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SUMMARY

In the brain, neurons that fail to assemble into func-
tional circuits are eliminated. Their clearance de-
pends on microglia, immune cells that colonize the
CNS during embryogenesis. Despite the importance
of these cells in development and disease, themech-
anisms that target and position microglia within the
brain are unclear. Here we show that, in zebrafish,
attraction of microglia into the brain exploits differ-
ences in developmental neuronal apoptosis and
that these provide a mechanism for microglial distri-
bution. Reducing neuronal cell death results in fewer
microglia, whereas increased apoptosis enhances
brain colonization, resulting in moremicroglia at later
stages. Interestingly, attraction into the brain de-
pends on nucleotide signaling, the same signaling
system used to guide microglia toward brain injuries.
Finally, this work uncovers a cell-non-autonomous
role for developmental apoptosis. Classically consid-
ered a wasteful process, programmed cell death is
exploited here to configure the immune-neuronal
interface of the brain.

INTRODUCTION

Programmed cell death is the driving force behind the develop-

ment ofmany organs including the brain. According to the neuro-

tropic theory, competition for limited amount of survival factors

leads to the death of many neurons (for reviews see Dekkers

et al. [2013] and Nijhawan et al. [2000]). Clearance of apoptotic

corpses in the developing brain relies on phagocytic microglia,

the resident macrophages of the vertebrate CNS. Lineage-

tracing studies in mouse have revealed that these cells derive

from erythromyeloid precursors (EMPs) that invade the CNS dur-

ing early development and are maintained in the adult by local

proliferation (Ginhoux et al., 2010; Kierdorf et al., 2013; Gomez

Perdiguero et al., 2015). The hematopoietic embryonic origin of

microglial cells is conserved across vertebrate species (Ginhoux

et al., 2013). For instance, in zebrafish, embryonic macrophages

are produced both at 20 and 30 hr postfertilization (hpf) in the

anterior lateral plate mesoderm (ALPM) and in the intermediate

cell mass (ICM), respectively (Stachura and Traver, 2011; Xu

et al., 2012). Brain colonization starts at 48 hpf, when few

ALPM-derived macrophages enter the brain parenchyma (Her-

bomel et al., 2001; Rossi et al., 2015). In addition, recent work

has shown that, at 14 days postfertilization (dpf), there is a sec-

ond wave of ventral dorsal aorta (VDA)-derived macrophages

contributing to the establishment of the microglial adult pool

(Xu et al., 2015).

Although the myeloid origin of these cells is widely accepted,

the dynamics of microglial brain colonization remain elusive; for

instance, it is unclear whether targeting to the brain is random or

if hardwired pre-patterned signals guide microglial cells. The

recent identification of slc7a7+ microglial precursors in zebrafish

(Rossi et al., 2015) and the requirement for CXCL12 and CX3CL1

in positioning mouse microglia (Arnò et al., 2014; Hoshiko et al.,

2012) point toward the existence of activemechanisms to ensure

microglial brain colonization. Given that the number and distribu-

tion of microglia in the adult also have been shown to influence

learning and behavior (Chen et al., 2010; Parkhurst et al.,

2013), uncovering the mechanisms that target and position

microglia during development is of significant biological and

medical interest.

Here, we take advantage of live imaging in zebrafish to

investigate the dynamics of microglial colonization during

embryogenesis. In particular, we demonstrate that attraction

and positioning of these cells exploit a physiological feature

of brain development, namely, naturally occurring neuronal

apoptosis, uncovering a direct link between cell death and hom-

ing of tissue-resident macrophages.

RESULTS

Spatial and Temporal Correlations between Neuronal
Apoptosis and Microglial Brain Colonization during
Embryonic Development
To investigate the dynamics of microglial brain colonization, we

first took an in vivo imaging approach. By tracking macrophages

at high spatial and temporal resolutions between 2 and 3 dpf, we

found that both macrophage invasion and local proliferation

contribute to the establishment of the microglial population (Fig-

ures 1A–1C; Movie S1). We then quantified these two processes

by performing a series of pulse-chase experiments using a
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