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Zebrafish Early Macrophages Colonize Cephalic
Mesenchyme and Developing Brain, Retina, and
Epidermis through a M-CSF Receptor-Dependent
Invasive Process
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he origin of resident (noninflammatory) macrophages in vertebrate tissues is still poorly understood. In the zebrafish
mbryo, we recently described a specific lineage of early macrophages that differentiate in the yolk sac before the onset of
lood circulation. We now show that these early macrophages spread in the whole cephalic mesenchyme, and from there
nvade epithelial tissues: epidermis, retina, and brain—especially the optic tectum. In the panther mutant, which lacks a

functional fms (M-CSF receptor) gene, early macrophages differentiate and behave apparently normally in the yolk sac, but
then fail to invade embryonic tissues. Our video recordings then document for the first time the behavior of macrophages
in the invaded tissues, revealing the striking propensity of early macrophages in epidermis and brain to wander restlessly
among epithelial cells. This unexpected behavior suggests that tissue macrophages may be constantly “patrolling” for
immune and possibly also developmental and trophic surveillance. At 60 h post-fertilization, all macrophages in the brain
and retina undergo a specific phenotypic transformation, into “early (amoeboid) microglia”: they become more highly
endocytic, they down-regulate the L-plastin gene, and abruptly start expressing high levels of apolipoprotein E, a
well-known neurotrophic lipid carrier. © 2001 Academic Press
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We recently described the emergence in the zebrafish
embryo of early macrophages, well before any other leuko-
cytes (Herbomel et al., 1999). These macrophages originate
from the rostralmost lateral mesoderm, just anterior to the
cardiac field. They differentiate in the yolk sac. Then, some
join the blood circulation, while many migrate to the head
of the embryo.

Similar early macrophages were found to differentiate in
the yolk sac of mammals and birds, and then to spread in
the embryo’s head (Takahashi et al., 1989, 1996; Sorokin et
l., 1992a,b; Cuadros et al., 1992, 1993; Lichanska and
ume, 2000). They share with zebrafish early macrophages
ther atypical characteristics, relative to “classical”
onocyte-derived macrophages: they differentiate through

1 To whom correspondence should be addressed. Fax: 33 1 45 67
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rapid pathway that appears to bypass the monocytic
eries, and retain a proliferative potential once they have
ifferentiated.
Because macrophages produce an impressive range of

rowth factors, matrix-remodeling proteins, and all the
orresponding inhibitors, under various circumstances in
he adult animal, e.g., to promote tissue repair, it has
ecurrently been suggested that they might contribute as
ell to regulating the development of the organism (Gor-
on, 1995). Such a prospect appears even more attractive
ow that the existence and specificity of the early macro-
hage lineage has been recognized in several vertebrates. To
valuate their roles in zebrafish organogenesis, we docu-
ent here their spatio-temporal deployment and behaviors

n embryonic tissues. Thanks to the small size and trans-
arency of the zebrafish embryo, we present the first live

ecordings of macrophage behaviors in vertebrate embry-
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275Early Macrophages Colonize Zebrafish Head
onic tissues. By combining vital staining with in situ
hybridization, we show that a major phenotypic transfor-
mation is undergone simultaneously by all early macro-
phages in brain and retina. Finally, we demonstrate the
requirement for a functional M-CSF receptor for the inva-
sive colonization of embryonic tissues by early macro-
phages.

MATERIALS AND METHODS

Observation of Live Embryos; Vital Staining with
Neutral Red

DIC video microscopy was performed as previously described
(Herbomel et al., 1999).

Optimal staining of macrophages in live embryos was obtained
by incubating embryos in 2.5 mg/ml neutral red (in embryo me-
dium) at 25–30°C in the dark for 5–8 h. Although neutral red is well
known for its ability to concentrate in lysosomes, we checked that
the same refractile granules that take up neutral red in zebrafish
early macrophages also show red fluorescence upon acridine orange
incorporation (Allison and Young, 1969).

Apoptotic bodies were readily identified by DIC microscopy.
Although vital staining with acridine orange is more widely used to
score embryos for apoptotic bodies, as bright green fluorescent
spots visible under the dissecting scope (Rodriguez and Driever,
1997), we always combined it with DIC microscopic identification,
which we found to provide a more accurate picture of apoptotic
events; only about one-fourth of apoptotic bodies visible by DIC
microscopy incorporate acridine orange—most probably those con-
taining DNA.

In Situ Hybridization and Histology

Whole-mount in situ hybridization, performed as described
reviously (Herbomel et al., 1999), was carried out on embryos at
he following stages: 22, 25, 30, 35, 40, 48, 60, 72, 96, 120, and 144
pf. Several embryos at every stage were analyzed as whole mounts
y high-resolution DIC video microscopy, and at least two embryos
f each stage from 25 to 48 hpf were embedded in Epon or
pon-Araldite and serially sectionned in their entirety (5-mm-thick
ross sections).

Double in situ hybridization was performed according to Haupt-
ann and Gerster (1994).
The apoE, L-plastin, and fms probes have been described (Babin

t al., 1997; Herbomel et al., 1999; Parichy et al., 2000).

RESULTS

Neutral Red Labels Macrophages in Living
Embryos

As long as early macrophages remain in the yolk sac, each
of them can be directly visualized and followed at will in
the live embryo by DIC video microscopy. This is because
the histological structure of the yolk sac is quite simple.
The yolk ball is enveloped by two thin cell monolayers, an
ectodermal layer, most often designated as epidermis,

closely apposed to a protective outer layer, the periderm. c

Copyright © 2001 by Academic Press. All right
arly macrophages wander in the space between the yolk
yncitial layer and the epidermis, mostly by creeping on the
asal lamina of the latter (Herbomel et al., 1999).
Past the 26-somite stage (22 hpf), the pericardial envelope

eparates the embryo’s head from the yolk sac, so that
oung macrophages migrating from the yolk sac to the head
ave to skirt around the pericardium. We could film in live
mbryos this process of young macrophages migrating on
he dorsal aspect of the pericardium to reach the branchial
rches (Fig. 1). Such sequences showed that macrophages
ove individually, some entering branchial ach mesen-

hyme while others that initially took the very same route
nd up remaining on the pericardium (Figs. 1B–1F).
To follow the subsequent deployment of early macro-

hages in the head, we used in situ hybridization for the
-plastin gene. L-plastin is a leucocyte-specific, cytosolic,
ctin-bundling protein thought to be involved in the
ounding/spreading cycle and motility of all leukocytes in
esponse to signals that activate them (Jones et al., 1998).

e showed previously that zebrafish L-plastin is expressed
n the early macrophage lineage already at the “pre-

acrophage” stage, and remains expressed in differentiated,
andering macrophages (Herbomel et al., 1999).
The first few L-plastin-positive cells in the head are

etected by 22 hpf in the head mesenchyme, most of them
till close to the yolk sac (data not shown). Then their
umber rapidly increases (30 at 24 hpf, 90 at 30 hpf, 180 at
8 hpf) and they spread throughout the head (Figs. 2A–2D).
Correlatively, their number in the yolk sac, which peaked

t 160–180 by 30 hpf, decreases to 70–80 by 40 hpf, and
own to about 20 by 48 hpf, suggesting that the increasing
umber of macrophages in the head in the 22- to 48-hpf
eriod is mainly due to their continuing emigration from
he yolk sac, together with some local proliferation (see,
.g., Figs. 2K and 4D).
To determine the spatial and temporal patterns of mac-

ophage invasion, we analyzed in detail L-plastin in situ
ybridized embryos at various developmental stages be-
ween 22 and 144 hpf, using both high-resolution DIC
icroscopy on whole mounts and serial sectioning. To

ocument macrophage behaviors in the invaded tissues, we
sed DIC video microscopy in live embryos. However,
iven the complex morphology of the head, we combined
IC video microscopy with vital staining, using neutral

ed, a classical vital stain for macrophages. Neutral red is
aken up through fluid-phase endocytosis and accumulates
n the lysosomes of highly endocytic cells—hence in mac-
ophages more than in any other cell type.

We found that neutral red added to the medium readily
enetrates all tissues of the live zebrafish embryo or larva.
t labels dot-like lysosomes in several cell types, but in a
pecific pattern in macrophages in which lysosomes appear
o fuse with each other into single large, red vacuolar
ggregates (Figs. 2H–2J), allowing to detect macrophages
asily anywhere in the embryo. Not all macrophages be-

ome heavily loaded. In the yolk sac, where all macro-
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276 Herbomel, Thisse, and Thisse
phages can be readily identified by DIC microscopy, one-
third to one-half of them do so. Nevertheless, qualitatively,
the evolving distribution of macrophages in the embryo
revealed by this method is the same as that found by in situ
hybridization for L-plastin gene expression.

Early Macrophages First Invade the Cephalic
Mesenchyme

Early macrophages first spread throughout the cephalic
mesenchyme. They can be found around the otic vesicles,
close to or within the trigeminal ganglion, in branchial
arches (Figs. 2K–2N). Many rapidly insert in the narrow
spaces between the forebrain and the scleral side of the eyes
(Fig. 2E). Others migrate on the hindbrain walls, and some
rapidly reach the roof of the fourth ventricle by this route
(Figs. 2G and 2M). Most macrophages in the mesenchyme
do not appear to contain phagosomes, essentially because
apoptosis is scarce at this stage. In the few sites where we
found some apoptosis to occur, such as among trigeminal
ganglion neurons by 30 hpf, we commonly found a few

FIG. 1. Early macrophage settling in a branchial arch in the 26-
embryo, dorsal upward, rostral to the left. (A) Numbers mark three
outlined by the pericardial hinge (h, see Fig. 3A in Herbomel et al. 1
dorsal side of the pericardium. (C) It now reaches the edge of the br
minutes later, two other young macrophages climbed on the dorsa
residents of the dorsal pericardium. Time indicated in h, min, s; (b
macrophages phagocytosing apoptotic bodies (Fig. 2N).

Copyright © 2001 by Academic Press. All right
Once they have spread throughout the cephalic mesen-
hyme, early macrophages start colonizing epithelial tis-
ues, a process that requires the ability to cross basal
aminae, because these tissues are not vascularized yet. We
ound that early macrophages first colonize the epidermis,
he retinas, and to a lesser extent the various compartments
f the brain.

Two Distinct Macrophage Behaviors in the
Epidermis

Between 24 and 48 hpf, some of the yolk sac macro-
phages, most of which were anchored to or spread on the
basal lamina of the epidermis, start entering that thin
monolayered epithelium. They intercalate between epider-
mal cells, and once there, they adopt one of two behaviors.
Some stay in a quiescent, highly digitated form (Figs. 3A
and 3B). Others restlessly wander in that thin cell layer,
showing their overwhelming ability to deform their overall
shape and nucleus to literally flow inbetween epidermal
cells (Figs. 3C–3H, and movie 1; URL for viewing

0-somite period (22–24 hpf). Sequential lateral views of the same
g macrophages at the lateral border of the pericardial envelope (p),

. (B) Cell 2 divided; a new young macrophage (4) is climbing on the
ial arch, (D) progressively enters it, (E) and settles there. (F) Fifteen
cardium by the very same route, but then stayed there, becoming
nchial arches, (y) yolk. Bar, 10 mm.
to 3
youn
999)
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l peri
the accompanying movies: http://www-alt.pasteur.fr/
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277Early Macrophages Colonize Zebrafish Head
;herbomel/). Quite strikingly, the most common trajectory
that we observed in our video time-lapse sequences was a
macrophage wandering all the way round an epidermal cell,
in 2–10 min, according to the size of the epidermal cell
(Figs. 3E–3H, and movie 1).

Unlike the other colonization processes described in this

FIG. 2. Rapid spreading of early macrophages throughout the hea
25 hpf. (B) Lateral view of the head and yolk sac, 35 hpf. (C, D) Dor
(E) 25 hpf; two macrophages in the interstices between eyes and fo
lamina of the cerebellum anlage (cb); (G) 35 hpf; macrophages cauda
the hindbrain ventrally. (H–N) Live embryos at 28–35 hpf viewed b
lateral views, dorsal up, anterior to the left. (H–J) Macrophages in
neutral red staining process (see text); cells with no stained lysosom
to the otic vesicle. (L) Three macrophages associated with the trigem
brain ventricle (v). (N) Phagocytic macrophage (arrow) among tri
forebrain; (hb) hindbrain; (cb) cerebellum anlage; (tg) trigeminal gan
F, G) 25 mm; (H–K) 10 mm; (L–N) 10 mm.
paper, the onset and extent of macrophage colonization of b

Copyright © 2001 by Academic Press. All right
he yolk sac epidermis is highly variable among embryos.
he most typical time window is between 30 and 36 hpf,
ut in some embryos, it can start as early as 22 hpf, and in
thers not before hatching (50 hpf). In situ hybridization as
ell as direct observation of live embryos revealed that

arly macrophages also colonize the epidermis of the em-

G) In situ hybridization for L-plastin. (A) Lateral view of the head,
iews of the head at 35 hpf (C) and 48 hpf (D). (E–G) Cross sections;
in (fb); (F) 35 hpf; three macrophages adhering to the ventral basal
e otic vesicle, migrating on the hindbrain walls (arrows) and inside

C combined with neutral red staining (H–M), or by DIC alone (N);
yolk sac blood circulation valley, showing the progression of the
re erythroblasts. (K) Two probably sister macrophage cells adjacent
l ganglion (tg). (M) Macrophage wandering on the roof of the fourth
nal ganglion neurons. (y) yolk sac; (e) eye; (ov) otic vesicle; (fb)
; (v) fourth brain ventricle. Bars: (A) 50 mm; (B–D) 50 mm; (E) 50 mm;
d. (A–
sal v
rebra
l to th
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ryo’s head, and display there the same swift motility and
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278 Herbomel, Thisse, and Thisse
characteristic trajectories around epidermal cells as in the
yolk sac epidermis (data not shown).

Thus, video time-lapse sequences show here again the
individual nature of macrophage behavior in a given tissue,
and the occurrence of two contrasted types in the epider-
mis.

Nose and Neuromasts

Among sensory organs derived from epidermal placodes,
we found that several macrophages associate with the
olfactory placodes, such that by 50 hpf they are arranged in
a circle around the base of each placode (Figs. 4A and 4B),
and later also often found inside the olfactory epithelium
(Fig. 4C).

Macrophages also arrange in circles around neuromasts of
the anterior lateral line, but only starting at 4–5 dpf (Figs.
4D–4F). In fact, at that stage and later, virtually all macro-
phages in the dorsal epidermis of the head are associated
with neuromasts. We found macrophages similarly associ-
ating with neuromasts of the posterior lateral line all along
the trunk and tail.

Retina

By 26–30 hpf, one to three macrophages can be seen in

FIG. 3. Early macrophages in the yolk sac epidermis. Asterisks m
0 hpf; macrophages of the still type, interdigitating (black arrowhe
ound a small epidermal cell; (D) is 80 s after (C). (E–H) 48 hpf; m
ontour) in 12 min. Time indicated in min, s. Bar, 10 mm.
ark macrophage nuclei. Filaments inside cells are mitochondria. (A, B)
ads in A) between epidermal cells. (C, D) 30 hpf; macrophage wandering
acrophage wandering all the way round a long epidermal cell (dotted
the vitreous space and choroid fissure of every embryo (Figs. f

Copyright © 2001 by Academic Press. All right
FIG. 4. Early macrophages around olfactory organs and neuro-
masts. (A, B) Neutral red vital staining of macrophages associated
with the left olfactory organ at 50 (A) and 84 hpf (B, low magnifi-
cation). (C–F) In situ hybridization for L-plastin; (C) Right olfactory
rgan, 96 hpf, dorsal view. (D) Two macrophages, probably sister
ells from a recent mitosis, adjacent to an anterior neuromast at
20 hpf. (E) A latero-ventral neuromast just caudal to the eye at 120
pf. (F) Two neuromasts of the supra-orbital line at 144 hpf. (fb)

orebrain; (e) eye; (n) neuromast. Bars: (A) 20 mm; (C–F) 10 mm.
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279Early Macrophages Colonize Zebrafish Head
5A–5C). A significant colonization of all retinas occurs by
35 hpf. Each retina contains 3–12 L-plastin-positive cells,
most of them close to or in contact with the vitreal surface
(Fig. 5D). At 48 hpf and later, there are 30–35 macrophages
per retina. The retinal cell layers have now differentiated,
and the macrophages are found at all depths in the retinal
ganglion cell layer and inner nuclear layer (Figs. 5E–5H, and
movie 3). They appear to be excluded from the photorecep-
tor cell layer, as well as from the plexiform layers. Some of
them are stretching radially, with one of their ends abutting
the distal or proximal limit of the cell layer in which they
are inserted. Others stretch tangentially along the inner
plexiform layer (Fig. 5G). No macrophage was found to
stretch across the inner plexiform layer.

We never found any macrophage in the lens, although by
24–30 hpf it is the only site of extensive apoptosis in the
embryo.

Brain

When macrophages invaded the head mesenchyme in the
23- to 30-hpf period, several were quickly found in close

FIG. 5. Early macrophages in the retina. (A, D–H) In situ hybrid
the choroid fissure, entering the vitreous space, between lens and
space. (D) 35 hpf; macrophages have invaded the vitreous-proximal
the macrophage lying tangentially along the inner plexiform layer
retina; (pr):photoreceptor cell layer; (op) outer plexiform layer; (in)
layer; (cf) choroid fissure; (on) optic nerve; (hv) hyaloid vein. Bars,
contact with brain boundaries, adhering to the pial surface c

Copyright © 2001 by Academic Press. All right
f all brain compartments, and on the roof of the fourth
entricle (Figs. 2F, 2G, and 2M). From about 35 hpf on-
ards, the fourth ventricle contained two to four macro-
hages, initially in a strikingly stereotyped, posterior
ocation—dorsal to the first two somites (Fig. 6A). We never
ound any macrophage in the other, more rostral brain
entricles.
We found that colonization of the brain itself slowly

tarts by 35 hpf, apparently anywhere among brain com-
artments, but in low cell numbers (Fig. 6). Despite the
nherent difficulty of tracking macrophage movement in a
ense three-dimensional tissue, an extensive series of time-
apse DIC video recordings enabled us to catch brain mac-
ophages whose wandering remained for 30 min in the focal
lane. One is shown here in movie 2, with selected frames
n Figs. 6B–6D. The surprising feature is the speed at which

acrophages are able to wander in the so dense neuroepi-
helium.

At 48 hpf, the forebrain, midbrain, and hindbrain each
ontained 5–10 L-plastin-positive cells. We found them
nywhere inside the neuroepithelium, main longitudinal
xonal tracts, and commissures (Figs. 6F–6J). One virtually

n for L-plastin. (B, C) Live embryos, 30 hpf. (A, B) macrophage in
a, at 26 (A) and 30 hpf (B). (C) macrophage already in the vitreous
of the retina; one is appearing in the choroid fissure. (E–G) 48 hpf;
) is shown in focus in (G); (H) 72 hpf. (v) vitreous space; (l) lens; (r)
r nuclear layer; (ip) inner plexiform layer; (rg) retinal ganglion cell
m.
izatio
retin
part
in (E
inne
onstant feature was the association of three to six macro-
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280 Herbomel, Thisse, and Thisse
phages with the optic tracts, typically at or close to the
optic chiasm, and in the mesenchyme, adhering to the short
optic nerves (Figs. 6I and 6J).

By 60 hpf, the number of macrophages started to increase
specifically in the midbrain optic tectum (Fig. 7A, and see
below).

A Phenotypic Transition to “Early Microglia”

By 60 hpf, the L-plastin in situ hybridization signal in all
brain and retinal macrophages starts decreasing (Fig. 7A),

FIG. 6. Early macrophages in the brain. (A–D) Live embryos, 35
brain ventricle, dorsal to the first somite. (B–D) Three instants of th
2; asterisk, macrophage nucleus; two neuroepithelial cell nuclei lab
(E–J) In situ hybridization for L-plastin. (E) 35 hpf, hindbrain, left
Section through the pretectum (pt), hypothalamus, and pituitary (p
Macrophage partly in the tegmentum (tg), partly in the sub-tegme
order, showing one macrophage bridging the optic chiasm (oc) and
riding on the optic nerve (J). (h) hindbrain wall; (v) fourth ventricl
hypothalamus, (tpoc) TPOC, (r) retina, (on) optic nerves. Bars, 10 m
relative to macrophages anywhere else in the embryo, so t

Copyright © 2001 by Academic Press. All right
hat by 96 hpf, only very faint L-plastin signals can be
etected in these regions. Yet, vital staining with neutral
ed reveals that the macrophages are still there, but appear
o have undergone a phenotypic transition, part of which
onsists in extinction of L-plastin expression.
Before 55 hpf, only one-third to one-half of L-plastin-

ositive cells in the brain and retina were vitally stained by
eutral red, as in the rest of the embryo. At 55–60 hpf, this
hanges radically. The numbers indicate that all L-plastin-
ositive cells in the brain and eyes are now stained by
eutral red, and their staining is so heavy (Figs. 7B–7D) that

ateral view, rostral to the left. (A) Two macrophages in the fourth
crophage wandering in hindbrain rhombomere 5 (shown in movie
by black dots serve as reference points; time indicated in h, min,s.
dorsal view, rostral upward. (F–J) Resin cross sections, 48 hpf. (F)
Macrophage in the tract of the post-optic commissure (TPOC). (H)
commissure (stc). (I, J) Two successive sections, in rostro-caudal
optic commissure (poc) (I, J), and another one in the mesenchyme,
) roof of the fourth ventricle; (ep) epidermis; (ov) otic vesicle, (hy)
hpf, l
e ma
eled
half,
). (G)
ntal

post-
e; (rf
hey are readily seen individually under the dissecting
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scope (see Figs. 7E and 9K), a series of coalescent neutral
red-filled large vesicles roughly delineating the shape of
each cell (Figs. 7C and 7D).

Neutral red staining revealed that the specific coloniza-
tion of the optic tectum detected at 60–72 hpf by L-plastin
in situ hybridization actually continued until 50–60 cells
were there at 84–96 hpf, evenly distributed in the tectum,
but strictly excluded from the tectal neuropiles (Figs. 7E
and 7F). At 7.5 dpf, they were still there.

The distribution and kinetics of appearance of these
highly endocytic cells in the optic tectum, retina, and
forebrain was quite reminiscent of the expression pattern of
the apolipoprotein E (apoE) gene (Babin et al., 1997). A
closer look confirmed the parallelism: at 72 hpf and later,

FIG. 7. Phenotypic transition of brain and retinal macrophages to
early microglia; colonization of the optic tectum. (A, E, G) Dorsal
view of the optic tectum, rostral upward. (A) 60 hpf, L-plastin in
situ hybridization. (B–F) Neutral red-stained live embryos. (B)
Retina, 65 hpf; the boxed early microglial cell is shown at higher
magnification in (C). (D) Optic tectum, 82 hpf. (E, F) 99 hpf; (F)
lateral view showing the extent of the left tectal neuropile, (G) In
situ hybridization for apoE, 72 hpf. (H, I) Retina, 72 hpf; double in
situ hybridization for L-plastin (blue) and apoE (red), (I) showing the
red fluorescence of the apoE signal. (hb) hindbrain; (ot) optic
tectum; (n) tectal neuropile; (e) eye; (ip) inner plexiform layer; (l)
lens; (ov) otic vesicle. Bars: (A) 50 mm; (B) 10 mm; (C, D) 10 mm; (G)
0 mm; (H, I) 10 mm.
apoE is expressed in large, irregularly shaped cells in the

Copyright © 2001 by Academic Press. All right
optic tectum, strictly excluding the bilateral neuropiles
(Fig. 7G), and in the retina in a pattern similar to the
L-plastin-positive cells a day earlier.

Therefore. we performed a double in situ hybridization
experiment for L-plastin and apoE at 72 hpf. This experi-
ment revealed a 100% coincidence of weakly L-plastin-
positive and strongly apoE-positive cells in the brain and
retina (Figs. 7H and 7I). In contrast, no L-plastin-positive
cell outside the brain was found to be apoE-positive.

Because all retinal and brain macrophages, and only they,
undergo the phenotypic transition just described, we de-
cided to call the resulting cells “early microglia.”

Beside early microglia, neutral red staining revealed one
other population of 20–25 highly endocytic (but apoE-
negative) macrophages ventrally, just rostral to the heart,
and only between 72 and 84 hpf (see Fig. 9K). We found that
these highly endocytic macrophages are actually associated
with the regression of the hatching gland that occurs
precisely during this time interval (P.H., unpublished data).

M-CSF Receptor Function Is Required for
Macrophage Invasion

The panther mutation is a loss-of-function mutation of a
zebrafish orthologue of fms, coding for the macrophage
colony-stimulating factor (M-CSF, also known as CSF-1)
receptor, that hinders the development of yellow pigment
cells, called xanthophores (Parichy et al., 2000). Zebrafish
fms is expressed in neural crest precursors of xanthophores,
is required for their ventralward migration and differentia-
tion, and was also mentionned to be expressed in macro-
phage progenitors (Parichy et al., 2000).

We reexamined fms expression at various stages of devel-
opment and investigated whether the panther mutation
would affect the deployment and behaviors of early macro-
phages in the embryo.

We found that fms is already expressed in the early
macrophage lineage at 22 somites, i.e., among “pre-
macrophages” maturing in the yolk sac, and then remains
expressed in all tissue macrophage populations described in
this paper, including early microglia (Fig. 8). In the
pantheri4blue mutant, fms expression was undetectable.

As far as we can tell from our high-resolution DIC
time-lapse video recordings, early macrophages in
pantheri4blue initially behave as wild type. Pre- and young
macrophages accumulate under the hatching gland and
along the pericardium, some of them migrating on its dorsal
side towards branchial arches, as wild type in Fig. 1. They
divide actively, and spread in the yolk sac (Figs. 9A, 9B, and
9E). When erythroblasts arrive in the yolk sac, the young
macrophages interact with them and phagocytose their
apoptotic bodies (Fig. 9C). They are vitally stained by
neutral red as wild-type cells (Fig. 9D).

But then panther macrophages totally fail to emigrate
from the yolk sac and pericardial area to colonize embry-
onic tissues. At 36 hpf, when wild-type embryos already

have nearly 100 macrophages in their head, panther mu-
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282 Herbomel, Thisse, and Thisse
tants only have a few individuals on the scleral surface
and/or at the caudal border of the eyes (Fig. 9E). No
macrophage penetrates the retina, brain, or epidermis—
even in the yolk sac. At 44 and 56 hpf, we counted about 35
macrophages in the head, but close inspection revealed that
most actually were in blood vessels (Figs. 9F and 9G). In the
yolk sac, outside the bloodflow there were few L-plastin-
positive cells left, indicating that most probably, early
macrophages were progressively taken away by the blood-
flow into the vasculature. In the next 2 days, early macro-
phages were found essentially in the ventral head (eye
muscles, jaw, and gills), pericardial area, and blood circula-
tion (Fig. 9H). At 72 hpf, they did not invade the regressing
hatching gland, nor did they massively colonize the optic
tectum (Figs. 9I–9K). However, a mean number of three
macrophages (0–7/embryo) did penetrate the optic tectum.
They were stained heavily with neutral red and showed
strong apoE expression, i.e., they had differentiated in early

icroglia. Then colonization of the optic tectum eventu-
lly occured in the majority of panther embryos over the
ext 4 days (Figs. 9L–9N). It leveled off at 20–24 cells/
ectum, a number reached by 1/3 of embryos at 5.5 dpf, and
/3 at 7.5 days, with microglial cells arranged as in the
ild-type—evenly spaced but excluded from the tectal
europiles (Figs. 9M and 9N). The other brain compart-
ents also became colonized with the same kinetics, in the

ame small proportion relative to optic tectum as in wild
ype. At 7.5 days and not before, some retinas also became
olonized, by 12–25 microglial cells (not shown).
Between 66 hpf and the actual, delayed microglial colo-

ization of these tissues, vast numbers of apoptotic bodies
ccumulated throughout the optic tectum and retina (Figs.
0A–10C). When macrophages finally arrived in the tissue,
hey phagocytosed large numbers of these corpses (Figs.

FIG. 8. Expression of the fms gene in the early macrophage li
macrophages spread on the yolkball, fms-positive xanthophore pre
hpf, head, deep dorsal view. Out-of-focus fms-positive macropha
commissure; (oc) optic chiasm. (C) 72 hpf, lateral view. Bars: (A, C
0D–10F). Several hours after the 20–25 microglial cells had

Copyright © 2001 by Academic Press. All right
ettled in the optic tectum, most apoptotic bodies had
isappeared.

DISCUSSION

After having identified the origin of early macrophages
(Herbomel et al., 1999), we now analyze their colonization
of embryonic tissues and their differentiation in early
microglia. Figure 11 summarizes our results.

We first see a massive invasion of the cephalic mesen-
chyme, starting by 22–23 hpf, about 5 h before it becomes
vascularized. As a result, by 30 hpf and later, no anatomical
structure in the head of the zebrafish embryo is farther than
a few micrometers from some macrophages. Then, as in
mammals and birds (Sorokin et al., 1992a; Cuadros et al.,
1993), the retina and brain start to be colonized. So does the
embryonic epidermis. The retina and epidermis are avascu-
lar, and the brain starts becoming vascularized only several
hours after the onset of its colonization (Isogai et al., 2001,
and our unpublished data). Thus, in contrast with the
classical view (see references in Sorokin et al., 1992b), these
tissues do not receive their first resident macrophages
through the blood, as circulating monocytes extravasating
from blood vessels, but through an invasive process that
must involve the crossing of brain, retinal, and epidermal
basal laminae by cells of the early macrophage lineage. As
regards the retina, the invasion route is clear: from the
mesenchyme, early macrophages reach the vitreous space
through the choroid fissure. They enter the retina at its
vitreal side, and from there spread to deeper, more scleral
levels. The same route was concluded by studies in mam-
mals and birds (Ashwell, 1989; Ashwell et al., 1989;
Cuadros et al., 1991). Concerning the brain, the paths of
invasion are more elusive. We found macrophages adhering

e. (A) 25-somite (21.5 hpf), dorso-lateral view; beside pre-/young
rs outline the lateral borders of the neural tube (nt); (e) eye. (B) 48
roduce the multiple shadows. (ol) olfactory organ; (ac) anterior

mm; (B) 20 mm.
neag
curso
ges p
to the pial surfaces of the brain and to the roof of the fourth
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FIG. 9. Behavior of early macrophages in the panther mutant. All panther embryos, except K. (A–D) Live recordings of early macrophage
behaviors in the yolk sac. (A, B) 26-somite stage (22 hpf). (A) Red dots mark sister cells from a mitosis that occured 15 min earlier; two other
cells are presently in mitosis: the blue-dotted cell in anaphase B, the yellow-dotted one in pro-metaphase. (B) Ten minutes later, the
blue-dotted cell cleaved in two daughter cells; the yellow-dotted cell is in anaphase. (C) 25 hpf; erythroblasts (rounded cells) have now joined
the yolk sac and macrophages interact with them; one is phagocytosing an apoptotic residue (arrow). (D) 25 hpf, neutral red staining. (E–H)
In situ hybridization for L-plastin. (E, F) Lateral views at 36 hpf (E; compare with wt in Fig. 2B) and 44 hpf (F). (G) 44 hpf, dorsal view, anterior
to the left; two positive cells in a cephalic vessel. (H) 72 hpf, ventral view. (I, L) In situ hybridization for apoE at 72 hpf (I; compare with
wild-type in Fig.7G) and 132 hpf (L); (J, K) 72 hpf; neutral red staining of live panther (J) and wild-type (K) embryos, showing macrophages
associated with the optic tectum and regressing hatching gland (arrow). (M) 132 hpf; in situ hybridization for apoE, optic tectum, dorsal
view, rostral to the left; (arrowheads) midline. (N) 7.5 days, neutral red staining (compare with wild-type at 99 hpf in Fig. 7F). (n) tectal

neuropile. Bars: (A–C) 10 mm; (D) 5 mm; (E, F, H) 50 mm; (G) 10 mm; (I) 50 mm; (J, K) 50 mm; (L) 50 mm; (M) 20 mm; (N) 50 mm.

Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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284 Herbomel, Thisse, and Thisse
ventricle, and then simultaneously in the fourth ventricle
and in the neuroepithelium, suggesting that they enter the
brain by these two routes—which mammalian and avian
studies also suggested.

Beyond these common features, we find specific differ-
ences in the zebrafish embryo. First, early macrophage
invasion is more strictly confined to the head tissues.
Outside the circulatory system and surrounding mesen-
chyme, and neuromasts after 4 dpf, we found virtually no
macrophages in the trunk and tail. In rodents and birds,
although the head mesenchyme and brain were colonized
first, early macrophages then also spread to some extent in
the rest of the body, notably colonizing the spinal chord in
a rostro-caudal sequence (Sorokin et al., 1992a; Cuadros et
l., 1993). In zebrafish embryos examined up to 7 dpf, we
ever found any macrophage in the spinal chord, even
hough macrophages were often found in the posteriormost
art of the hindbrain.

Dynamic Aspects of Macrophage Behavior in
Embryonic Tissues

Thanks to DIC video microscopy, our present study

FIG. 10. Apoptotic bodies accumulate in panther optic tectum an
DIC optics. (A, B) Optic tectum, dorsal view, rostral upward, (A
xanthophores present above the brain (absent in panther); (arrow)
early microglial cells (arrows) eliminating apoptotic bodies in the o
at two depth planes, showing 7 still recognizable apoptotic bodies
cerebellum, (n) tectal neuropile. Bars: (A–C) 10 mm; (D) 10 mm; (E,
provides access for the first time to the dynamics of 1

Copyright © 2001 by Academic Press. All right
acrophage wandering in the tissues of a live vertebrate. In
he embryonic epidermis, this revealed two contrasting
ehaviors: macrophages staying still, spread dendritically
nbetween epidermal cells; and fast wandering ones. The
endritic shape of the still macrophages is reminiscent of
endritic cells of the skin in mammals, i.e., Langerhans
ells. Mizoguchi et al. (1992) actually provided evidence
hat in the mouse, Langerhans cells may originate from the
arly macrophage lineage, and we will investigate this
ossibility in the zebrafish.
Macrophages freshly arrived in the brain also showed a

urprisingly swift wandering in such a dense tissue. The
ideo sequences show them covering a distance equivalent
o the dorso-ventral extension of a rhombomere in about 15
in. One important consequence is that a small number of

uch macrophages would be sufficient to cover the whole
rain in a short time, e.g., sampling/probing brain cells and
nterstitial medium, and/or distributing signalling, trophic,
r ECM-remodeling molecules accordingly. The same pros-
ect applies to epidermal macrophages.
So far, the movement of macrophages in vertebrate tis-

ues was always considered and studied in the context of
nflammation, and towards inflammatory foci (Florey,

ina until eventual microglial colonization. Live embryos, 120 hpf,
ther embryo. (B) Wild-type embryo; yellow shadows are due to
vessel; (arrowheads) mitotic cells. (C) Retina. (D) Newly arrived

ectum; (arrowheads) midline. (E, F) Close-up on a tectal phagocyte
in its phagocytosed material; (asterisk) macrophage nucleus. (cb)
mm.
d ret
) Pan
blood
ptic t
with
968). Our present data suggest that tissue macrophages
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285Early Macrophages Colonize Zebrafish Head
may be restlessly wandering in their tissue of residence at
steady state, in the healthy organism. We propose that such
a behavior represents macrophage patrolling, for immune,
and possibly also developmental and trophic surveillance.
Patrolling would be one of two ways to achieve such
surveillance, the other way being a network of relatively
static, evenly spaced and ramified cells—a strategy typi-
cally embodied in adult mammals by ramified microglia in
the brain or Langerhans cells in the skin.

Zebrafish Early Macrophages and the Visual
Pathways

Unlike their mammalian and avian homologues, ze-
brafish early macrophages colonize the retina and optic
tectum much more heavily than the rest of the brain. The
heavy colonization of the tectum results from a distinct
wave occuring about 30 h later than the primary, low-level
colonization of the brain. By this stage, the whole brain is
well vascularized and therefore, in contrast with the pri-
mary wave, we cannot tell so far whether these new
residents of the tectum invaded it by crossing its basal
lamina or by extravasating from blood vessels irrigating it.

In the retina, as the retinal cell layers differentiate, early

FIG. 11. Spatial and temporal deployment of early macrophages in
arrows represent the emigration of early macrophages (light blue d
shading indicates the extent of embryonic mesenchyme colonized b
of epithelial tissues—brain, retina, and olfactory placode. For the
embryo: red dots represent early microglial cells in the brain and re
placode; (fb) forebrain; (mb) midbrain; (hb) hindbrain; (cb) cerebellu
(fmb) forebrain–midbrain boundary; (mhb) midbrain/hindbrain bo
arches.
macrophages appear to avoid entering the inner plexiform t

Copyright © 2001 by Academic Press. All right
ayer (IPL)—in contrast with the retinal microglia of adult
ertebrates, including fish (Dowding et al., 1991; Velasco et
l., 1999). However many adhere to the IPL, sometimes
ven stretching along it tangentially. Thus the IPL seems to
epresent for them a physical barrier, to which they can
dhere, rather than an area from which they are chemically
epelled. Similarly, macrophages/early microglia invading
he optic tectum are completely excluded from the tectal
europiles, but are frequently found adhering to the neuro-
ile border. The plexiform layers and tectal neuropiles are
he main sites of synaptic connections in the retina and
ptic tectum, respectively. The first synapses appear at 60
pf in the IPL (Schmitt and Dowling, 1999), and probably by
5–70 hpf in the tectal neuropile (Easter and Nicola, 1996;
aethner and Stuermer, 1997). Thus, in both cases, early
acrophages appear specifically excluded from regions of

ynaptogenesis, already before the first synapses form. We
urmise that their presence is not wellcome where delicate
endritic and axonal arborizations are developing, and soon
laborating synaptic contacts.
Why do zebrafish early macrophages/microglia colonize
ainly the retina and optic tectum? Fish brain and retina

row continuously through life. But while the retina grows
y new annuli added peripherally (as a tree trunk), the optic

zebrafish embryo. The yolkball is in yellow. Left embryo: light blue
rom the yolk sac to embryonic tissues. Middle embryo: light blue
ly macrophages; dark blue dots represent macrophage colonization
of clarity, colonization of the epidermis is not represented. Right
(cr) cardiac region; (cf) choroid fissure; (l) lens; (r) retina; (np) nasal
lage; (v4) fourth brain ventricle; (ov) otic vesicle; (s) spinal chord;

ry; (hsb) hindbrain–spine boundary; (av) axial vein; (ba) branchial
the
ots) f
y ear
sake
tina.
m an

unda
ectum grows by adding crescents posteriorly. The mainte-
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286 Herbomel, Thisse, and Thisse
nance of retinotopy is achieved by a continuous rewiring of
retino-tectal projections, a process in which axons retract
their terminals from previous locations and re-arborize in
new, adjacent areas (Easter, 1986). This process of continu-
ally “shifting terminals,” which is thought to occur since
the beginning (S. Easter, personal communication), is likely
to require a steady membrane lipid supply, through the
apoE carrier, as synaptic remodeling does in the mamma-
lian brain (see below). This could justify the numerous
tectal microglia, and retinal microglia could also contribute
by providing apoE-borne lipids to the cell bodies of ganglion
neurons.

Transformation of Early Brain and Retinal
Macrophages in “Early Microglia”

This phenotypic transformation affects all brain and
retinal macrophages simultaneously at 55–60 hpf, regard-
less of how much time each of these cells has already spent
in that tissue. Moreover, new macrophages that enter the
brain past 60 hpf, e.g., to colonize the optic tectum, or in
response to brain wounding (our unpublished results), must
undergo this transformation right away, because we then
see no brain macrophage other than with the early micro-
glial phenotype. In this phenotypic transition, macrophages
adopt more irregular shapes, they become very highly
endocytic, they reduce their expression of L-plastin, and
they abruptly start to express apoliprotein E at a high level.

The high level of endocytic activity might serve for the
cleansing of the brain interstitial fluid, in which all kinds of
neurotransmitters are continuously released (Ward et al.,
1991), especially since there are no astrocytes in the fish to
take up this role (see below).

Apolipoprotein E is considered a neurotrophic factor in
the mammalian brain, where it is probably the main lipid
carrier (Poirier, 1994), as well as a facultative dimerization
partner of ciliary neurotrophic factor that potentiates its
neurotrophic effects (Gutman et al., 1997). In adult mam-
mals, ApoE is a major secretion product of various macro-
phage populations (Werb and Chin, 1983; Hashimoto et al.,
1999). Yet in the brain, astrocytes are the main source of
apoE (Boyles et al., 1985). Upon peripheral nerve regenera-
ion, apoE is strongly induced in macrophages gathering at
he site of lesion. In the brain, synaptic remodeling is also
ssociated with local induction of apoE secretion, now by
strocytes (Poirier, 1994). In fact, astrocytes of mammals
ppear to have at least partially taken up several other
raditional functions of macrophages, such as antigen pre-
entation, phagocytosis (of myelin processes), or fluid
leansing (Soos et al., 1998; Burudi et al., 1999; Bechmann
nd Nitsch, 2000). This quite probably goes along with the
own-regulation of many macrophage-specific functions in
he so-called “ramified” or “resting” microglia of adult
ammals and birds. Ontogenetically, both astrocytes and

amified microglia appear late, around birth and later,
strocytes arising from the transformation of embryonic

adial glia (Misson et al., 1991), and then ramified microglia

Copyright © 2001 by Academic Press. All right
rom the transformation of embryonic/perinatal amoeboid
i.e., macrophage-like) microglia (Giulian and Baker, 1986).
hylogenetically, astrocytes and ramified microglia are also
ecent. In the adult fish brain, radial glia remain through
ife, and true (stellate) astrocytes are not found (Kalman,
998). In contrast, microglia appears much more numerous
han in mammals, and is of the amoeboid type (Dowding
nd Scholes, 1993), as the zebrafish early microglia de-
cribed here.
We therefore suggest that in lower vertebrate embryos

nd adults as well as in amniote embryos, amoeboid micro-
lia assumes not only immune, but also fluid cleansing and
rophic functions, among which apoE secretion, as well as
robably other functions usually ascribed to astrocytes in
dult mammals.

The M-CSF Receptor Is Essential for Early
Macrophage Deployment in Embryonic Tissues

Macrophages are most commonly thought of as scaven-
gers, in charge of eliminating apoptotic bodies. However,
apoptosis is scarce in zebrafish embryonic tissues by the
time early macrophages colonize them. Therefore, although
we found that zebrafish early macrophages do their scav-
enging job locally once they have invaded a given tissue,
their overall pattern of invasion of the mesenchyme and
forming organs in the wild-type embryo cannot be due to
their attraction by apoptotic cells. Similar conclusions were
drawn for early macrophages of mammals and birds (Ash-
well, 1989, 1991; Sorokin et al., 1992a; Cuadros et al.,
1993).

We found that fms, a zebrafish M-CSF receptor gene
rthologue, is expressed in all cells of the early macrophage
ineage, and is crucial for their colonization of embryonic
issues. Lichanska et al. (1999)) showed that mouse early
acrophages express the M-CSF receptor gene, but not

ertain other markers of classical, monocyte-derived mac-
ophages. Our present work further supports the M-CSF
eceptor as the most universal macrophage marker known
o far, both across the various macrophage populations in
he mouse and across species, from fish to mammals.

Mammalian M-CSF is best known as a key prolifera-
ion, differentiation, and survival factor for monocytes/
acrophages, but it also is a chemokinetic and chemo-

actic factor for these cells (Webb et al., 1996). M-CSF-
eficient mice are deficient in several postnatal tissue
acrophage populations, which were therefore classified

s M-CSF-dependent (Cecchini et al., 1994). However,
he nature of this M-CSF dependence, among the several
otential effects of M-CSF on the macrophage lineage,
as not resolved.
Here in the zebrafish embryo, the direct observation of
-CSF receptor-deficient early macrophages in the yolk sac

evealed no obvious behavioral deficiency in terms of pro-
iferation and survival, nonspecific motility, and endocytic
r scavenging abilities.

We do not think that M-CSF promotes the spreading of
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287Early Macrophages Colonize Zebrafish Head
early macrophages in embryonic tissues through a mere
nonspecific stimulation of their motility (i.e., a chemoki-
netic effect), because panther early macrophages fail to
olonize even target tissues that are very close to their site
f residency, such as yolk sac epidermis and retina, and
ater the regressing hatching gland. We therefore propose
hat all tissues that become colonized in the wild-type
ttract macrophages actively, by secreting M-CSF as a
hemoattractant. In the panther mutant, early macrophages
ventually colonize the optic tectum and forebrain with a 1-
o 4-day delay, and probably the retina even later, and they
o so in relative numbers quite similar to the wild type.
ince we found that numerous apoptotic bodies accumulate
n these tissues as long as they lack microglial cells, we
uggest that macrophages may be finally attracted there by
ignals emanating either from these apoptotic bodies, or
rom distress calls from neurons that have been missing the
rophic support of microglia during 1–4 days. Further work
ill be necessary to discriminate whether these numerous

poptotic bodies correspond to cell death events also occur-
ng in wild-type embryo, but normally eliminated as they
ome up by early microglia, or whether they reflect neuro-
al cell death caused specifically in panther by the transient

ack of early microglial trophic support. Panther mutants
re viable and fertile, but this does not mean that the
ransient absence of macrophages in the brain, retina, and
ther tissues is of no developmental consequence. M-CSF-
eficient and ApoE-deficient mice are also viable and have
pparently normal brains. It took years to realize that they
ctually suffer important cognitive and sensory deficits
Pollard, 1997; Fullerton et al., 1998; Krzywkowski et al.,
999). Such a prospect will deserve careful investigation in
he panther mutant.
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