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DEVELOPMENTAL NEUROSCIENCE

Two phenotypically and functionally distinct microglial

populations in adult zebrafish

Shuting Wu'#, Linh T. M. Nguyen'#, Hongru Pan’, Shaoli Hassan', Yimei Dai',

Jin Xu?, Zilong Wen'34t

Microglia are the tissue-resident macrophages in the central nervous system and are critically involved inimmune
defense, neural development and function, and neuroinflammation. The versatility of microglia has long been
attributed to heterogeneity. Recent studies have revealed possible heterogeneity in human but not in murine
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microglia, yet a firm demonstration linking microglial heterogeneity to functional phenotypes remains scarce.
Here, we identified two distinct microglial populations in adult zebrafish that differ in morphology, distribution,
development, and function. The predominant population, phagocytotic microglia, which expresses ccl34b.1, is
broadly distributed, amoeboid in shape, highly mobile, and phagocytotic. The other white matter-enriched
ccl34b.1” population, regulatory microglia, has ramified protrusions but has limited mobility and phagocytosis
capability. These functional differences are further supported by distinct transcriptomes and responses to bacterial
infection, where cc/34b.7" microglia function in tissue clearance and cc/34b.17™ microglia release immune regulators.
Our study sheds light on the heterogeneity and functional diversification of microglia.

INTRODUCTION

Microglia are extraordinarily versatile immune cells in the central
nervous system (CNS). As active sensor and professional phago-
cytes, microglia constantly surveil the environment by extending and
retracting their dynamic processes (1, 2). Therefore, they are highly
sensitive to a variety of CNS perturbations, including pathogens,
danger signals, and even neurotransmitters (3). Upon stimulation,
microglia undergo a series of transformations from the surveillant
state to the effector state, concurrently changing their morphology
from ramified to amoeboid, a process termed microglial activation.
This activation process can result in varied functional phenotypes,
including differences in the innate immune response and interplay
with the adaptive immune system, depending on the type of stim-
ulus and physiological context (4). As the CNS is regarded as an
“immune-privileged organ” for its delicate synaptic structures and
limited regeneration capability, these immune responses need to be
tightly regulated. In this regard, microglial activation can be a double-
edged sword, exerting both protective and damaging effects on the
CNS, which has been extensively discussed in scenarios of several
neurological pathologies, such as Alzheimer’s disease (3-5). Thus
far, the role of microglial phagocytosis and inflammation under the
pathological conditions are still controversial. Moreover, in addition
to their major roles as scavengers, microglia actively participate in the
patterning of the neural network, regulation of other glial cells, and
vasculogenesis (6). How microglia balance between these flexible
roles remains to be further revealed.
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Because of the versatile functions that microglia exert in the CNS,
it has long been proposed that they are heterogeneous populations
so that different subtypes fulfill distinct functions. Several early studies
indicated a possible heterogeneity of microglia across different CNS
regions in terms of density, morphology, expression of several
markers, and phagocytosis capability (7-11). However, recent studies,
mostly in the mouse, failed to support the asserted microglial hetero-
geneity. Ontogenically, microglia in mouse are thought to originate
from a single developmental origin—primitive hematopoietic pro-
genitors generated in the yolk sac, which infiltrate the developing
CNS during early embryogenesis and self-renew throughout the
adulthood (12-14). Phenotypically, recent single-cell RNA sequencing
(scRNA-seq) analysis found that adult microglia from different CNS
regions form a rather homogeneous population with limited tran-
scriptome differences, although several previously unidentified mi-
croglial subsets were identified in the embryonic and postnatal
stages (15-17). In a recent cross-species scRNA-seq analysis of mi-
croglia, most examined mammals, including mouse, hamster, sheep,
marmoset, and macaque, showed only one predominant microglia
cell type (18). Nonetheless, human studies using multidimensional
methods including scRNA-seq and multiplexed mass cytometry
(cytometry by time of flight) of microglia in healthy human brains
revealed a greater diversity (17, 19, 20). More specifically, while
Bottcher et al. (19) identified several microglia subtypes that are
enriched in distinct CNS regions, Sankowski et al. (20) found that
microglia in the gray matter and white matter show differential ex-
pression (DE) of certain surface markers. The biological implications
of these human microglia subtypes remain unknown. In summary,
the heterogeneity of microglia and the regulation of microglial iden-
tity and functional phenotypes during development, homeostasis,
and pathology are not fully understood.

Zebrafish microglia share a highly conserved signature genes
program with their mammalian counterparts and are fully capable
of responding to danger signals, clearing apoptotic neurons, and
fine-tuning neuronal activity (18, 21-25). In contrast to the single
developmental origin of mouse microglia (12), zebrafish microglia
were shown to originate from two distinct waves of hematopoiesis:
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The embryonic microglia arise from rostral blood island (RBI)-born
primitive myeloid precursors and the adult microglia originate from
aorta-gonad-mesonephros (AGM)-derived hematopoietic stem cells
(26). Whether these two ontogenetically distinct populations of mi-
croglia exert specific functions during different developmental stages
remains unclear, so does the heterogeneity of microglia in the
homeostatic adult brain. A comparative study of microglia in
zebrafish and higher vertebrates in terms of their developmental reg-
ulation, specification, and adaptation to different environmental
stimulations can help to shed light on the intriguing microglia biology.

We have identified in the zebrafish brain two distinct microglial
populations, phagocytotic microglia and regulatory microglia, which
differ in terms of morphology, distribution pattern, origin, developmental
regulation, and function. As far as we know, this is the first defini-
tive evidence of microglia subtypes in the vertebrate adult CNS, pro-
viding fresh insights on the evolution of microglial function.

RESULTS
Two distinct microglial populations in the zebrafish brain
Previously, we have unveiled that Csflra (colony-stimulating fac-
tor 1 receptor a), through binding to its ligand 1134, regulates the
migration and colonization of embryonic microglial precursors in
zebrafish (27). To test whether Csflra signaling is also involved in
the development of adult microglia, we traced the microglia pheno-
type in csflra-deficient fish to the juvenile stage when adult microglia
begin to colonize the brain (26). Transverse section of the brains of
wild-type (WT) and csfI ra”’ fish at 20 days postfertilization (dpf)
detected a reduced but considerable number of microglia in the
csf1 ra”’" fish brains (Fig. 1, A and B). We noticed that the microglia
in csflra mutants showed particular morphology and distribution
pattern: They were highly ramified cells with complex protrusions
and tended to form clusters in the central midbrain, where white
matter resides (Fig. 1A). The same kind of ramified microglia could
also be observed in similar brain regions of WT fish, although to a
lesser extent (Fig. 1, A and B). However, there was another kind of
microglia abundantly distributed in the WT brain that had amoeboid
morphology with fewer protrusions, which was significantly reduced
in csflra”" fish (Fig. 1, A and B). Fascinated by these two morpho-
logically and spatially distinct microglia populations, we went on
to characterize them in detail in WT fish at 40 dpf and 4 months
old. We found that while most microglia in the forebrain appeared
to be amoeboid (fig. S1, A and B), microglia of amoeboid and ram-
ified shape could be readily found in the midbrain and hindbrain with
patterns similar to that of fish at 20 dpf, where the amoeboid microg-
lia were broadly distributed and the ramified microglia were en-
riched in the white matter (Fig. 1C and fig. S1, A and B). While the
amoeboid microglia dominate in number in all stages, the ratio of
ramified microglia slightly increased as the fish grew older and
reached approximately 20% of total microglia per midbrain slice in
the adult stage (Fig. 1, C and D). These results indicate that there are
two microglial populations in the zebrafish brains throughout juve-
nile and adult stages, and they differ not only in morphology and dis-
tribution patterns but also in their dependency on Csflra signaling.
To examine whether these two populations represent simply dif-
ferent states of the microglia (e.g., activated or resting) or two onto-
genically distinct subtypes, we asked whether they develop separately
during embryogenesis. Microglia in zebrafish are derived from two
distinct origins (26). Embryonic microglia originate exclusively from
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primitive macrophages generated in the RBI region, but they are
gradually replaced by the second wave of microglia, which arise
from definitive hematopoietic cells generated in the AGM region
(26). We first tested whether these different waves of hematopoiesis
contribute differentially to the two microglial populations by
temporal-spatial resolution fate mapping with the IR-LEGO-CreER-
loxP cell labeling system (Fig. 1E) (26). To label most RBI- or
AGM-derived macrophages, we heat-shocked the entire respective
region in Tg(hsp70:mCherry-T2a-CreERT2;mpegl:loxP-DsRedx-
loxP-GFP) double transgenic embryos and analyzed at 1 month
(Fig. 1F). We found that while both RBI and AGM irradiation
labeled widely distributed amoeboid cells, only AGM irradiation
could label white matter-enriched ramified cells (Fig. 1F). This in-
dicates that the amoeboid microglia arise from both the RBI and the
AGM and the ramified cells, on the contrary, are exclusively derived
from the AGM. To further dissect their developmental origins, we
heat-shocked a single tiny spot in the AGM region of embryos and
analyzed at 1 month in searching for lineage-biased labeling patterns.
Fish with only widely distributed amoeboid cells or white matter—
enriched ramified cells being labeled were detected (Fig. 1G), suggesting
that amoeboid and ramified microglia develop independently. In
summary, we have identified two distinct microglial populations in
juvenile and adult zebrafish that differ in their morphology, distribu-
tion, Csflr signaling dependency, and developmental origin.

Identification of cc/34b.1 as a microglial

subtype-specific marker

In searching for a subtype-specific marker that can potentially dis-
tinguish these two microglial subpopulations, we performed in situ
hybridization in the adult brain slice of candidate genes that were
demonstrated to be highly expressed in microglia in our previous
RNA-seq analysis. One of these candidates, chemokine (C-C motif)
ligand 34b, duplicate 1 (ccl34b.1), showed a strong expression pat-
tern in only a part of the microglia in the midbrain, most of which
had an amoeboid morphology (Fig. 2A), suggesting that ccl34b.1 is
enriched in amoeboid microglia. To support this notion, we examined
the expression of ccl34b.1 at early embryonic stages, when the em-
bryos contain exclusively RBI-derived amoeboid microglia (Fig. 1F).
ccl34b.1 was strongly expressed in all brain and retina microglia at
3 dpf and in some mature macrophages throughout the body (fig. S2,
A and B). Thus, ccI34b.1 holds a strong potential to serve as a specific
marker for the amoeboid microglia.

To better characterize the two microglial subpopulations, we
generated the TgBAC(ccl34b.1:eGFP) reporter line through bacterial
artificial chromosome (BAC) transgenesis, replacing most of the
coding region of ccl34b.1 with an enhanced green fluorescent protein
(eGFP) reporter (fig. S2C). By crossing T¢gBAC(ccl34b.1:eGFP) with
Tg(mpegl:DsRedx), a macrophage reporter line (28), we verified
that the TgBAC(ccl34b.1:eGFP) reporter line authentically recaptures
the expression pattern of endogenous ccl34b.1 at 3 dpf, in all CNS
microglia and partial peripheral mature macrophages (fig. S2D). In
the brain of 1-, 2-, and 3-month-old TgBAC(ccl34b.1:eGFP) fish,
amoeboid GFP signal could be readily detected throughout the CNS, in-
cluding the brain, retina, and spinal cord (Fig. 2B and fig. S2, E
and F). In addition to these GFP" microglia, a small group of GFP~
microglia, which coexpress panleukocyte marker Lcpl or panmacro-
phage marker mpegl, was consistently found in the white matter
regions where ramified microglia resided, and their number also
accorded with our previous quantification of ramified microglia
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Fig. 1. Characterization of the two microglial populations in zebrafish. (A) Midbrain transverse sections of 20 dpf WT or csf1ra™~ fish. Microglia of amoeboid or ram-
ified shapes are enlarged in the bottom panel. (B) Quantification of amoeboid or ramified microglia in the midbrain transverse sections of 20 dpf Tg(coro1a:DsRedx) WT
or csflra™ fish (n=3). (C) Top: The number and distribution pattern of amoeboid (green dots) or ramified microglia (blue dots) in the midbrain transverse sections of
40 dpf or 4-month-old WT fish. Scale bars, 200 um. Bottom: Enlarged images of representative amoeboid or ramified microglia. See also fig. S1 (A and B). (D) Quantification
of the relative ratio of amoeboid or ramified microglia in the midbrain transverse sections of 20 dpf, 40 dpf, and 4-month-old WT fish (n = 3). (E) The IR-LEGO-CreER-loxP
cell labeling system (26). IR, infrared. 4-OHT, 4-Hydroxytamoxifen. (F and G) Left: The irradiation scheme. RBI irradiation, n = 8; AGM irradiation, n = 3. hpf, hours postfer-
tilization. Right: Representative images of microglia labeled by green fluorescent protein (GFP) in the transverse brain section of 1-month-old irradiated fish, with the
brain indicated by dashed lines and representative amoeboid or ramified microglia enlarged in the corner. Bar graphs show the quantification of the relative ratio of GFP*
amoeboid or ramified microglia in each fish. *P < 0.05; ***P < 0.001.

(Fig. 2, B to D). Unlike the widely distributed GFP* microglia, GFP~  and highly ramified protrusions (Fig. 2E). Last, when we crossed the
microglia were abundant in the central midbrain and ventral hind-  TgBAC(ccl34b.1:eGFP) reporter line with csflra™" fish to check the
brain, fewer in number in the forebrain and spinal cord, and unde-  dependency of these two microglia populations on Csflra signaling, we
tectable in the retina (Fig. 2D and fig. S2, E and F). While GFP*  found that the density of GFP" microglia, but not GFP~ microglia,
microglia exhibited large cell bodies with few thin protrusions, was significantly decreased in csfIra mutants (Fig. 2, F and G). On
GFP™ microglia, on the contrary, had indistinguishable cell bodies  the basis of the developmental dynamics, distribution pattern,
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Fig. 2. Characterization of the TgBAC(ccI34b.1:eGFP) reporter line. (A) In situ hybridization and immunostaining showing ccl34b.1 expression (green) and macrophages/
microglia (red) in transverse brain sections of 3-month-old Tg(mpeg1:DsRedx) fish. (B) Top: The TgBAC(ccl34b.1:eGFP) reporter line. Bottom: Representative transverse
sections through the midbrains of 1-, 2-, and 3-month-old TgBAC(ccl34b.1:eGFP) fish, respectively. cc/34b.1* microglia were labeled in green, and macrophage/microglia were
labeled by Lcp1 (red). Exact locations of the imaging area are indicated by red boxes in the midbrain diagrams. (C) Quantification of relative ratio of cc/34b.1*Lcp1* and
ccl34b.1"Lcp1™ microglia in the midbrain transverse sections of 1-, 2-, and 3-month-old TgBAC(ccl34b.1:eGFP) fish, respectively (n = 3). (D) Transverse sections through the
midbrain, forebrain, and hindbrain of 2-month-old TgBAC(ccl34b.1:eGFP);Tg(mpeg1:DsRedx) fish. (E) Representative images of amoeboid cc/34b.7*Lcp1* and ramified
ccl34b.17Lep1?t microglia in the transverse brain sections of 5-month-old TgBAC(ccI34b.1:eGFP) fish. (F and G) Representative images (F) and quantification of the density
(G) of ccl34b.1*Lcp1* and ccl34b.1"Lep1* microglia in the midbrain transverse sections of 5-month-old TgBAC(ccl34b.1:eGFP) WT or csflra™ fish (n=4).ns, not significant.
***P <0.001.

morphology, and Csflra dependency, we concluded that we have brains of 4-month-old T¢gBAC(ccl34b.1:eGFP); Tg(mpegl:DsRedx)

successfully established a TgBAC(ccl34b.1:eGFP) reporter line that spe-
cifically labels amoeboid microglia in the CNS, providing a useful
tool to further characterize these two microglial subpopulations.

Transcriptome profiling of microglial subpopulations

With the amoeboid microglia-specific TgBAC(ccl34b.1:eGFP) reporter
line and the panmicroglia Tg(mpegl:DsRedx) reporter line, we are
now able to characterize these two microglial populations through
fluorescence-activated cell sorting (FACS). FACS analysis of whole
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double transgenic fish showed that ~77% of brain mpegl™ cells were
ccl34b.1" (GFP'DsRedx" population) and ~23% were ccl34b.1”
(GFP DsRed" population) (Fig. 3A). We then sorted the ccl34b.1*
and ccl34b.1” microglia from five 4-month-old double transgenic
fish and performed whole-transcriptome RNA-seq (Fig. 3A). To
gain a general overview of their cell identities, we first compared
their transcriptome profiles with the profiles of Langerhans cells
(the tissue-resident macrophages in the epidermis), T cells, and
neutrophils from our previous studies (29). The principal components

40f15



SCIENCE ADVANCES | RESEARCH ARTICLE

A FACS RNA-seq
TgBAC(ccl34b.1:eGFP) k N )
. “ Amoeboid microglia
Tg(mpeg1:DsRedx) = 3 0.77| GFP*DsRedx"
=V — 1
. o ﬁ, 10,22/ =— Ramified microglia
4 months old Whole brain (G “"*M:d . GFP-DsRedx*
DsRedx ——b
B PCA c Expression of key transcription factors
60~
<l col34b.1-
4 L]
o ! Group 30,000 250,000 80,000 B cci3db.1*
§ 20- ® ccl3ab.1* g 200,000 B col34b.1-
g ® ccl3db.1- 3 20,000
£ . o ® Lcs < 150,000
5 L/ @ Neutrophil 3 100,000
4 & ® Teell E1°-°°° ’
-20, ‘ = z° 50,000
.. [ 0
I S & &
PC1: 39% variance
D 134b.1 E
ccl A apoeb
=" Igalsol1
Igals9I3 . A
= apoc1 Lipid
— ccl34b.1 biosynthetic 4 S
— Igals3bpb process
Igals3bpa
Regulation of
T cell activation
Scavenger
receptor activity
o . e} o ° o

o o | FS

F
- TT~aiftlA®) ccl34b.1- enriched GO terms

id2a 4)
bcl2l10 (3
ccl35.22/5)
il12rb2l (3)
wipfia (1)
ccl19a.12/5)
siglec15/
ackr3b (2/3/5)
hest 2)
cmkir1l1 2)/3)
cmkirl2 2/3)

(3) Cytosolic
calcium ion
concentration

il12ba 23

> //4) Negative regulation
- of myeloid cell
s ¢ > differentiation

Fig. 3. Transcriptome profiling of the two microglial populations. (A) Experimental design of transcriptome profiling. cc/34b.1*mpeg1* (amoeboid) and
ccl34b.1"mpeg1* (ramified) microglia were sorted from the brains of 4-month-old TgBAC(ccl34b.1:eGFP);Tg(mpeg1:DsRedx) fish and processed to RNA-seq (n =5). (B) PCA
plot of cc/34b.1* microglia (n=5) and cc/34b.1~ microglia (n=5) from this study and Langerhans cells (LCs) (n =4), epidermic neutrophils (n=3), and epidermic T cells
(n=3) from a previous study (29). Clusters of the two microglial populations were circled in gray. (C) Normalized expression of several key transcription factors
highly enriched in the cc/34b.1* and ccl34b.1” microglia. (D) Heatmap showing the relative expression of 465 selected DE genes in cc/34b.1" and cc/34b.1” microglia,
with several genes highlighted in the legends. The number after the genes indicates their GO term category marked in (E) and (F). (E and F) Metascape network
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and highlighted. *P < 0.05; ****P < 0.0001.
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analysis (PCA) showed that the ccl34b.1" and ccl34b.1” microglia
formed two distinct clusters separated from other myeloid and lym-
phoid populations (Fig. 3B). To further analyze their common features
as macrophages, we performed DE gene analysis of both microglial
populations versus T cells, respectively (fig. S3A). Comparison of
the enriched genes in the ccl34b.1" microglia and ccl34b.1” microglia
showed a moderate overlapping pattern, with 39% of ccl34b.1" DE
genes and 60% of ccl34b.1” DE genes being shared (fig. S3A). Gene
ontology (GO) term analysis revealed an enrichment of immune-related
terms in both populations, including immune response (GO:0006955),
cell migration (GO:0016477), cell chemotaxis (GO:0060326), response
to biotic stimulus (GO:0009607), and regulation of immune system
process (GO:0002682) (fig. S3B). These results indicate that they are
both immune-competent macrophages in the CNS.

Consistent with the common macrophage features shared by the
two microglial populations, we noticed that both populations ex-
pressed considerable levels of several key myeloid transcription factors,
namely, spila, spilb, and irf8 (Fig. 3C). They also highly expressed
respective transcription factors, such as cebpb, junbb, and fosab for
ccl34b.1" microglia and id2a, kif6a, and batf3 for ccl34b.1” microglia,
which might shape their individual cellular identities (Fig. 3C). To
better compare their functional differences, we directly performed
DE gene analysis between them (Fig. 3D). We identified a total of
685 DE genes, with 345 genes enriched in the ccl34b.1" population
and 340 genes enriched in the ccl34b.1” population (Fig. 3D).
Top-ranking GO terms enriched in the ccI34b.1" microglia-DE genes
were lipid biosynthetic process (GO:0008610, e.g., apocl and apoeb),
regulation of T cell activation (GO:0050863, e.g., lgals9l1and Igals913),
and scavenger receptor activity (GO:0005044, e.g., Igals3bpb and
Igals3bpa) (Fig. 3, D and E). While scavenger receptors serve as a
major part of innate pattern recognition receptors, active lipid bio-
synthesis is required for membrane reorganization and generation
of several inflammatory mediators during macrophage activation,
indicating that the ccl34b.1" microglia may be in an immune alarm
state directly involving in phagocytosis and inflammation. For the
genes enriched in the ccl34b.1” population, top-ranking GO terms
include actin binding (GO:0003779, e.g., aifll and wipfla), immune
response (GO:0006955, e.g., ccl19a.1 and ccl35.2), regulation of cyto-
solic calcium ion concentration (GO:0051480, e.g., bcl2l10 and il12rb2I),
negative regulation of myeloid cell differentiation (GO:0045638,
e.g., id2a), and chemotaxis (GO:0006935, e.g., ccl19a.1 and ccl35.2)
(Fig. 3, D and F). Notably, most of the DE genes enriched in the
term immune response term (GO:0006955) and the term regulation
of cytosolic calcium ion concentration (GO:0051480) are chemo-
kines, cytokines, receptors, and signaling adaptors, such as ccl19a.1,
ccl35.2, il12ba, cmklrl2, cmklr1ll, ackr3b, il12rb2l, and hest (Fig. 3D).
Therefore, we speculated that the cc/34b.1” microglia population
actively responds to and regulates the CNS microenvironment
through chemokine and cytokine signaling, resulting in the changes
of cytosolic calcium ion concentration, cytoskeleton organization,
cell motility, and the release of immune regulators. In summary,
transcriptome profiling indicates that these two microglial popula-
tions are functionally diverse and may contribute synergistically to
the CNS homeostasis.

Distinct behavior and phagocytosis capability

of microglial subpopulations

Transcriptome profiling of the ccl34b.1" and the ccl34b.1” microg-
lial populations indicates that they both undergo active cyto-
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skeleton remodeling and might be highly mobile (Fig. 3, E and F).
To catch a glimpse of their behavioral dynamics, we performed
time-lapse confocal imaging of microglia in acute brain slice cultures
of TgBAC(ccl34b.1:eGFP); Tg(mpegl:DsRedx) double transgenic fish
(Fig. 4A). During the 12-hour imaging period, the brain slice survived
well with a possible activation phenotype of ccl34b.1" or ccl34b.1”
microglia (movie S1). Notably, the two microglial populations ex-
hibited distinct behavioral dynamics (movie S1). The ccl34b.1"
microglia moved actively by sending a major pseudopod and retrac-
tion of a long uropod, a characteristic pattern of amoeboid cell
movement [Fig. 4, B (cell 1) and C]. The ccl34b.1” microglia, on
the contrary, remained ramified and stayed in the same location
during the whole imaging period, only extending and retracting
their multiple protrusions [Fig. 4, B (cell 2) and C]. This result indi-
cates that, while the ccI34b.1" microglia can migrate actively through
amoeboid movement in response to stimuli (such as injury in this
case), the ccl34b.1” microglia remain immobile, and they possibly
regulate their neighboring cells and the CNS environment through
direct contact or secreted molecules. The DE genes related to actin
binding and cell mobility in the ccl34b.1™ microglia are, therefore,
likely required for the dynamic changes of their ramified protrusions.

To assay the phagocytosis capability of the two microglial popu-
lations, we incubated the brain slice with pHrodo Escherichia coli
BioParticles Conjugate, whose fluorescence increases in the acidic
lysosomal environment after being phagocytosed. We first incubated
the brain slice of TgBAC(ccl34b.1:eGFP) fish with pHrodo Red E. coli
BioParticles Conjugate. In time-lapse imaging, ccl34b.1" microglia
actively phagocytosed the pHrodo Red BioParticles, became round,
and started emitting bright red fluorescence (Fig. 4D). At 4 hours
posttreatment, approximately 20% of ccl34b.1" microglia were pHrodo
red positive (Fig. 4, D and E). The phagocytosis capability of cc/34b.1"
microglia might be underestimated in this assay since the microglia
in the deep tissue are not accessible to the particles in the culture
medium. When we incubated the freshly prepared whole-brain cell
suspension of T¢gBAC(ccl34b.1:eGFP) fish with pHrodo Red E. coli
BioParticles Conjugate and assayed their red fluorescence through
FACS, 86.5% of ccl34b.1" microglia were pHrodo red positive after
1-hour incubation (fig. S4). These experiments showed that the
ccl34b.1" microglia are highly phagocytotic. Notably, in the brain slice
of TgBAC(ccl34b.1:eGFP) fish incubated with pHrodo Red E. coli
BioParticles, all bright red signal colocalized with eGFP signal, indi-
cating that the ccI34b.1" microglia were the only phagocytotic cells
responding to E. coli bioparticles in the brain (Fig. 4D). It was,
therefore, not unexpected that when we incubated the brain slice of
TgBAC(ccl34b.1:eGFP); Tg(mpegl:DsRedx) fish with pHrodo Green
E. coli BioParticles Conjugate, we found that cci34b.1” microglia did
not ingest any pHrodo Green E. coli BioParticles that emitted green
fluorescence in the whole 12-hour imaging period (Fig. 4F). This
indicates that the ccI34b.1™ microglia have low phagocytosis capa-
bility of E. coli bioparticle. Collectively, the acute brain slice culture
imaging and E. coli bioparticle phagocytosis assay reveal distinct
behavioral dynamics and phagocytosis capability of the two mi-
croglial populations.

Distinct responses to bacterial infection of microglial
subpopulations

To better understand the physiological function of the two microglia
populations in immune defense processes, we established a CNS bac-
terial infection model. Live E. coli or phosphate-buffered saline (PBS),
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Fig. 4. Acute brain slice culture of the two microglial populations. (A) Experimental design of the acute brain slice culture. Brains were freshly dissected and applied
to vibratome sectioning, with a thickness of 200 um. Slices were then cultured in an imaging chamber with L-15 medium [10% fetal bovine serum (FBS)] and monitored
under a confocal microscope. (B) Representative frames from the time-lapse imaging of a typical midbrain slice of TgBAC(ccl34b.1:eGFP);Tg(mpeg1:DsRedx) fish showing
the dynamic behavior of cc/34b. " microglia (yellow) and cc/34b.7~ microglia (red). Examples of the cell movement (cell 1 and cell 2) were circled for the respective group.
(€) Quantification of the mean velocity of cc/34b.1* and ccl34b.1~ microglia in the time-lapse imaging of midbrain slice of TgBAC(ccl34b.1:eGFP);,Tg(mpeg1:DsRedx) fish
(n=6). (D) Representative frames from the time-lapse imaging of midbrain slice of the TgBAC(ccl34b.1:eGFP) fish incubated with pHrodo Red E. coli BioParticles showing
the uptake of red particles by cc/34b.1* microglia (green) after 4 hours. (E) Quantification of the percentage of cc/34b.1* microglia containing the pHrodo Red E. coli BioParticles
after a 4-hour incubation (n = 3). (F) Representative frames from the time-lapse imaging of midbrain slice of TgBAC(ccl34b.1:eGFP);,Tg(mpeg1:DsRedx) fish incubated with
pHrodo Green E. coli BioParticles, showing that cc/34b.1™ microglia (red, asterisk) did not intake any green particles after 12 hours. *P < 0.05; ****P < 0.0001.
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together with the fluorescent indicator Alexa Fluor 647 dye, was injected
into the cerebroventricles of 4-month-old TgBAC(ccl34b.1:eGFP);
Tg(mpegl:DsRedx) double transgenic fish, and the fish were then
euthanized at 6 hours postinjection (hpi) and subjected to brain
cryo-section and immunostaining (Fig. 5A). In the transverse brain
section of the E. coli-injected fish, we observed a marked response
of the ccI34b.1" microglia throughout the brain (Fig. 5B and fig. S5).
Instead of being evenly distributed in different brain regions, the
ccl34b.1" microglia in the E. coli-injected fish accumulated in the
injection site and in the subventricular zone of all brain ventricles,
including the forebrain ventricle, the tectal ventricle, the third ven-
tricle, and the fourth ventricle, indicating that the E. coli-induced
inflammatory signal spread out through the ventricular system
(Fig. 5B and fig. S5). These subventricular ccI34b.1" microglia were
swollen in morphology and formed clusters, indicating that they were
activated and probably phagocytosing the E. coli in the ventricles
(Fig. 5B and fig. S5). Accordingly, their density in the parenchyma
decreased significantly when compared with those in the WT or PBS-
injected fish (Fig. 5, B and C, and fig. S5). On the contrary, the
distribution of the ccl34b.1” microglia remained unchanged, so
did their density in the parenchyma (Fig. 5, B and C, and fig. S5).
These observations are highly consistent with the distinct be-
havioral dynamics revealed from acute brain slice culture (Fig. 4).
Therefore, we reasoned that the highly mobile and phagocytotic
ccl34b.1" microglia play major roles in tissue clearing upon bacterial
infection, while the less mobile ccl34b.1” microglia might regulate
inflammation indirectly.

Transcriptome profiling of bacteria-challenged

microglial subpopulations

To better characterize the respective functions of ccl34b.1" and
ccl34b.1” microglia at the molecular level during bacterial infection
and acute inflammation, we isolated microglia from 6-month-old
WT, PBS-injected, and E. coli-injected fish at 6 hpi and performed
transcriptome profiling (Fig. 6A). Both microglial populations re-
sponded to E. coli. PCA results showed that the ccl34b.1" and the
ccl34b.1” microglia in the E. coli-injected fish formed two distinct
clusters, distinct from each other and also well separated from their re-
spective WT and PBS-injected fish controls (Fig. 6B). The ccl34b.1"
microglia exhibited a farther intergroup distance than the ccl34b.1”
microglia, indicating that their transcriptome changes were more
significant (Fig. 6B). DE gene analysis of ccI34b.1" microglia in
E. coli-injected fish versus PBS-injected fish revealed a total of 562
DE genes (177 up-regulated and 385 down-regulated) (Fig. 6C),
while 334 DE genes (59 up-regulated and 275 down-regulated)
were identified for the ccI34b.1™ microglia in E. coli-injected fish versus
PBS-injected fish (Fig. 6D). We then focused on the up-regulated
genes in the E. coli-challenged groups in our subsequent analysis.
Notably, the genes up-regulated in the two E. coli—challenged groups
(ccl34b.1" microglia and ccl34b.1” microglia) exhibited a largely
nonoverlapping pattern, and GO term enrichment analysis revealed
both shared and unique GO terms, suggesting that the upregulated
genes might play divergent roles in these two groups of microglia
(Fig. 6, E and F). In the E. coli-challenged ccI34b.1" microglia, sig-
nificantly up-regulated genes include proinflammatory cytokines

A 2 Cc Parenchyma
° .
& PBS + Alexa Fluor 647 |—| B3 coi34b. 1
% %':50 E. coli + Alexa Fluor 647 E 2 NS I col34b.1
(=3
S . |
= il
 —_— @ 1 %
6 hours E;
Brain injection Brain section 0-
Ctrl PBS E. coli
B Transverse section of midbrain TgBAC(ccl34b.1:eGFP) Lcp1
% Ctrl PBS injected E. coli injected
: e PG s s o
Ventricle ;
Parenchyma

Fig. 5. Responses of the two microglial populations to CNS bacterial infection. (A) Experimental design. E. coli or PBS was coinjected with the Alexa Fluor 647 dye into
the cerebroventricles of 4-month-old TgBAC(ccl34b.1:eGFP) fish, and their brains are collected for cryo-section after 6 hours. (B) Transverse midbrain sections of WT,
PBS-injected, and E. coli-injected 4-month-old TgBAC(ccl34b.1:eGFP) fish, with the cc/34b.1* microglia labeled in green/yellow and the cc/34b.7~ microglia labeled in red.
Exact locations of the imaging area are indicated by red boxes in the midbrain diagrams. (C) Quantification of density of cc/34b.1* and ccl34b.1” microglia in the midbrain

parenchyma of WT fish (n = 3), PBS-injected fish (n =6), and E. coli-injected fish (n =6).
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WT and E. coli-injected Tg(Ick:DsRedx) fish (n=4) at 1 dpi. (I) Reverse transcription polymerase chain reaction (RT-PCR) showing the expression level of Ick in the whole

E. coli injected 1 dpi

brain of E. coli-injected WT (n=3) and ¢sf1ra mutants (n=4) at 1 dpi.

(e.g., il1b and tnfa), neutrophil-recruiting chemokines (e.g., cxcl8a,
csf3a, and c¢sf3b), and antimicrobial effectors (e.g., acodl, ncfl, and

lygll) (Fig. 6C), indicating that ccI34b.1" microglia might

be the main

effector cells to resolve the bacterial infection, which is consistent
with their behavioral dynamics (Figs. 4 and 5). In contrast, the
ccl34b.1” microglia up-regulated several genes in the cxcl11 chemo-
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kine family (e.g., cxcl11.3, excll1.7, cxcll1.6, cxcll1.1, and cxcl11.5)
(Fig. 6D), which have been reported to be involved in the recruit-
ment of T cells and macrophages to the infection sites and are im-
portant for the resolution of inflammation and tissue regeneration
(30, 31). To explore the potential roles of these up-regulated cxcl11
chemokines in T cell recruitment, we examined the CNS infiltration
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of T cells upon bacterial infection. The number of Ick" T cells in the
E. coli-injected brain parenchyma slightly increased at 1 day postin-
jection (dpi), which was temporally correlated with up-regulation
of cxcll1 chemokines in the ccl34b.1™ microglia (Fig. 6, G and H).
To further dissect the possible roles of ccl34b.1" microglia and
ccl34b.1” microglia in the T cell infiltration process, we took advantage
of the csflra mutants, which are specifically deficient in ccl34b.1"
microglia but not ccl34b.1™ microglia (Fig. 2, F and G). E. coli cells
were injected into the cerebroventricles of WT or csflra mutants, and
whole brains were collected at 1 dpi to assay the relative expression
levels of cxclll chemokines and T cell marker Ick. As expected,
expression of cxcl11 chemokines in the E. coli-challenged csflra
mutants was up-regulated at levels similar to those of their WT
counterparts (fig. S6). Expression levels of the T cell marker Ick in-
creased with similar fold changes in both E. coli-challenged WT
and csflra mutants (Fig. 6I), indicating that the ccl34b.1™ microglia
play a major role in this process. Although the direct involvement
of the ccl34b.1” microglia—derived cxcl11 chemokines in T cell in-
filtration needs to be further validated, our data indicate a potential
role for ccl34b.1™ microglia in the recruitment and regulation of pe-
ripheral immune cells through releasing chemokines and immune
regulators. Collectively, these results indicate that the ccl34b.1"
and ccl34b.1” microglia collaboratively shape an immune response,
and we designate the ccl34b.1" and the ccl34b.1” subpopulations as
phagocytotic and regulatory microglia, respectively.

DISCUSSION

In this study, we have identified two distinct microglial populations
throughout juvenile and adult stages in zebrafish that exhibit dis-
tinct characteristics in cellular phenotypes, development, behavior,
and function. Our study provides the first solid evidence thus far of
heterogeneity and functional diversification of microglia in vertebrates,
adding a new dimension of complexity to the intriguing microglia
field. Although several notable features have been characterized in
this study, much more remains to be discovered.

One of the most urgent questions to be answered is whether similar
heterogeneous microglial populations also exist in higher vertebrates,
especially mammals. While recent scRNA-seq analysis in mice and
other mammals has revealed that adult microglia in these species are
rather homogeneous (15-18), higher heterogeneity has been found
in human microglia (17, 19, 20). However, whether the reported
heterogeneity of human microglia represents different states of mi-
croglia or distinct populations requires further investigation. We
speculate that the resemblances between mammalian microglia and
the two distinct microglial populations that we identified in zebrafish
probably exist only at the phenotypic level, and not at the transcrip-
tomic level. Another possibility to be tested is that microglial func-
tional versatility has evolved in two different ways: either to become
more adaptable (as in mammals) or to evolve functional specialization
(asin zebrafish), given the fact that zebrafish have experienced multiple
rounds of whole-genome duplication (32). Further studies, such as re-
investigation of the functional heterogeneity of mammalian microg-
lia, identification of the key transcriptional networks that shape the cell
fates of the two microglial populations in zebrafish, and comparative
phylogenetic studies of the ontogeny and function of microglia of
a wider array of animal species, are required to distinguish between
these possibilities. In addition, several classes of brain macrophages—
perivascular, meningeal, and choroid plexus macrophages—occupy
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distinct CNS niches and contribute importantly to CNS homeostasis,
but are poorly characterized in zebrafish (6). Although a fraction
of the ccl34b.1" cells were identified in the periventricular region
(Fig. 5 and fig. S5), most of the ccl34b.1" and ccl34b.1” microglia
reside in the parenchyma, excluding the possibility that these calls
represent the different groups of brain macrophages identified
in mammals. In summary, regarding the capricious functional
phenotypes of microglia and their versatile roles, the clear com-
partmentalization within the two microglial populations in zebra-
fish provides a valuable model for addressing a variety of challenging
questions and thus serve to complement microglial research in
other species.

As reported in the results, one of the key differences between
the two microglial populations in zebrafish is their morphology.
The ccl34b.1" phagocytotic microglia are relatively amoeboid with a
large soma and only a few thin protrusions, while the ccl34b.1" reg-
ulatory microglia exhibit a rather ramified morphology with complex
protrusions. This difference is informative because the morphology of
microglia is usually indicative of their functional states. For instance,
during CNS development, microglia present an amoeboid morphology
with higher phagocytosis capability and distinct secretory patterns
for the effective removal of apoptotic neurons and inappropriately
wired neural networks (4). As the CNS matures, microglia acquire a
ramified shape, the dominant morphology of resting microglia in
the adult CNS, and constantly surveil the environment by actively
sending protrusions (I, 2). Ramified microglia can switch back to
amoeboid morphology in response to danger signals and concur-
rently change their secretory profiles. This activation phenotype
can effectively remove invading pathogens and other insults but
also exerts tissue-damaging effects if dysregulated, which is com-
monly seen in neuropathologies (4). We have shown here that the
amoeboid ccl34b.1" phagocytotic microglia have high phagocytosis
capability and mobility, while the ramified ccl34b.1” regulatory mi-
croglia actively remodel their protrusions; however, to what extent
these cell types are equivalent to activated microglia or resting
microglia remain unclear. Nonetheless, the distinct phenotypes
of these microglia indicate that they may fulfill complementary
functions under physiological and pathological conditions, thus
offering an interesting scenario to dissect the exact contribution of
each cell type and to help gain new insight into the dynamic roles of
amoeboid and ramified microglia in general.

Another interesting clue comes from the distribution pattern of
the two microglial populations. Distinct from the widely distributed
and highly mobile ccl34b.1" phagocytotic microglia, ccl34b.1” regula-
tory microglia are enriched in the white matter extending from the
forebrain to the hindbrain. This region harbors many of the tracts
and commissures, ascending and descending projections, and the
reticular formation, a most complexly wired neuronal network that
reciprocally connects different brain regions and is essential for
motor control and the maintenance of arousal and consciousness
(33). The coincidence that the ccl34b.1" regulatory microglia are
abundantly found in this region strongly indicates that these microglia
may help to refine the network by regulating neurite development
or myelination. The association of microglia with developing axons
during development has been observed in many species (34-37), and
recently, a transiently existing microglia population was found in post-
natal brain regions enriched for white matter, such as the corpus
callosum and cerebellum (15, 16, 38, 39). These white matter—associated
microglia express genes for the maintenance and differentiation of
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neural and glial progenitors (38, 39), and dysfunction or depletion of
these microglia results in brain abnormalities, including defasciculation
of dorsal callosal axons in the corpus callosum, defective innervation
of dopamine dopaminergic axons in the forebrain, and incor-
rect positioning of interneurons in the cortical networks (40, 41). It
will be interesting to dissect the possible functions of ccl34b.1™ regu-
latory microglia in the wiring of different brain regions in zebrafish.

Last, in addition to the myeloid master regulator pu.1/spil, the
ccl34b.1” regulatory microglia express considerable levels of several
transcription factors (e.g., irf8, id2a, and batf3) essential for the de-
velopment of dendritic cells (DCs) (Fig. 3), the professional antigen-
presenting cells important for T cell activation (42). Although DCs
in the teleosts remain poorly characterized, recent studies in trout
have identified a CD80" MHC II* DC-like subpopulation with pheno-
typical and functional features of DCs in the skin, respiratory
surfaces, and intestine (43-45). These DC-like cells also expressed
irf8 and batf3 (43-45), key transcription factors for DCs that are
enriched in the ccl34b.1™ regulatory microglia. Whether the ccl34b.1”
regulatory microglia share the same cell lineages with peripheral
DC-like cells remains an interesting question. Nonetheless, expres-
sion of the core regulatory elements of DCs strongly indicates that
the ccl34b.1” regulatory microglia may have some functional char-
acteristics of DCs. Consistent with this notion, the ccl34b.1™ regula-
tory microglia express several genes involved in the regulation of
T cells under both homeostatic and inflammatory conditions. For
example, they express a high level of cc/19a.1, a chemokine that
plays important roles in the recruitment of lymphocytes to lymphoid
organs. They also express il12ba, whose mammalian homologous is
mainly secreted by DCs and can stimulate the differentiation of
T helper cells in mammals (46). Another possible T cell regulatory
gene highly expressed in the ccl34b.1” regulatory microglia is siglec15]
(sialic acid-binding immunoglobulin-like lectin 15, like), whose
human ortholog has been reported to function as a critical immune
suppressor for T cells (47). Last, the possible role of the ccl34b.1~
regulatory microglia in the regulation of T cells is further supported
by the fact that, upon acute bacterial infection, ccI34b.1™ regulatory
microglia up-regulate expression of the CXCL11 family (cxcl11.3,
cxclll.7, cxclll.6, cxclll.1, and cxclll1.5), whose mammalian ortho-
log has been reported to promote the infiltration of T cells, natural
killer cells, and macrophages to the infection site (30, 31). The po-
tential interaction between the ccl34b.1” regulatory microglia and
the adaptive immune system, especially T cells, remains an interest-
ing topic to be explored.

MATERIALS AND METHODS

Study design

Sample size, replicates, and data inclusion/exclusion criteria
For all quantitative measurements in the transverse midbrain section,
at least three section slices from similar midbrain position were chosen
and quantified. For ratio quantification, all the signals in one section
slice are counted. For density quantification, a similar quantification
region was chosen for all section slices. For RNA-seq analysis, at least
three biological replicates, each with at least three technological repli-
cates, were initially set up for each group. On the basis of the quality
of the complementary DNA (¢cDNA) library, one technological rep-
licate was chosen from each biological replicate to proceed to RNA-seq
analysis. Samples that failed in cDNA and library generation were
not further processed by RNA-seq analysis. There are only two bio-
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logical replicates in the ctrl (control) group for the CNS bacterial
infection experiment, but we did not use the ctrl group dataset in
the subsequent DE analysis.

Randomization and blinding

For all the treatment and RNA-seq analysis, randomly chosen WT
or mutant fish that were raised under the same condition were used.
Gender bias was prevented. Processing of RNA-seq data and clus-
tering analysis were initially performed blinded and unblinded in
the following DE analysis.

Animals

Zebrafish were maintained following a standard protocol (48). In
summary, zebrafish were kept at 28.5°C with 14-hour light and 10-hour
dark cycle. Embryos were collected after natural spawning and kept
in 0.5x E2 medium containing methylene blue (egg water) with or
without 0.003% N-phenylthiourea (P7629, Sigma-Aldrich) to avoid
pigmentation. All animal experiments were performed under approval
from the Hong Kong University of Science and Technology’s Animal
Studies Committee.

ABSRWT, csflra™" (49), Tg(corola:DsRedx) (50), Tg(hsp70:mCherry-
T2a-CreERT2) (51), Tg(mpegl:DsRedx) short for Tg(mpegl:loxP-
DsRedx-loxP-GFP) (52), Tg(Ick:DsRedx) short for T‘g(lck:loxP—
DsRedx-loxP-GFP) (53), and TgBAC( ccl34b.1:eGFP)"**03518 are used
in this study. The developmental stages of zebrafish were indicated
in the figure legends.

BAC transgenesis

The generation of the BAC transgenic line TgBAC(ccl34b.1:eGFP)
was performed following a previous study (54). BAC clone CH211-
47 k13 containing ccl34b.1 was chosen and purchased from CHORI-211
library. The pPCR8GW-iTol2amp and pBSSK(+)-GFP-FRT-Kan-FRT
constructs were requested from K. Kawakami’s laboratory. The pSIM29
construct was requested from D. L. Court’s laboratory. The pSIM29
construct, which contains a heat-inducible A-Red recombination
system and hygromycin resistance, was further engineered by in-
serting an arabinose-inducible flippase (FLP) gene, generating the
pSIM29-FLP construct. The pSIM29-FLP construct was electropo-
rated into the DH10B strain containing the BAC clone CH211-47k13.
In the first round of recombination, an iTol2 cassette, which consists
of the inverted L200 and R150 of the Tol2 transposon flanking
an ampicillin resistance gene, was polymerase chain reaction (PCR)-
amplified with primers containing 50-base pair (bp) homologous
arms that are homologous to the backbone of the BAC plasmid. The
iTol2 cassette with homologous arms was then electroporated into
the DH10B-pSIM29-FLP-CH211-47 K13, and the successfully re-
combined clone was selected by ampicillin resistance. In the second
round of recombination, a GFP-FRT-Kan-FRT (flippase recogni-
tion target) reporter cassette, which consists of the GFP and FRT-
flanked kanamycin resistance gene, was cloned into a construct
containing two 1-kb homologous arms of the ccl34b.1 locus. This
construct was then used as the template for the PCR amplification
of the GFP-FRT-Kan-FRT reporter cassette with cc/34b.1 homolo-
gous arm, and the PCR product was electroporated into the
DH10B-iTol2-pSIM29-FLP-CH211-47 K13, followed by kanamycin
resistance selection. Last, the FRT-flanked kanamycin resistance gene
was removed by inducing the expression of FLP with arabinose.
The final BAC, CH211-47 K13-iTol2-GFP, was extracted from the
DH10B using the Nucleobond BAC 100 Kit (740579, Macherey-Nagel).
The BAC (30 ng/ul) and transposase mRNA (50 ng/ul) were in-
jected into one-cell-stage WT embryos. The injected embryos were
raised to adults and outcrossed with WT for transgenic screening.
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Cryo-section and immunofluorescent antibody staining
Juvenile fish (20 dpf, 1 month old, 40 dpf, 2 months old) were anes-
thetized on ice and fixed in 4% paraformaldehyde (PFA) at 4°C for
1 day. Adult fish were anesthetized on ice, and their brains were freshly
dissected and fixed in 4% PFA at 4°C for 1 day. After washing with PBS,
fixed samples were dehydrated with 30% sucrose in PBS at 4°C for 1 day,
then soaked in coagulating solution (1.5% agar + 5% sucrose), and
subjected to cryo-section at 30-um thickness. Slides were dried overnight.
Fluorescent immunostaining on section samples was performed
as previously described (55). Samples were incubated sequentially
with (i) blocking buffer [5% fetal bovine serum (FBS) in PBS] at
room temperature for 1 hour, (ii) primary antibodies (1:400 dilu-
tion in blocking buffer) at room temperature for 1 hour, and (iii)
secondary antibodies (1:400 dilution in blocking buffer) at room
temperature for 1 hour. Primary antibodies used in this study are
rabbit anti-DsRed antibody (632496, Clontech), goat anti-GFP
antibody (ab6658, Abcam), and rabbit anti-Lcpl antibody (56).
Secondary antibodies used in this study are Alexa Fluor 555 anti-
rabbit antibody (A31572, Invitrogen) and Alexa Fluor 488 anti-goat
antibody (A11055, Invitrogen). Section samples were sealed with
cover slides and imaged using a Leica SP8 confocal microscope.
Fluorescent in situ hybridization and immunostaining
Antisense digoxigenin-labeled RNA probes of ccl34b.1 were
synthesized in vitro. WISH (whole-mount in situ hybridization)
was performed following a previous study (57). Adult brains were
mounted in 3% agarose and cut into thick slices using a blade. Embryos
were anesthetized on ice. All samples were then fixed in 4% PFA and
permeabilized with 100% methanol. After rehydration, samples were
furthered permeabilized using proteinase K (P8107S, New England
Biolabs; 1:2000 dilution in PBS), refixed with 4% PFA, and prehy-
bridized in hybridization buffer [50% formamide, 1 M citric acid,
0.1% Tween 20, heparin (50 pg/ml), transfer RNA (500 pug/ml), and
5x SSC (saline-sodium citrate)]. Samples were then changed to the
hybridization buffer containing RNA probe (0.5 to 1 ng/ul) and in-
cubated at 67°C overnight. The next day, samples were applied to a
series of stringent washing using different concentrations of SSC
buffer, incubated in the blocking buffer at room temperature for
1 hour, and then with anti-digoxigenin-horseradish peroxidase
(11207733910, Roche; 1:2000 dilution in blocking buffer). After washing
with PBS, samples were stained with TSA (tyramide signal amplifi-
cation) Plus Cyanine 3 System (NEL744001KT, PerkinElmer).
After confirming the fluorescent signal, samples were processed
to subsequent immunostaining. Samples were incubated in block-
ing buffer for 1 hour, primary antibody (1:400 dilution in blocking
buffer) for overnight, PBS multiples times, and secondary antibody
(1:400 dilution in blocking buffer) for overnight. Primary antibodies
used in this study are rabbit anti-DsRed antibody (632496, Clontech),
goat anti-GFP antibody (ab6658, Abcam), and rabbit anti-Lcp] anti-
body (56). Secondary antibodies used in this study are Alexa Fluor 555
anti-rabbit antibody (A31572, Invitrogen) and Alexa Fluor 488 anti-
goat antibody (A11055, Invitrogen). Fluorescent images were cap-
tured using a Leica SP8 confocal microscope.
Infrared-mediated temporal-spatial resolution cell labeling
Experiments were performed according to the previous report (26).
A 1345-nm infrared (IR) laser was focused on specific regions of
embryos, which were anesthetized with 0.01% Tricaine (A5040,
Sigma-Aldrich) and mounted in methylcellulose. The RBI and the
AGM region of zebrafish embryos were heat-shocked at 230 mW in
three positions or a single position with 30 s per hit. The heat-
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shocked embryos were incubated with 5 uM (Z)-4-hydroxytamoxifen
(H7904, Sigma-Aldrich) for 24 hours and then changed back into
fresh egg water and raised to the desired stage.

Isolation of microglia by FACS

Briefly, TgBAC(ccl34b.1:eGFP) Tg(mpegl:DsRedx) fish were anes-
thetized on ice, and brains were freshly dissected and homogenized
with needle and syringe in ice-cold PBS. After a brief wash and cen-
trifugation, the homogenates were resuspended in 0.25% trypsin-
EDTA (T4049, Sigma-Aldrich) and incubated at 30°C for 20 to
30 min. After termination of the reaction with 10 uM CacCl, and
10% FBS, samples were centrifuged and washed with ice-cold 1%
bovine serum albumin/PBS buffer, and lastly pushed through a
Falcon 40-um Cell Strainer (352340, BD Falcon) to obtain single-
cell suspensions. ccl34b.1"mpegl™ and ccl34b.1 mpegl™ microglia
(100 cells for each sample) were directly sorted into lysis buffer
(0.2% Triton X-100 solution) in a FACSAria III sorter (BD Biosciences)
based on the eGFP and DsRedx fluorescence.

cDNA preparation and bulk RNA-seq

The Smart-seq2 protocol was used for whole-transcriptome ampli-
fication and library preparation (58, 59). Cell lysates were hybridized
together with oligo(dT) primer and deoxynucleotide triphosphate
(U1515, Promega) at 72°C for 3 min and then added with reverse
transcription mix containing SuperScript II Reverse Transcriptase
(18064014, Invitrogen) and a template-switching oligo. After reverse
transcription, first-strand reaction products were PCR-amplified
using KAPA HiFi HotStart ReadyMix (KK2602, KAPA) with 24 PCR
cycles and purified using Ampure XP beads (A63881, Beckman
Coulter) with a magnetic stand. cDNA quality was assessed using
the Agilent Fragment Analyzer System.

Sequencing libraries were prepared using the TruePrep DNA Library
Prep Kit V2 for Illumina (TD503, Vazyme) following the instruc-
tions (0.5 ng of cDNA input). After tagmentation, samples were
amplified with the TruePrep Index Kit V2 for Illumina (TD202,
Vazyme; 12 cycles) and purified with the Ampure XP beads
(A63881, Beckman Coulter). Library quality was assessed using the
Agilent Fragment Analyzer System. For the samples from the WT
fish in result 3, NextSeq sequencing was performed to an average
depth of 2.2 x 107 raw reads per sample. Samples from the E. coli
injection experiments in result 5 were sent to Novogene for Illumina
Hiseq X Ten 150-bp paired-end sequencing with an average depth
of 4.2 x 10° raw reads per sample.

Bioinformatic analysis of bulk sequencing

Reads were aligned to the GRCz11.94 (danRer11) zebrafish reference
genome using STAR. Aligned reads were converted to counts for
each gene using featureCounts. Quality control, filtering of lowly
expressed genes, normalization, transformation, and DE gene analysis,
was performed using the pipeline of the DESeq2 package. The counts
were processed through a variance stabilizing transformation pro-
cedure in the DESeq2 package to obtain transformed values and based
on which PCA was performed. Pairwise comparisons were performed
using the DESeq2 package, with a cutoff of adjusted P < 0.05, |fold-
change| > 2. Heatmaps with hierarchical clustering were made using
the heatmap.2 package with the transformed values in which the
expression of each gene was scaled across all samples (z-scored).
GO term enrichment analysis was performed with the GO molecular
functions sources and the GO biological processes sources in the
Metascape website (60). Enriched terms (P < 0.01, a minimum count
of 3, and an enrichment factor of >1.5) were grouped into clusters
based on their membership similarities and visualized in a network
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plot using Cytoscape in which node color indicates P value, node
size indicates membership size, and the connecting edges indicates
their membership similarities.

Acute brain slice culture, time-lapse imaging, and cell tracing
Fish were anesthetized on ice, and their brains were freshly dissected
and mounted in 3% low-melting agarose in PBS. After the agarose
solidified, the agarose blocks were sectioned using a Leica VT1200 S
vibrating blade microtome (thickness, 200 um; speed, 0.08; vibration,
0.5). Slices were immediately collected into ice-cold PBS and sub-
sequently transferred into a Millicell culture insert (PICM01250,
Millipore) in a glass-bottom imaging dish with 300 pl of Leibovitz’s
L-15 medium (11415064, Gibco) containing 10% FBS and imaged
on a Leica SP8 confocal microscope with a 28°C thermal chamber.
Time-lapse imaging was carried out with a time interval of 1 to 2 min.
The imaging file was processed with Image] software, and cell tracking
analysis was performed using the MTrack] plugin.

Phagocytosis assay

For the phagocytosis assay in the acute brain slice culture, brain slices
were prepared as previously described and incubated with pHrodo
Red E. coli BioParticles Conjugate for Phagocytosis (0.25 mg/ml;
P35361, Invitrogen) or pHrodo Green E. coli BioParticles Conjugate
for Phagocytosis (P35366, Invitrogen) in the Leibovitz’s L-15 medium
(11415064, Gibco) containing 10% FBS.

For the phagocytosis assay in cell suspensions, microglia suspen-
sions were prepared as previously described and incubated with
pHrodo Red E. coli BioParticles Conjugate for Phagocytosis (0.8 mg/ml;
P35361, Invitrogen) in the Leibovitz’s L-15 medium (11415064, Gibco)
containing 10% FBS for 1 hour at 30°C. After incubation, cell sus-
pensions were analyzed in a FACSAria III sorter (BD Biosciences).
Cerebroventricular microinjection of E. coli into the brain
The cerebroventricular microinjection was performed according to a
previous report (61). Briefly, fish were anesthetized with 0.01% Tricaine
(A5040, Sigma-Aldrich), and incisions were made on the skull using
a 27-gauge needle. A glass capillary was then inserted into the inci-
sion, and around 8 nl of PBS or E. coli (optical density at 600 nm = 1 in
PBS), together with Alexa Fluor 647 Hydrazide (A20502, Invitrogen),
was injected into the brain. The fluorescence of Alexa Fluor 647 in the
brain was monitored to confirm the injection was successful. Fish were
then raised to the desired stages.

RNA extraction, cDNA synthesis, and RT-PCR

Fish were anesthetized on ice, and brains were freshly dissected and
homogenized in Buffer RLT (RNeasy Mini Kit) with needles and
syringes. The RNA was extracted by an RNeasy Mini Kit (74104,
QIAGEN) and reverse-transcribed with SuperScript IV VILO Master
Mix (11756050, Invitrogen). Real-time PCR was performed to ex-
amine the transcripts corresponding to the coding region of cxcl11.1,
cxcll1.3, cxcll1.5, cxcll1.6, cxcll1.7, and Ick. Primers for reverse tran-
scription PCR (RT-PCR) are listed as follows: cxcl11.1,5-TCGAAAGT-
GGTTTAGGGTGG-3’ (forward) and 5'-ATGTCCACAGGATG-
GACTTG-3' (reverse); cxcl11.5,5-ATTACGGCTTCAAACAGTCA-3’
(forward) and 5'-CCACAAGATGGACTTGGATG-3’ (reverse);
cxcll1.3/6/7, 5 -CTGAAAAACGGTGCAGGACA-3’ (forward) and
5-AAGGCAGTCGGTGCTGATGT-3’ (reverse); Ick, 5'-GAACAG-
CATGGAGACAGAACC-3' (forward) and 5'-CATCAAGCACTA-
CAGGATCCG-3’ (reverse).

Quantification and statistical analysis

Statistical parameters including the exact value of # are reported in
the figures and figure legends. All values represent means with SD.
Statistical significance is shown as follows: ns, P>0.05; *P < 0.05;
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*¥*P < 0.001; and ****P < 0.0001. All statistical analyses were per-
formed using GraphPad Prism version 8. Unpaired Student’s ¢ tests
were used to calculate the P value for pairwise comparisons. For
multiple comparisons, significances were calculated using two-way
analysis of variance (ANOVA), followed by Sidak’s multiple com-
parisons test or Tukey’s multiple comparisons test. Two-tailed P values
are used for all ¢ tests.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/47/eabd1160/DC1
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