodologies employed in the murine

model that cannot precisely discriminate

each subset of hematopoietic precur-

sors. Because each precursor population,

namely pMFs, EMPs, and HSCs, arise in

distinct anatomical locations at different

time points during zebrafish development,

we have chosen this vertebrate model to

investigate MG ontogeny. Our results

demonstrate that the MG network is es-

tablished through two successive and in-

dependent waves of hematopoietic pre-

cursors and further identifies the cellular

origin of each MG wave. By combining

analyses of hematopoietic mutants and

cell-specific lineage-tracing approaches,

we show here that pMFs generate a first,

transient wave that is followed by the
establishment of a permanent population originating from em-

bryonic HSCs. Our results uncovering pMFs as the cellular origin

of MG are consistent with a previous report that demonstrated,

using laser-inducible spatial and temporal restricted activation

of Cre, that the rostral blood island (RBI), a region equivalent to

the mouse yolk sac and known as the site of pMF production,

displays MG potential in the zebrafish embryo (Xu et al., 2015).

This study further identified the ventral wall of the dorsal aorta,

which includes the hemogenic endothelium that produces

HSCs, as the source of a second MG wave that starts to replace

rostral blood island-derived MG in the brain parenchyma at

around 15 dpf. Taking advantage of the ability of the bloodless

cmyb mutant to survive through passive oxygen diffusion,

Xu and colleagues further showed that MG were present in

3-week-old cmybnull juveniles. These observations led the au-

thors to conclude that cmyb was not required for adult MG,

therefore excluding HSCs as possible progenitors. However, it

is likely that most of the MG observed in these experiments

were pMF-derived, as our results show that 75% of MG are still

of primitive origin at this stage. By taking a different approach

(HSC transplantation rescue experiments) allowing us to carry
Cell Reports 24, 130–141, July 3, 2018 137



out phenotypic analyses in adult cmyb-deficient animals, we

demonstrate here that definitiveMG indeed rely upon thismaster

regulator of vertebrate definitive hematopoiesis. Moreover, pre-

cise lineage tracing of gata2b+ embryonic HSCs resulted in

labeled adult MG, therefore identifying cmyb-dependent embry-

onic HSCs as the source of definitive MG. Although a possible

contribution of other unlabeled progenitors to adult MG

ontogeny cannot be excluded from these experiments, the par-

tial labeling of adult MG that we observed in Tg(gata2b:Gal4;

UAS:Cre; ßactin:Switch-DsRed) is likely due to inefficient Cre

recombination efficiency in gata2b+ embryonic HSCs, as re-

flected by the incomplete labeling of the adult WKM blood

compartment. Trans-generational silencing of UAS-regulated

transgenes through CpG methylation has been reported in ze-

brafish (Akitake et al., 2011) and might explain the reduction in

HSC labeling that we observed in this study. Thus, considering

that WKM-derived hematopoiesis originates entirely from em-

bryonic HSCs (Bertrand et al., 2010; Butko et al., 2015), these

observations imply that our model likely underestimates the

contribution of HSCs in the establishment of the adult MG

network. Interestingly, an intriguing question that has emerged

from this work is the temporal delay that occurs between HSC

specification (completed by 60 hpf) and the emergence of the

second MG wave in the CNS (starting at around 20 dpf). Future

studies will be necessary to understand whether newly born

HSCs directly enter the brain or migrate to an intermediate niche

prior to CNS colonization.

A major finding of our study is the demonstration that the ze-

brafish MG network is established without any contribution

from EMPs. Together with previous observations that the PBI,

the anatomical site of EMP emergence, lacks both short- and

long-term MG potential (Xu et al., 2015), our results now oppose

the commonly accepted model of MG development established

in the mouse. Over the last few years, many fate-mapping

studies have been conducted to investigate the contribution of

fetal hematopoiesis to MG ontogeny. Central to these experi-

ments was the use of tamoxifen-inducible Runx1MercreMer and

Csf1rMercreMer mice to permanently tag embryonic hematopoi-

etic progenitors and assess the status of MG at later develop-

mental stages. In a study by Ginhoux et al. (2010), genetic label-

ing of Runx1+ cells between E7 and E7.5 resulted in 30% of the

adult MG pool beingmarked. By comparison, injection of tamox-

ifen between E8.5 and E10 did not label adult MG, but efficiently

marked circulating monocytes (Ginhoux et al., 2010). In agree-

ment with this time window, additional investigations performed

using Csf1rMercreMer mice further indicated that MG arise from

Csf1r+ embryonic cells that can be genetically labeled from

E7.5 onward (DeFalco et al., 2014; Epelman et al., 2014; Gomez

Perdiguero et al., 2015; Hoeffel et al., 2015; Mossadegh-Keller

et al., 2017; Schulz et al., 2012). Collectively, these studies high-

lighted a developmental relationship between early yolk sac pre-

cursors and MG, leading to the consensus that EMPs serve as

the source of fetal and perinatal MG. However, yolk sac-derived

hematopoiesis is complex and there has been some confusion

in the MG field regarding the nature of the different yolk sac-

derived myeloid progenitors and the terminology used to define

them. One example is the wide assumption that pMFs and EMPs

belong to the same lineage, whereas in fact they represent two
138 Cell Reports 24, 130–141, July 3, 2018
independent hematopoietic lineages, in respect to their cellular

origin, temporal specification, hematopoietic potential, and

developmental program (McGrath et al., 2015). Since most

fate-mapping studies performed previously in the mouse model

did not consider pMFs and EMPs as two distinct populations, the

relative MG potential of each yolk sac-derived progenitor cell

subset in vivo has remained unclear. This is especially important

because none of the Cre-ERt2 mouse lines used previously to

define the source of MG are specific for either pMFs or EMPs,

or even HSCs. Indeed, Runx1 is expressed in and required for

the specification of all three lineages (Chen et al., 2009, 2011),

and csf1r is expressed by all MFs (Sasmono et al., 2003), regard-

less of their primitive or definitive origin. As the different waves of

yolk sac myelopoiesis occur concomitantly during mouse devel-

opment (between E7.5 and E8.5), a pulse of tamoxifen cannot

target a single wave of yolk sac progenitors, and most likely la-

bels pMFs and EMPs simultaneously when injected between

E7 and E9. By devising lineage-tracing strategies to discriminate

and specifically follow each population, we demonstrate in the

zebrafish that pMFs are the sole contributors to embryonic

MG. We thus term the initial wave of MG ‘‘primitive’’ to conform

to the traditional developmental terminology and to distinguish

this first wave from the later ‘‘definitive’’ wave that persists

throughout adulthood. Our findings also provide compelling ev-

idence that the establishment of murine embryonic MG relies on

the presence of functional pMFs, thus highlighting conservation

between species. In a recent report, Hoeffel et al. (2015) pro-

posed to categorize the mouse EMP population into early

c-Myb-independent EMPs and late c-Myb-dependent EMPs,

emerging in the yolk sac at E7.5 and E8.25, respectively.

Through pulse labeling ofCsf1r+ cells at E8.5, supposed to differ-

entially mark both populations, they suggested that the MG po-

tential was exclusively contained within the c-Myb� EMP subset,

while other tissue-resident MFs in the liver, skin, and lung mainly

originated from c-Myb+ EMPs. Considering the phenotypic and

functional similarities between the early c-Myb� EMP population

and pMFs (anatomical site and timing of emergence, c-Myb

dispensability, and lack of erythroid potential), it is likely that

the labeling attributed to c-Myb� EMPs was due to labeling of

pMFs, which were not considered in this report. If so, the data

obtained from this study may support a unique contribution of

pMFs to murine embryonic MG, as we describe in the zebrafish.

Our study also highlights possible evolutionary differences

regarding the ontogeny of adult MG in vertebrates. Indeed, the

complete replacement of embryonic MG by an adult population

appears to be specific to zebrafish, as fate-mapping studies per-

formed in the mouse demonstrated adult input from yolk sac-

derived hematopoietic progenitors. Interestingly, however, a se-

ries of recent observationsmay provide support for the existence

ofmultiple sources ofMGprogenitors that arise independently of

the yolk sac during murine development. One piece of evidence

comes from in vivo cell ablation studies in which depletion of yolk

sacMFs was obtained through transient pharmacological block-

ing of CSF1R signaling (Hoeffel et al., 2015; Squarzoni et al.,

2014). As expected, ablation of early embryonic MFs resulted

in the absence of MG at E14.5. Surprisingly, postnatal MG

were not affected by this treatment, as their number was normal

from post-natal day 7 (P7) onward (Hoeffel et al., 2015;



Squarzoni et al., 2014). The source of the repopulating postnatal

MG in this setting is currently unknown. Also, it was previously

reported that adult MG include a subpopulation of Hoxb8-ex-

pressing cells that infiltrate the brain parenchyma after birth

(Chen et al., 2010). Interestingly, besides theHoxb8+MG subset,

the lineage tracing of Hoxb8+ cells labeled most of the hemato-

poietic compartment in the bone marrow and peripheral blood,

suggesting a common HSC origin (Chen et al., 2010). However,

further research will be required to address the cellular origin

of the Hoxb8+ MG subset since several reports in the mouse

concluded that genetic labeling of conventional embryonic

HSCs did not result in a switch of adult MG. Nevertheless, these

findings in the mouse model raise the possibility of MG progen-

itors migrating in the postnatal brain in physiological conditions,

as we observe in the zebrafish. Understanding the mechanisms

underlying the emergence of these cells in the CNS, possibly af-

ter the sealing of the blood-brain barrier, may thus have profound

biological and therapeutic implications.

In conclusion, our study provides insights into the ontogeny of

MG by unambiguously demonstrating that pMFs serve as the

unique source of primitive MG in the zebrafish embryo. Taken

together, our findings also indicate that different precursors

generate embryonic and adult MG in the zebrafish, and suggest

that the cellular and molecular mechanisms underlying MG

ontogeny in mammals may be more complex than previously

thought, as recently shown for other populations of tissue-resi-

dent MFs (Molawi et al., 2014; Mossadegh-Keller et al., 2017).

Given the multiple roles of MG in CNS development, homeosta-

sis, and disease, it will be of great interest to determine whether

these different developmental pathways confer differential func-

tions to each MG subset.

EXPERIMENTAL PROCEDURES

Zebrafish

Zebrafish were maintained under standard conditions and in accordance with

institutional (Université Libre de Bruxelles [ULB]) and national ethical and ani-

mal welfare guidelines and regulation. All experimental procedures are

approved by the ethical committee for animal welfare (CEBEA) from the ULB

(protocol 594N). The following lines were used: AB*, Tg(mhc2dab:GFP-

LT)sd6 (Wittamer et al., 2011), Tg(ptprc:DsRedexpress)sd3 (Wittamer et al.,

2011), Tg(mpeg1:eGFP)gl22 (Ellett et al., 2011), Tg(�6.0itga2b:eGFP)la (Lin

et al., 2005), Tg(kdrl:Cre)s898 (Bertrand et al., 2010), Tg(actb2:loxP-STOP-

loxP-DsRedexpress)sd5 (Bertrand et al., 2010), Tg(mpeg1:Gal4)gl24 (Ellett et al.,

2011), Tg(UAS-E1b:Kaede)s1999t (Ellett et al., 2011), cmybt25127 (Soza-Ried

et al., 2010), laftm110b (Hogan et al., 2006), tfecug103 (Mahony et al., 2016),

TgBAC(gata2b:KalTA4)sd32 (Butko et al., 2015), and Tg(UAS:Cre,CY)zd17

(Butko et al., 2015). For clarity, throughout the text, transgenic animals are

referred to without allele designations: TgBAC(gata2b:KalTA4)sd32 is referred

to as Tg(gata2b:Gal4); Tg(UAS:Cre,CY)zd17 is referred to as Tg(UAS:Cre);

and ptprc and itga2b are referred to as cd45 and cd41, respectively.

Whole-Mount RNA In Situ Hybridization

Antisense DIG-labeledmfap4, rag1, and apoeb RNA probes were synthesized

in vitro. Zebrafish embryos at the desired stages were fixed in 4% paraformal-

dehyde (PFA). Whole-mount RNA in situ hybridization (WISH) was performed

using standard methods (Thisse and Thisse, 2008).

Fluorescent Microscopy

Embryos and larvae (up to 10 dpf) were fixed in 4%PFA, and then directly sub-

jected to whole-mount antibody staining. For juvenile and adult fish, the brains

were dissected, fixed in 4% PFA, and subjected to either tissue clearing and
imaging (15- to 50-dpf fish), or incubated overnight in 30% sucrose and

applied to cryosection followed by antibody staining (adult fish). The following

antibodieswere used: chicken anti-GFP polyclonal antibody (1:1,000; Abcam),

rabbit anti-DsRed polyclonal antibody (1:1,000; Clontech), Alexa Fluor 488-

conjugated anti-chicken IgG antibody (1:500; Invitrogen), and Alexa Fluor

594-conjugated anti-rabbit IgG (1:500; Abcam). Images were taken with a

Zeiss LSM 780 inverted microscope, using the following objectives: EC Plan

Neofluar 103, Plan Apochromat 203, LD LCI Plan Apochromat 253, and LD

C Apochromat 403.

Statistical Analyses

Statistical analyses were performed with the GraphPad Prism software, using

an unpaired Student t test. Each dot plot value represents an independent em-

bryo, and every experiment was conducted three times independently.
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