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SUMMARY

Microglia are CNS resident macrophages, and they
play important roles in neural development and func-
tion. Recent studies have suggested that murine mi-
croglia arise from a single source, the yolk sac (YS),
yet these studies lack spatial resolution to define the
bona fide source(s) for microglia. Here, using light-
induced high temporal-spatial resolution fate map-
ping,wechallenge this single-sourceviewbyshowing
thatmicroglia in zebrafisharise frommultiple sources.
The embryonic/larval microglia originate from the
rostral blood island (RBI) region, the equivalent of
mouse YS for myelopoiesis, whereas the adult micro-
glia arise from the ventralwall of dorsal aorta (VDA) re-
gion, a tissue also producingdefinitive hematopoiesis
in mouse. We further show that the VDA-region-
derived microglia are Runx1 dependent, but cMyb in-
dependent, anddevelopmentally regulateddifferently
from the RBI region-derived microglia. Our study es-
tablishes a new paradigm for investigating the devel-
opmentand functionofdistinctmicrogliapopulations.

INTRODUCTION

Microglia are macrophages that reside in the brain, spinal cord,

and retina (Prinz and Priller, 2014). Microglia have been thought

to mainly function as primary immune effector cells to remove in-

fectious agents, plaques, and damaged/apoptotic cells (Kreutz-

berg, 1995). However, growing evidence has suggested that

microglia also play critical roles in the regulation of neurogenesis

and neural functions (Salter and Beggs, 2014). The importance of

microglia in the CNS is further elucidated by the observations

that irregularities in microglia are known to associate with the

onset and development of various neurodegenerative diseases

(Prinz and Priller, 2014; Salter and Beggs, 2014). Thus, a

comprehensive fate mapping of microglia origin will be essential

for our understanding of the development and function of micro-

glia in the developing and adult CNS.
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In the past decade, a series of lineage tracing studies have

been carried out to dissect the origin of microglia (Epelman

et al., 2014; Ginhoux et al., 2010; Gomez Perdiguero et al.,

2015; Hashimoto et al., 2013; Hoeffel et al., 2015; Kierdorf

et al., 2013; Perdiguero et al., 2014; Schulz et al., 2012). The cur-

rent prevailing view is that microglia are derived from one single

source, the yolk sac (YS) in mice. This view is mainly based on

two recent studies (Ginhoux et al., 2010; Schulz et al., 2012), in

which the investigators utilized theRunx1 and colony-stimulating

factor 1 receptor (Csf1r) promoter-controlled CreER-loxP sys-

tem to track the fates of Runx1-expressing (Runx1+) and Csf1r-

expressing (Csf1r+) cells from embryonic day (E) 6.5 to E10.5.

The results suggested that the majority of microglia in adult

mouse brain seemed to be derived from the Runx1+ or Csf1r+

cells that emerged before E8–8.5. Given the fact that murine

primitive hematopoiesis occurs in the YS between E7 and E8.5

and the definitive hematopoiesis emerges in the aorta, gonads,

and mesonephros (AGM) from E9.5 to E10.5 (Lichanska and

Hume, 2000; Orkin and Zon, 2008), the authors concluded that

microglia in mice originate from the primitive hematopoietic pre-

cursor cells born in the YS. However, the promoter-controlled

CreER-loxP tracking system used in these fate mapping studies

does not provide sufficient spatial resolution to resolve the origin

of microglia unambiguously. For example, studies have indi-

cated that hematopoietic activity can be detected in the AGM

prior to the appearance of the definitive hematopoietic stem cells

(HSCs) (Lin et al., 2014). Moreover, other hematopoietic com-

partments including the placenta and head endothelium in

mid-gestation mouse embryo also contain substantial hemato-

poietic activity (Gekas et al., 2005; Li et al., 2012b; Ottersbach

and Dzierzak, 2005). Upon tamoxifen induction, the hematopoi-

etic cells in these compartments might be labeled undesirably,

potentially confounding the isolation of bona fide source(s) for

microglia. Thus, a fate-mapping analysis with high temporal-

spatial resolution is required to clarify the precise source of

microglia.

Studies in the past decades have shown that similar to that in

mammals, zebrafish experience successive waves of hemato-

poiesis and produce analogous mature blood cells (Jaganna-

than-Bogdan and Zon, 2013; Jing and Zon, 2011; Stachura

and Traver, 2011; Xu et al., 2012). In zebrafish, the first or prim-

itive wave of hematopoiesis initiates at �11 hr post-fertilization
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3385

mailto:eequ@ust.hk
mailto:zilong@ust.hk
http://dx.doi.org/10.1016/j.devcel.2015.08.018


A

B

Figure 1. A Schematic View of the IR-LEGO-CreER-loxP Cell Label-

ing System

(A) The Tg(coro1a:loxP-DsRedx-loxP-GFP) reporter line outcrosses with

the heat-shock-induced CreERT2 transgenic fish Tg(hsp70:mCherry-T2a-

CreERT2) to create Tg(hsp70:mCherry-T2a-CreERT2;coro1a:loxP-DsRedx-

loxP-GFP) double transgenic fish, in which macrophages express DsRedx

under normal condition but switch to GFP upon heat-shock-evoked CreER-

mediated recombination of loxP sites.

(B) A femtosecond Ti:sapphire laser is tuned at 830 nm to pump an optical

parametric oscillator to emit infrared beamwith a wavelength of 1,345 nm. The

1,345 nm laser is then focused on the selected tissue of a desired develop-

mental stage Tg(hsp70:mCherry-T2a-CreERT2;coro1a:loxP-DsRedx-loxP-

GFP) transgenic fish by a coated convex lens to generate spatial-restricted

heat shock, which induces local expression of CreER. Upon 4-OHT treatment,

the CreER-mediated recombination of loxP sites occurs, leading to the in-

duction of GFP expression in themacrophages derived from the heat-shocked

region. The blue and orange dashed boxes indicate middle trunk and tail re-

gions imaged in Figure 2B.
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(hpf) from two distinctive regions: the posterior lateral mesoderm

(PLM) and the rostral blood island (RBI). Similar to mammalian

primitive hematopoiesis born in the YS, the PLMgives rise to em-

bryonic erythrocytes critical for the survival of developing em-

bryos and the RBI produces myeloid cells that contribute to

the earliest macrophages and neutrophils in the circulation and

tissues. The second or definitive wave of hematopoiesis origi-

nates from the ventral wall of dorsal aorta (VDA) at �26–28 hpf

and it produces HSCs capable of giving rise to all mature blood

cells during fetal life and adulthood. In addition, a third or inter-
DEVCEL 338
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mediate wave of hematopoiesis has been identified to arise

from a population of cells named committed erythromyeloid pro-

genitors (EMPs), which are produced autonomously from the

posterior blood island (PBI) at �30 hpf (Bertrand et al., 2007).

Similar to the case in mammals (Bertrand et al., 2005b), the inter-

mediate hematopoiesis is transient and produces mainly

myeloid and erythroid cells. The highly conserved hematopoietic

program and the advantage of in vivo imaging and genetic

amenability have made zebrafish an ideal model organism for

studying the fate and development of microglia.

In this study, we used a high temporal-spatial resolution fate

mapping approach to investigate the origin of microglia in zebra-

fish. We showed that microglia in developing and adult zebrafish

brain, spinal cord, and retina arise from two different sources, in

contrary to the single origin view. The embryonic/larval microglia

in developing zebrafish brain and retina were derived from the

RBI, the zebrafish counterpart of mouse YS for myelopoiesis,

whereas the adult microglia arose from the VDA region, a tissue

also producing definitive hematopoiesis in mouse. Genetic

analysis revealed pu.1 is differentially required for RBI- and

VDA-region-derived microglia. Further study showed that the

development of VDA-region-derived microglia is independent

of cmyb, but requires runx1 function.

RESULTS

The IR-LEGO-CreER-loxP System Provides High
Temporal-Spatial Resolution Cell Labeling in Zebrafish
To set up a temporally and spatially restricted cell labeling, we

generated a reporter line Tg(coro1a:loxP-DsRedx-loxP-GFP) in

which leukocytes including microglia express DsRedx under

normal conditions but switch to GFP upon CreER-mediated

excision. The reporter line was outcrossed with the heat shock-

inducible Tg(hsp70:mCherry-T2a-CreERT2) zebrafish (Hans

et al., 2011). The resulting double transgenic line Tg(hsp70:

mCherry-T2a-CreERT2;coro1a:loxP-DsRedx-loxP-GFP) was

used for microglia fate mapping analysis (Figure 1A). To achieve

the temporal-spatial restricted cell labeling, we applied the

infrared laser-evoked gene operator (IR-LEGO) microscope

heating system (Deguchi et al., 2009; Kamei et al., 2009), to

induce CreERT2 expression in a defined anatomy region at

desired developmental stages by using the 1,345 nm infrared

laser irradiation followed by 4-OH tamoxifen (4-OHT)-mediated

activation of CreERT2 (Figure 1B).

To confirm that the IR-LEGO-CreER-loxP system could

indeed provide a temporal-spatial restricted cell labeling with

high efficiency and specificity in vivo, we focused on the

RBI, VDA, and PBI, three well-known zebrafish hematopoietic

tissues capable of giving rise to myeloid cells (Ciau-Uitz et al.,

2014; Xu et al., 2012). The RBI, VDA, and PBI regions

of double transgenic Tg(hsp70:mCherry-T2a-CreERT2;coro1a:

loxP-DsRedx-loxP-GFP) embryos were heat-shocked (two to

four shots for each region; each shot spot is �10 mm diameter

in the focal plane and is irradiated for 2 min) by the 1,345 nm

infrared laser at 12–16 hpf, 28–30 hpf, and 20–22 hpf, respec-

tively. We chose these time windows because primitive

myeloid precursors are restricted in the RBI region at 12–16

hpf, VDA endothelial hematopoietic transition occurs at 30 hpf,

and the PBI region at 20–22 hpf is devoid of the RBI- and
5
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Figure 2. The IR-LEGO-CreER-loxP System

Provides a High Temporal-Spatial Resolu-

tion Labeling in Zebrafish RBI, VDA, and

PBI Regions

(A) Overexposed WISH staining shows that local

1,345 nm laser irradiation induces CreERT2

expression in the RBI, VDA, and PBI regions. Red

arrows indicate the overexposedCreERT2 staining.

(B) The distribution of the RBI-, VDA-region-, or

PBI-derived cells (coro1a-GFP+ cells) in the brain,

middle trunk, and tail at 4 dpf. The RBI-derived

cells (top) were found in brain (dorsal view, rostral

to the left, midbrain region), middle trunk, and tail

(blue and orange boxed regions shown in Fig-

ure 1B), whereas the VDA-region-derived (middle)

and PBI-derived (bottom) cells were detected in

the trunk and tail but rarely in the brain. White

arrows indicate GFP+ cells.

(C) Quantification of GFP+ cells derived from the

RBI (n = 9), VDA region (n = 10), or PBI (n = 6) in

the brain. Error bars represent mean ± SEM.

***p < 0.001.

(D) Quantification of GFP+ cells derived from the

RBI (n = 6), VDA region (n = 6), or PBI (n = 6) in the

middle trunk. Error bars represent mean ± SEM.

*p < 0.05.

(E) Quantification of GFP+ cells derived from the

RBI (n = 6), VDA region (n = 6), or PBI (n = 6) in the

tail. Error bars represent mean ± SEM. *p < 0.05;

***p < 0.001.

See also Figure S1.
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VDA-region-derived cells because of the lack of circulation. At

2–3 hr after laser-mediated heat shock treatment, the embryos

were fixed and subjected to whole-mount in situ hybridization

(WISH) with anti-sense CreERT2 probe. As shown in Figure 2A,

the infrared laser irradiation induced a robust CreERT2 expres-

sion specifically in the targeted regions (Figures 2A and S1A).

More importantly, this infrared laser-evokedCreERT2 expression

was sufficient to mediate loxP excision as indicated by the

appearance of GFP-positive (GFP+) cells 1 day after the heat-

shocked embryos were treated with the 4-OHT (Figure S1B).

GFP+ cells can be observed throughout the body of RBI-labeled

embryos, whereas they only start to emerge in the middle and

posterior parts of body in VDA-region-labeled and PBI-labeled

embryos (Figure S1B). By 4 dpf, each group of the labeled em-

bryos exhibited a unique GFP+ distribution pattern (Figures

2B–2E): GFP+ cells in the RBI-labeled embryo were found

more abundantly in the brain and tail, GFP+ cells in the VDA-

region-labeled embryos were detected mainly in the trunk and

tail, and GFP+ cells in the PBI-labeled embryos were restricted

to the tail (Figures 2B–2E). These results show that the IR-

LEGO-CreER-loxP system indeed provides a temporal-spatial

cell labeling with high resolution.

Microglia in the Larval and Adult CNS Arise from
Distinctive Origins
To determine the developmental timing and origin of microglia

during CNS development and adult CNS homeostasis, we

applied this temporal-spatial restricted IR-LEGO-CreER-loxP

system to specifically label the RBI, VDA, and PBI regions

of Tg(hsp70:mCherry-T2a-CreERT2;coro1a:loxP-DsRedx-loxP-

GFP) embryos. The contribution of each of these regions to
DEVCEL
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microglia in the brain and spinal cord was determined at 4 dpf

(early larva), 15 dpf (late larva), 1.5 months (juvenile), 3 months

(young adult), and 1 year (older adult) by quantifying the percent-

age of GFP+ cells in total microglia by immunohistochemistry

(Figure 3). Using Lcp1 as a microglia marker (Herbomel et al.,

1999; Li et al., 2012a; Meijer et al., 2008), a significant number

of GFP and Lcp1 double positive (GFP+/Lcp1+) microglia (on

average �43%) were detected in the brains of 4 dpf RBI-labeled

embryos by immunohistochemistry, whereas GFP+ cells were

rarely seen in the brains of 4 dpf VDA-region-labeled and PBI-

labeled embryos (Figures 3B and 3D). These data demonstrate

that at early larva stage the brain microglia are derived from

the RBI. This result is in agreement with the previous findings

showing that murine microglia arise from the YS (Ginhoux

et al., 2010; Schulz et al., 2012). Surprisingly, when we exam-

ined the juvenile and adult fish, we found that the contribution

of RBI-derived microglia in the brain declined dramatically

and eventually became undetectable by the age of 1 year old

(Figures 3C and 3D), suggesting that the microglia in adult

zebrafish brain might be derived from other source. Indeed,

we observed that the VDA-region-derived microglia began to

populate the brain from 15 dpf onward and their numbers

increased rapidly as fish grew and eventually became the domi-

nant population in 3-month-old young adult fish (�46% GFP+ in

the VDA region-labeling fish versus �3% GFP+ in the RBI-

labeled fish) (Figures 3C and 3D). We also labeled either ante-

rior or posterior half of the VDA region and found that both

parts could generate large number of microglia at about

25 dpf, suggesting that microglia progenitors spread along

the VDA region (data not shown). In contrast to the early colo-

nization of the brain, microglia populated the spinal cord
3385
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Figure 3. Embryonic/Larval and Adult Mi-

croglia in Zebrafish CNS Arise from Distinct

Origins

(A) A timeline shows the experimental setup. The

RBI-, VDA-, and PBI-region-labeled fish were

raised and collected at 4 dpf, 15 dpf, 1.5 months,

3 months, and 1 year for analysis.

(B) Immunohistochemistry showed that the RBI-

but not VDA- and PBI-region-derived cells

(coro1a-GFP+ cells) constitute the major popula-

tion of microglia (Lcp1+ cells) in the brains of 4-dpf

zebrafish (dorsal view, rostral to the left, a part of

the optic tectum).

(C) Immunohistochemistry showed that the VDA-

but not RBI- and PBI-derived cells (coro1a-GFP+

cells) constitute the major population of microglia

(Lcp1+ cells) in the brains of 3-month-old adult

zebrafish (sectioned brain).

(D) Quantification of the contribution of the RBI-,

VDA-, and PBI-region -derived microglia in the

developing and adult zebrafish brain. For the RBI-

labeled 4-dpf, 15-dpf, 1.5-month, 3-month, and

1-year adult fish, n = 8, 8, 5, 8, and 10, respec-

tively; for the VDA-region-labeled 4-dpf, 15-dpf,

1.5-month, 3-month, and 1-year adult fish, n = 5, 6,

5, 8, and 9, respectively; for the PBI-labeled 4-dpf,

15-dpf, 1.5-month, and 3-month adult fish, n = 7, 6,

7, and 8 respectively. Error bars represent mean ±

SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

(E) Immunohistochemistry showed the contribu-

tion of the RBI-, VDA-, and PBI-region-derived

cells (coro1a-GFP+ cells) to microglia (Lcp1+ cells)

in the sectioned 1.5-month zebrafish spinal cord

(indicated by the dashed lines). White arrows

indicate the coro1a-GFP+ microglia in the spinal

cord.

(F) Immunohistochemistry showed the contribu-

tion of the RBI-, VDA-, and PBI-region-derived

cells (coro1a-GFP+ cells) to microglia (Lcp1+ cells)

in the whole-mount 3-month adult zebrafish spinal

cord. White arrows indicate the coro1a-GFP+

microglia in the spinal cord.

(G) Quantification of the contribution of RBI-, VDA-,

and PBI-region-derived microglia in 1.5-month,

3-month, and 1-year adult zebrafish spinal cord.

For the RBI-labeled 1.5-month, 3-month, and

1-year adult fish, n = 6, 12, and 8, respectively; for

the VDA-region-labeled 1.5-month, 3-month, and

1-year adult fish, n = 4, 5, and 9, respectively; for

the PBI-labeled 1.5-month and 3-month adult fish,

n = 5 and 6, respectively. Error bars represent

mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S2.
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between 15 dpf and 1.5 months (Figure S2). Similar to the brain,

both RBI- and VDA-region-derived microglia could be observed

in 1.5-month spinal cord, and as fish grew up, the VDA-region-

derived microglia became the primary population in the spinal

cord (Figures 3E–3G). Unlike the RBI and VDA, the PBI con-

tributed very few cells to brain and spinal cord microglia

throughout the development and adulthood of zebrafish (Fig-

ures 3B–3G). Collectively, these lineage tracing data indicate

that the embryonic/larval and adult microglia in the zebrafish

CNS are derived from two distinct sources: the RBI and the

VDA regions, respectively.
DEVCEL 338
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Microglia in theRetinaAreDerived fromMultiple Origins
and Manifest a Different Temporal Distribution from
Those in the CNS
Because retina is also known to be colonized by microglia, we

next investigated whether the retina microglia shared the same

developmental origins and colonization time windows as those

in the CNS. Results showed that similar to those in the brain,

microglia populating the retina at 4 dpf were from the RBI

region, whereas the VDA-region-derived cells began to colonize

retina at 15 dpf (Figures 4A and 4C). Interestingly, in contrast

to the brain where the RBI region-derived microglia declined
5
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Figure 4. The Microglia in the Eye Exhibit Distinct Colonization and

Composition Profile to the Microglia in the CNS

(A) The RBI- but not VDA- and PBI-region-derived cells (coro1a-GFP+ cells)

constitute the major population of microglia (Lcp1+ cells) in the eyes (indicated

by dashed lines) of 4-dpf zebrafish. White arrows indicate coro1a-GFP+

microglia in the eyes.

(B) The RBI- and VDA- but not PBI-region-derived cells (coro1a-GFP+ cells)

constitute the major population of microglia (Lcp1+ cells) in the 3-month adult

zebrafish eye. White arrows indicate the coro1a-GFP+ microglia in the eyes.
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dramatically from juvenile stage onward and eventually became

undetectable in adulthood (Figures 3B, 3C, 3E, and 3F), a signif-

icant portion (36% on average) of the RBI region-labeled

microglia remained in the retina of 3-month-old young adult

fish (Figures 4B and 4C). When the fish were 1 year old, the

RBI-labeled microglia declined dramatically (�10% on average

was left in the retina) and the VDA-region-derived microglia

became the dominant population (�44% on average in the

retina) (Figure 4C). These data suggest that the RBI region-

derived microglia in the retina sustain much longer than those

in the brain and spinal cord. Again, very few PBI region-derived

microglia were found in the retina throughout development and

adulthood of zebrafish (Figures 4A–4C). Taken together, these

results demonstrate that the retina microglia are also derived

from two separated origins, the RBI and VDA regions.

Pu.1 Is Differentially Required for the RBI- and
VDA-Region-Derived Microglia
Previous study has indicated that the development of microglia

in mice requires Pu.1 (Kierdorf et al., 2013), an Ets transcription

factor essential for myeloid lineage development (McKercher

et al., 1996; Scott et al., 1994).We therefore sought to investigate

whether the development of both RBI- and VDA-region-derived

populations requires Pu.1. To address this question, we moni-

tored the number of microglia in the hypomorphic pu.1G242D

mutant fish, in which the G242 to D mutation leads to a marked

decrease of Pu.1 protein (Jin et al., 2012). Consistent with previ-

ous findings (Jin et al., 2012; Peri and Nüsslein-Volhard, 2008),

attenuation of Pu.1 function in zebrafish severely impaired

microglia development shown by the marked reduction of

Lcp1 staining in the brains of 3 and 4 dpf pu.1G242Dmutants (Fig-

ures 4A and 4B). Intriguingly, Lcp1+microglia began to recover in

the mutant brain from 5 dpf onward, and by 6 dpf, the number of

Lcp1+ microglia in pu.1G242D mutant brain were comparable to

that in WTs (Figures 5A and 5B). Similar to the case in the brain,

themicroglia in the eye were also largely depleted at early stages

but gradually recovered later (data not shown). Given the fact

that the RBI-derived microglia initiate early and the VDA-region-

born population emerges later, it is likely that the RBI-derived

microglia are depleted in pu.1G242Dmutants but the VDA-region-

derived ones are not affected. To test this possibility, we used

the IR-LEGO-CreER-loxP system to label the RBI and VDA re-

gions of pu.1G242Dmutants and the result showed that the recov-

ered microglia in the brains of 8 dpf pu.1G242D mutants were

indeed derived from the VDA region (�45.7% GFP+ microglia

in the VDA-region-labeled embryos) but not the RBI (0% GFP+

microglia in the RBI-labeled embryos) (Figures 5C and 5D). In

contrast, very few (�0.9%) microglia were derived from the

VDA region in 8 dpf WT embryos (data not shown). Likewise,

the recovered microglia in the retina of 8 dpf pu.1G242D mutants

were also mainly derived from the VDA region (data not shown).
(C) Quantification of the contribution of the RBI-, VDA-, and PBI-region-derived

microglia in the developing and adult zebrafish eyes. For the RBI-labeled

4-dpf, 15-dpf, 1.5-month, 3-month, and 1-year adult fish, n = 8, 8, 5, 8, and 10,

respectively; for the VDA-region-labeled 4-dpf, 15-dpf, 1.5-month, 3-month,

and 1-year adult fish, n = 5, 6, 5, 8, and 9, respectively; for the PBI-labeled

4-dpf, 15-dpf, 1.5-month, and 3-month adult fish, n = 7, 6, 7, and 8, respec-

tively. Error bars represent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

3385

opmental Cell 34, 1–10, September 28, 2015 ª2015 Elsevier Inc. 5



Figure 5. The RBI- but not VDA-Region-

Derived Microglia Are Depleted in pu.1G242D

Mutants

(A) Microglia are largely absent in pu.1G242D mu-

tants at 3 dpf, but are fully recovered at 6 dpf.

Stacked confocal images of immunohistochem-

istry staining of Lcp1 of 3-dpf, 4-dpf, 5-dpf, and

6-dpf WT and pu.1G242D embryos from the dorsal

view of the brain shows the recovery of microglia in

pu.1G242D mutants from 5 dpf onward.

(B) Quantification of Lcp1+ microglia number in

WT (n = 6) and pu.1G242D embryos (n = 6) at 3 dpf

and 6 dpf. Error bars represent mean ± SEM.

***p < 0.001.

(C) Coro1a-GFP+ microglia are observed in VDA-

but not RBI-region-labeled pu.1G242D embryos at

8 dpf. White arrows indicate the coro1a-GFP+

microglia in the brain (dorsal view, rostral to the left,

a part of the optic tectum).

(D) Quantification of the contribution of RBI- and

VDA-region-derived microglia in 8dpf pu.1G242D

embryos. For the RBI- and VDA-region-labeled

embryos, n = 3 and 6, respectively. Error bars

represent mean ± SEM. ***p < 0.001.

Please cite this article in press as: Xu et al., Temporal-Spatial Resolution Fate Mapping Reveals Distinct Origins for Embryonic and Adult Microglia in
Zebrafish, Developmental Cell (2015), http://dx.doi.org/10.1016/j.devcel.2015.08.018
Taken together, these results indicate that the VDA-region-born

microglia are differentially regulated from those derived from

the RBI.

The Development of the VDA Region-Derived Microglia
Is cMyb Independent but Runx1 Dependent
The above fate-mapping analysis indicates that the adult

microglia are derived from the VDA region in zebrafish, a he-

matopoietic tissue equivalent to mouse AGM where HSCs are

born (Bertrand et al., 2010; Kissa and Herbomel, 2010). We

next sought to determine whether the generation of the VDA

region-derived microglia was dependent on the differentiation

of HSCs. To answer this question, we examined the formation

and colonization of the VDA-region-derivedmicroglia in the brain

of zebrafish cmybhkz3 mutants, in which HSCs are gradually

depleted because of the delay of migrating away from the VDA

region and proliferation/differentiation in the VDA and CHT re-

gions, due to the inactivation of cMyb, a transcription factor

essential for HSC development in mice and fish (Mucenski

et al., 1991; Mukouyama et al., 1999; Soza-Ried et al., 2010;

Sumner et al., 2000; Zhang et al., 2011). Because cmybhkz3 mu-

tants cannot survive beyond one month old, we examined the

brain microglia at 20 dpf, a time when a substantial number of

the VDA-region-derived microglia are present in wild-type (WT)

larvae (Figures 6A and 6B). Results showed that a significant

portion (on average 14.3%) of the VDA-region-derived microglia

were present in the brains of 20 dpf cmybhkz3 mutants (Figures

6A and 6B), whereas T lymphocytes and erythrocytes were

largely absent (Figures S3C and S3D). It is likely that the slightly

lower contribution in the mutants (14.3% in cmybhkz3 mutants

versus 22.3% in WT) (Figure 6B) was due to the developmental

delay of the cmybhkz3 mutants as the average body length of

20 dpf mutant larvae (5.6 mm) was significantly smaller than

that of 20 dpf control WT (7.2 mm) (Figures S3A and S3B).

Indeed, a comparable number of the VDA-region-derived micro-

glia were found in the brains of 20 dpf cmybhkz3 mutants and
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15 dpf WT larvae (14.3% in cmybhkz3 mutants versus 12.6% in

WT) (Figure 6B) with similar body length (5.6 mm in cmybhkz3mu-

tants versus 5.5 mm in WT) (Figure S3B). These results indicate

that the development of the VDA-region-derived microglia is in-

dependent of cMyb, implying that the VDA-region-derived

microglia may originate from the VDA-born precursors distinct

from HSCs. It is well known that the hematopoietic cells in the

VDA region are generated via the endothelial hematopoietic

transition (EHT) in a Runx1-dependent fashion (Bertrand et al.,

2010; Boisset et al., 2010; Chen et al., 2009; Kissa and

Herbomel, 2010). We therefore reasoned that the VDA-region-

derived microglia are Runx1-dependent, if they are indeed

generated from the VDA. To test this notion, we examinedmicro-

glia in pu.1G242Drunx1W84X double mutants and pu.1G242D and

runx1W84X single mutants. As expected, abundant microglia

were present in both single mutants at 6 dpf because Runx1 is

known to be dispensable for the RBI-derived microglia develop-

ment and the VDA-derived microglia has already colonized the

pu.1G242D brains by 6 dpf (Figure 6C) (Jin et al., 2012). However,

microglia were completely absent in pu.1G242Drunx1W84X double

mutants (Figure 6C), showing that the recovered microglia

derived from the VDA region are abolished in the double mu-

tants. This result supports the notion that the VDA-region-

derived microglia are indeed derived from the VDA.

DISCUSSION

In this study, we unambiguously document that in zebrafish the

embryonic/larval and adult microglia arise from two distinct

sources: embryonic/larval microglia originates from the RBI, a

tissue analogous to mouse YS, whereas adult microglia arises

from the VDA region. This result is different from previous find-

ings indicating that microglia in mice are derived from a single

origin, the mouse YS (Ginhoux et al., 2010; Ginhoux and Jung,

2014; Gomez Perdiguero et al., 2015; Hashimoto et al., 2013;

Hoeffel et al., 2015; Kierdorf et al., 2013; Perdiguero et al.,
5
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Figure 6. The Development of VDA Region-

Derived Microglia Is Independent of cMyb

but Requires Runx1

(A) The VDA-region-derived coro1a-GFP+ cells

contribute to brain microglia in 20 dpf WT and

cmybhkz3 mutant embryos (sectioned brain).

(B) Quantification of the contribution of the VDA-

region-derived brain microglia in 20-dpf WT (n = 8),

cmybhkz3 mutant (n = 8), and 15-dpf WT larvae

(n = 6). Error bars represent mean ± SEM.

(C) Microglia fail to recover in the pu.1G242D

runx1W84X double mutants at 6 dpf. Stacked

confocal images of immunohistochemistry staining

of Lcp1 of 6 dpf runx1W84X, pu.1G242D single mu-

tants, and pu.1G242Drunx1W84X double mutant from

the dorsal view of the brain.

See also Figure S3.
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2014; Schulz et al., 2012). This discrepancy could be simply due

to the species variations between mice and fish. However, given

the fact that the hematopoietic program in zebrafish and mam-

mals is highly conserved, it is possible that, in addition to the

YS, the AGM and perhaps other regions in mice are also capable

of contributing to the microglia pool and that these regions have

not been identified because of insufficient temporal-spatial res-

olution of traditional CreER-loxP labeling methods used in previ-

ous studies. Another possibility is that there are multiple distinct

sources of hematopoietic cells in the mouse YS as indicated by

previous studies (Bertrand et al., 2005b; Hoeffel et al., 2015;

McGrath et al., 2015), which give rise to embryonic and adult

microglia, respectively. It is therefore of great interest to re-

investigate the origin(s) of microglia in mice by using a high

temporal-spatial resolution approach.

Our results demonstrate that the development of the VDA-

region-derived microglia required Runx1 but is independent of

cMyb, two transcription factors essential for HSC development

at different stages in mice and fish (Chen et al., 2009; Kissa

and Herbomel, 2010; Mucenski et al., 1991; Mukouyama et al.,

1999; Soza-Ried et al., 2010; Sumner et al., 2000; Zhang et al.,

2011). Two possible mechanisms may explain these interesting

observations. One possibility is that adult microglia in the

cmyb-deficient mutants are derived from the VDA-region-born

HSCs, which are capable of differentiating into microglia even

though they fail to leave the VDA region and are gradually

depleted. Alternatively, the development of adult microglia in ze-

brafish may be independent of HSCs, which implies that in addi-

tion to producing HSCs (Burns et al., 2005; Gering and Patient,

2005), the VDA region may also generates a distinct population

of hematopoietic precursors capable of giving rise to adultmicro-

glia. In line with this notion, several previous studies in mice and

chicks have suggested that the hematopoietic cells born in the

AGM are not homogenous because these AGM-born cells

appear to manifest distinct differentiation potential (Bertrand

et al., 2005a; North et al., 2002; Ody et al., 1999; Taoudi andMed-

vinsky, 2007; Yoshimoto et al., 2011). Interestingly, the develop-
DEVCEL 3385
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ment of microglia in adult mice is also in-

dependent of cMYB (Schulz et al., 2012).

It is therefore possible that adult microglia

in mice might be derived from the AGM-
born precursors distinctive from conventional HSCs. Further in-

depth study is required to clarify these two possibilities.

Another interesting observation is that Pu.1 is differentially

required for the development of the RBI and VDA-region-derived

microglia. This result is different from the previous findings

showing that the microglia are absent in the brains of 14-day

post conception (dpc) Pu.1 knockout mice (Kierdorf et al.,

2013). One possible explanation of this discrepancy is that the

low Pu.1 activity in pu.1G242D hypomorphic allele mutants is suf-

ficient for the development of the VDA region-derived microglia.

It would be of great interest to create a pu.1 null allele to further

investigate the role of Pu.1 in zebrafish microglia development.

Another explanation of the discrepancy is that the microglia in

the brain of 14 dpc mouse embryos, the stage where microglia

are examined in previous studies in mice (Kierdorf et al., 2013),

may represent primitive microglia equivalent to the embryonic

microglia in zebrafish, which are Pu.1-depedent. Notably, in

pu.1G242D mutants, the VDA-region-derived microglia colonize

the brain earlier than that in WT. The precise mechanism under-

lying this early brain colonization is not fully understood. We

speculate that the depletion of RBI-derived microglia may lead

to the accumulation of chemotactic cues (perhaps also provides

anatomical spaces) in the brain, which could promote early colo-

nization of themutant brain by the VDA region-derived microglia.

All these issues warrant further investigation.

A remarkable distinct feature of the RBI- and VDA-region-

derived microglia is their long-term CNS colonization potential.

Whereas the colonization of the CNS by the RBI-derived micro-

glia is limited to larval and juvenile stages, the microglia derived

from the VDA region appear to be the exclusive population with

long-term colonization potential (Figure 7). The distinctive CNS

colonization potential is likely ascribed to the differences in their

intrinsic genetic program because neither the RBI-derived

nor VDA-region-derived microglia display unique colonization

pattern in the CNS. The intrinsic genetic program difference

is supported by our finding that the RBI- and VDA-region-

derived microglia have distinct requirements for Pu.1 activity,
September 28, 2015 ª2015 Elsevier Inc. 7



Figure 7. Summary of Microglia Generation in Zebrafish

Microglia in developing and adult zebrafish are generated from two distinct

origins. The embryonic/larval microglia arise from the RBI, and they colonize

the CNS and retina temporally with distinct sustainability in the brain, spinal

cord, and retina. On the other hand, the adult microglia are derived from the

VDA region and they are the exclusive microglia population capable of long-

term colonization of the CNS and retina.
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an essential transcription factor for myeloid cell development

(McKercher et al., 1996; Scott et al., 1994). The precise molecu-

lar basis underlying the unique features of the two different

populations of microglia remains unknown. A comprehensive

comparison of gene expression profile of the RBI- and VDA-

region-derived microglia will provide clues to answer this ques-

tion. Interestingly, although lack of long-term colonization

potential, the RBI-derived microglia exhibit distinct sustainability

in the CNS and retina, suggesting that the micro-environment

also influences the colonization potential of microglia. This

finding is consistent with the recent studies showing that in

mice the local tissue micro-environment has a significant impact

on shaping the identity and plasticity of tissue-resident macro-

phages (Gosselin et al., 2014; Lavin et al., 2014). Because adult

microglia are believed to be capable of self-replenishment

throughout development and adult life (Ajami et al., 2007; Gin-

houx et al., 2010; Mildner et al., 2007), it will be interesting to

find out whether the renewal potential of microglia or microglia

stem cells, if they exist, requires a specific micro-environment.

The distinctive temporal-spatial distribution in the brain, spinal

cord, and retina by the RBI- and VDA-derivedmicroglia suggests

that they maymanifest diverse biological functions in developing

and adult zebrafish in a non-redundant manner. Our preliminary

data suggest that the depletion of the RBI-derived microglia

could lead to delayed removal of apoptotic neurons, vacuole for-

mation, and reduced spontaneous neuronal activity, suggesting

that the RBI-derived microglia play an essential role during early

neurogenesis that cannot be fully compensated by the VDA-

derived population (unpublished data). Further in-depth studies

to uncover the functions of the two distinct microglia populations

in zebrafish will significantly enhance our understanding of the

roles of microglia in the developing and adult CNS.

EXPERIMENTAL PROCEDURES

Zebrafish

Zebrafish weremaintained according to standard protocol (Westerfield, 1995).

AB wild-type, cmybhkz3mutant (Zhang et al., 2011), pu.1G242D (Jin et al., 2012),
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runx1W84X (Jin et al., 2009; Sood et al., 2010), Tg(hsp70:mCherry-T2a-

CreERT2)#12 (Hans et al., 2011), and Tg(coro1a:loxP-DsRedx-loxP-GFP)

hkztg12 lines were used in this study.

The IR-LEGO-CreER-loxP System and Cell Labeling

To generate the 1,345 nm infrared laser, a femtosecond Ti:sapphire laser

(Chameleon Ultra II, Coherent) was tuned at 830 nm to pump an optical para-

metric oscillator (Chameleon OPO, Coherent) to emit infrared beam with a

wavelength of 1,345 nm. The 1,345 nm laser was focused on zebrafish

mounted in methylcellulose by a coated achromatic doublet lens (AC254-

060-B, Thorlabs, focal length: 60 mm). The LED light source is placed beneath

the zebrafish and illuminates the sample through a condenser (U-AAC,

Achromat/aplanat condenser, NA 1.4, Olympus). The zebrafish is imaged on

the CCD camera with 1403 magnification to identify the cell regions for

heat-shock gene induction. The power of 1,345 nm on the sample surface

was �65–80 mW and the duration of each localized heat shock was 2 min.

The RBI was heat-shocked by irradiating three positions along the RBI region

from one side of zebrafish at 12–16 hpf. The PBI labeling was performed by

irradiating two positions along the PBI region at �20–22 hpf. The VDA region

labeling was performed by irradiating four positions along the VDA region at

28–30 hpf. Immediately after irradiation, the embryos were treated with

4-OHT for 17–22 hr. The efficiency of cell labeling was determined under fluo-

rescent microscope 1 day and 3 days after heat shock. The fish with significant

GFP contribution was selected and raised for further analysis.

Generation of Transgenic Lines

The promoter of coro1a gene, loxP sequence, coding regions of DsRedx and

GFP were cloned into the pTol2 vector to generate the coro1a:loxP-DsRedx-

loxP-GFP and coro1a:DsRedx constructs. The resulting construct was in-

jected, together with the mRNA of transposase, into one-cell stage fertilized

embryos (Kawakami et al., 2000).

Whole-Mount In Situ Hybridization

Antisense DIG-labeled Cre and rag1 RNA probe was synthesized in vitro. The

embryos at desired stages were fixed by 4%PFA. Standard protocol was per-

formed to detect signal (Westerfield, 1995).

Fish Dissection, Antibody Staining, and Imaging

All the samples were directly fixed in 4% PFA at 4�C for 1–2 days. After

washing with PBS at 4�C for 1–3 days, the fish were either directly subjected

to whole-mount antibody staining (4 dpf and 15 dpf fish) or dissection

(1.5 month and adult fish). Fifteen-dpf fish were further sectioned after anti-

body staining for imaging. The spinal cords in adult fish were dissected and

directly apply to whole-mount antibody staining; whereas the brains and

eyeswere applied to cryo-section followed by antibody staining.Whole-mount

antibody staining was carried out as described elsewhere (Barresi et al., 2000;

Jin et al., 2006) and cryo-section was performed at 30-mm intervals in trans-

verse planes and immunohistochemistry was performed as previously

described (Wendl et al., 2002). All images were captured by Leica SP8

confocal microscope and the quantification was done manually. The primary

antibodies used in this study included Anti-GFP antibody (ab6658, Abcam),

anti-Lcp1 antibody (Jin et al., 2009), and anti-hemoglobin ae1 (Jin et al.,

2007). The secondary antibodies used in this study were Alexa 488-anti-goat

antibody (A11055 Invitrogen), Alexa 555-anti-rabbit antibody (A31572 Invitro-

gen), and Alexa 647-anti-rabbit antibody (A31573 Invitrogen).

Mutant Identification

pu.1G242D mutants were genotyped by PCR followed by BsmFI digestion. The

mutant PCR products were digested by BsmFI into two fragments of 127 bp

and 117 bp, respectively, whereas WT PCR products were resistant to the

BsmFI digestion. Primers for pu.1G242D genotyping: 50-CTGCTTGACCTTCT

GCGAAA-30/50-CCGAGAACCTCTCCACTGAA-30.

Statistical Analysis

The F-test of two-sample for variances, t test of two-sample assuming equal

variances, and t test of two-sample assuming unequal variances were per-

formed by the Data Analysis tool in the Excel software (Microsoft). Two-tailed

p values are used for all t tests.
5
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