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Identification of a Conserved and Acute
Neurodegeneration-Specific Microglial
Transcriptome in the Zebrafish

Nynke Oosterhof,’ Inge R. Holtman,?" Laura E. Kuil," Herma C. van der Linde,’
Erik W.G.M. Boddeke,? Bart J.L. Eggen,? and Tjakko J. van Ham'

Microglia are brain resident macrophages important for brain development, connectivity, homeostasis and disease. However,
it is still largely unclear how microglia functions and their identity are regulated at the molecular level. Although recent tran-
scriptomic studies have identified genes specifically expressed in microglia, the function of most of these genes in microglia is
still unknown. Here, we performed RNA sequencing on microglia acutely isolated from healthy and neurodegenerative zebra-
fish brains. We found that a large fraction of the mouse microglial signature is conserved in the zebrafish, corroborating the
use of zebrafish to help understand microglial genetics in mammals in addition to studying basic microglia biology. Second,
our transcriptome analysis of microglia following neuronal ablation suggested primarily a proliferative response of microglia,
which we confirmed by immunohistochemistry and in vivo imaging. Together with the recent improvements in genome edit-
ing technology in zebrafish, these data offer opportunities to facilitate functional genetic research on microglia in vivo in the
healthy as well as in the diseased brain.
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Introduction homeostasis and contribute to disease are still unclear. Recent-

ly, genome wide gene expression analyses of acutely isolated

M icroglia are the resident macrophages of the central ner-
vous system that serve important physiological functions
related to neuronal plasticity and connectivity (Davalos et al.,
2005; Li et al., 2012; Nimmerjahn, Kirchhoff, and Helm-
chen, 2005; Schafer et al., 2012; Stevens et al., 2007; Trem-
blay, Lowery, and Majewska, 2010). In addition, they play an
important role in many neurodegenerative diseases, as scav-
engers of pathogens, debris and dead cells, and as regulators
of immune responses (Hanisch and Kettenmann, 2007; Palo-
neva et al., 2002; Prinz et al., 2011). Moreover, several genet-
ic neurological diseases have been found to be caused by
microglial defects (Prinz and Priller, 2014). Nonetheless, the
exact mechanisms by which microglia regulate brain

microglia from mouse brains have revealed many of the genes
and pathways that distinguish microglia from other brain and
immune cell types (Butovsky et al., 2014; Chiu et al., 2013;
Hickman et al., 2013; Matcovitch-Natan et al., 2016; Zhang
et al., 2014). However, the role and significance of many of
these genes for microglial function remains to be elucidated.
Microglial identity is induced by interplay of their develop-
mental ontogeny and their position in the heterogeneous
brain tissue, and therefore functional analysis of microglia in
healthy and diseased brain is best addressed 77 vivo (Gosselin
et al., 2014; Lavin et al., 2014; Sica and Mantovani, 2012;
Xue et al., 2014).
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Zebrafish share high similarity in embryonic develop-
ment, cell biology and genetics with mammals and they are
transparent at larval stages, which makes them highly suitable
for non-invasive imaging in vivo (Howe et al., 2013; Ooster-
hof, Boddeke, and van Ham, 2015; Vacaru et al., 2014).
Analogous to mammalian microglia development, the first
zebrafish microglia develop from a subset of early macro-
phages in the rostral blood island on the embryonic yolk sac
that migrate into the brain (Ginhoux et al., 2010; Gomez
Perdiguero et al., 2015; Herbomel, Thisse, and Thisse, 2001;
Kierdorf et al., 2013; Matcovitch-Natan et al.,, 2016; Xu
et al., 2015). Functions described 77 vivo for zebrafish micro-
glia include the clearance of dead brain cells and debris, the
detection and removal of invading pathogens and regulation
of neuronal activity (Herbomel, Thisse, and Thisse, 2001; Li
et al,, 2012; Peri and Nusslein-Volhard, 2008; van Ham,
Kokel, and Peterson, 2012). Phenotype driven genetic screens
for microglial defects in zebrafish have already yielded new
insight in microglial biology (Meireles et al., 2014; Shen,
Sidik, and Talbot, 2016). Advances made in genome editing
technology in zebrafish have now made it possible to perform
reverse genetic screens in zebrafish (Burger et al., 2016; Hru-
scha et al., 2013; Hwang et al., 2013; Schmid and Haass,
2013; Shah et al., 2015). Therefore, the zebrafish appears to
be an excellent model to further elucidate in vivo microglia
gene function in development and in a disease context in a
systematic manner by using reverse genetics.

However, as only a handful of zebrafish microglial genes
are currently known, it is unknown how zebrafish microglia
compare with mammalian microglia at the gene expression lev-
el (Herbomel, Thisse, and Thisse, 2001; Rossi et al., 2015;
Shiau et al., 2013, 2015; Xu et al., 2016). To identify genome-
wide gene expression in microglia we optimized acute isolation
of microglia from zebrafish brains by FACS and used RNA
sequencing to compare their gene expression signature to the
expression profile of other brain cells. Here, we identified the
zebrafish microglia transcriptome, including many orthologs of
mammalian microglia-specific genes, indicating conservation of
microglia gene expression across vertebrate classes. In addition,
we applied RNA sequencing to study how microglia respond to
induced neuronal cell death, and identified that neuronal death
induces extensive local proliferation of microglia. These find-
ings will facilitate investigating the genetics of microglial biolo-
gy and their role in disease.

Materials and Methods
Animals

For all experiments in adult fish we used neuronal nitroreductase
(NTR)-mCherry expressing zebrafish incrossed with mpegl-GFP
transgenic zebrafish as described previously that were kept on a

14 h/10 h light—dark cycle at 28°C (van Ham et al., 2014). They

January 2017

Oosterhof et al.: The Zebrafish Microglia Transcriptome

were fed brine shrimp twice a day. During experiments animals were
kept in system water under standard water quality parameters. For in
vivo imaging we used 6 dpf larvae expressing neuronal NTR-
mCherry in addition to expression of mpegl- or apoeb-driven GFP
expression. Animal experiments were approved by the Animal Exper-
imentation Committee of the Erasmus MC, Rotterdam and

UMCG, Groningen.

Acute Isolation Microglia

For microglial isolation 3-month-old neuro-NTR/mpegl-GFP zebra-
fish were euthanized in ice water according to animal welfare regula-
tions. The heads were severed behind the gills, followed by removal of
the gills, lower jaw and eyes using a watchmaker’s forceps. The brains
(5 per sample) were taken out of the skull after removal of the skull
base and collected in ice cold PBS. Subsequently, the brains were cut
using scalpels followed by dissociation in 0.25% trypsin-0.1% EDTA
in PBS for approximately 2 h at 4°C, while re-suspending regularly.
Upon complete dissociation of the brain, trypsin was inactivated by
adding 1/6 volume of a 6 mM CaCl, solution in PBS. The cell sus-
pension was run through a 70 um cell strainer and collected in a 22%
Percoll solution (Schaafsma et al., 2015). Ice cold PBS was placed on
top of the cell suspension while avoiding mixing of the layers, followed
by centrifugation at 1,000 rcf at 4°C for 45 min. The remaining cell
pellet was re-suspended in suspension solution (high-glucose DMEM
without phenol red, 0.8 mM CaCl,, 1% v/v Penicillin/Streptomycin).
The suspension was transferred to FACS tubes with 35 pm cell strainer
caps, immediately followed by FACS sorting using a MoFlo Astrios
cell sorter (Beckman Coulter, Fullerton, USA). DAPI was added to
label and exclude dead cells.

RNA Extraction and Library Synthesis

Total RNA extraction was performed using the Qiagen miRNeasy
kit according to the manufacturer’s instructions (Qiagen, Hilden,
Germany) and RNA sample quality was determined using on an
Agilent Bioanalyzer 2100 total RNA 6000 Pico series chip (Agilent,
Santa Clara, USA). Subsequently, cDNA libraries were created using
the SMARTer Ultwra Low Input RNA Kit for Sequencing — v3
(Clontech, Mountain View, USA). Illumina RNAseq libraries were
prepared from cDNA using the Illumina TruSeqTM RNA Sample
Prep Kit v2 according to the manufacturer’s instructions (Illumina,
Inc., San Diego, USA). In all libraries 50 nucleotide single-end reads
(SR50) were sequenced on an Illumina HiSeq2500 sequencer
according to the manufacturer’s protocol, obtaining 10-20 million
reads per sample library. Image analysis and base calling were done
using the Illumina pipeline. Reads were aligned to the zebrafish
genome (GRCz10) using TopHat (version 2.0.5) (Li et al., 2009).
The resulting files were filtered using SAMtools (version 0.1.18) to
exclude secondary alignment of reads.

Bioinformatics

The aligned and filtered data was quantified with the Bioconductor
package Genomic Ranges (Lawrence et al., 2013). Differential gene
expression analysis was performed with Bioconductor package EdgeR
(Robinson, McCarthy, and Smyth, 2010). The differentally
expressed gene lists were functionally annotated using Qiagen’s
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Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood City, www.
giagen.com/ingenuity). Data were inspected using MultiDimensional
Scaling (MDS) plots, Principal Component Analysis (PCA), and
inter-sample correlation plots. The neuronal ablation-associated
microglia, 24 h and 48 h after treatment, had very similar transcrip-
tional profiles and were grouped together as neuronal ablation-
associated microglia. The RNA-seq data is available via GEO (www.
ncbi.geo, accession number: GSE86921) and via the Glia Open
Access Database (www.goad.education) (Holtman et al., 2015a). The
Biomart Bioconductor Package was used to annotate the genes, and
to identify mouse orthologs. Heatmaps were generated with heat-
map.2 of Bioconductor package Gplots (Warnes et al., 2009). The
zebrafish microglia expression profile was compared with recently
reported pure mouse microglia expression profiles (Butovsky et al.,
2014; Hickman et al., 2013; Zhang et al., 2014). With the Biomart
Bioconductor tool, mouse orthologs, with their corresponding gene
symbols, were identified for all zebrafish genes. This gene symbol list
was intersected with the gene symbol list of genes expressed in
mouse microglia and only high-confidence orthologs were selected.
For several mouse genes, multiple zebrafish high-confidence ortho-

logs were identified.

Neuronal Cell Ablation

For neuronal ablation neuro-NTR transgenic zebrafish were used as
described previously (van Ham et al., 2014). 3-Month-old zebrafish
were placed in system water containing either 0.47% DMSO (con-
trol) or 5 mM MTZ for 48 h or 0.46% DMSO for 24 h followed
by 5 mM MTZ for 24 h. The medium was refreshed after 24 h of
treatment. Fish were kept under 14 h light/10 h dark cycles in a
temperature controlled incubator (28°C). Fish were fed brine shrimp
twice a day during the 48 h treatment. All experiments were per-

formed according to the animal welfare regulations.

Immunofluorescence Staining

Immunohistochemistry was performed as described (van Ham et al.,
2014; van Ham, Kokel, and Peterson, 2012). Briefly, fish were eutha-
nized in ice water, followed by fixation of the brain inside the skull in
4% PFA at 4°C. Subsequently, the brains were carefully removed from
the skulls and dehydrated with a 25%, 50%, 75%, 100% MeOH series
and stored at —20°C for at least 12 h. After rehydration, brains were
embedded in 4% w/v low melting point agarose in PBS and cut into
80 pm sections using a Microm HM 650V vibratome (Thermo Scien-
tific, Waltham, USA). Immunostainings on free-floating sections were
performed as described (Adolf et al., 2006). Primary antibodies:
PCNA (1:250, Dako, Glostrup, Denmark), L-plastin (1:1,000). Sec-
ondary antibodies: DyLight Alexa 488 (1:500), DyLight Alexa 647
(1:500). For nuclear staining Hoechst was used. Sections were
mounted in Vectashield mounting medium H1000 (Vector Laborato-
ries, Burlingame, USA).

Combined TUNEL/Antibody Staining in Whole
Mount Brain

For TUNEL staining the Click-iT TUNEL Alexa Fluor 647 Kit
(Invitrogen, Carlsbad, USA) was used. Fish were euthanized in ice
water, followed by fixation of the brain inside the skull in 4% PFA
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at 4°C. Subsequently, the brains were carefully removed from the
skulls and incubated in 11 pg/ml Proteinase K in PBST (PBS contain-
ing 0.2% Triton X-100) at room temperature for 40 min. Then the
brains were incubated in fixative again (4% PFA) at room temperature
for 20 min. After washing with PBST the brains were incubated in the
reaction buffer at room temperature for 30 min, followed by overnight
incubation in the reaction cocktail at room temperature, according to
the manufacturer’s instructions. After washing with 3% w/v BSA in
PBST the brains were incubated in the Click-iT reaction cocktail at
room temperature for 3 h, followed by washing with 3% BSA in
PBST. Then the brains were incubated in PBST containing 1% v/v
DMSO and 1% BSA at room temperature for 2 h. The brains were
incubated with primary antibody (L-plastin, gift from Yi Feng, Univer-
sity of Edinburgh, 1:500) in 5% BSA in PBST at 4°C for 72 h. Subse-
quently, brains were incubated overnight at 4°C with fluorescently
labeled secondary antibody (DyLight Alexa 488 1:250) and Hoechst in
PBST containing 2% BSA. Brains were sections as described and sec-

tions were mounted in Vectashield mounting medium.

Imaging and Quantification

Mounted sections were imaged on a LSM 700 Zeiss confocal system
using a 20x dry objective (PlanApo, NA = 0.8) using 405, 488, 555
and 633 laser lines. Confocal z-stack images were acquired. Images
were processed with Zen 2012 (Zeiss, Oberkochen, Germany) and
Image]/FIJI software. Quantifications were performed on 3 individu-
al 4.0 X 10~* mm® volumes within the olfactory bulb in 3 animals.
These volumes were chosen in the central areas of the olfactory bulb
that contained a similar density of Hoechst-positive nuclei across all
imaged brain slices. Average numbers of three individual volumes
per fish were quantified. Student’s #tests were carried out on the
averages of measurements in at least 3 individual animals (z=3 or

n = 4) were used to determine P-values.

Intravital Imaging

Intravital imaging in zebrafish brains was largely performed as previ-
ously described (van Ham et al., 2014). Briefly, zebrafish larvae were
mounted in 1.8% low melting point agarose containing 0.016% MS-
222 as sedative and anesthetic in HEPES-buffered E3. The imaging
dish containing the embedded larva was filled with HEPES-buffered
E3 containing 0.016% MS-222. Imaging was performed using an Lcl
Plan-Neofluar 63X/1.3 lens on the Zeiss LSM780 system. For two-
photon excitation of red (mCherry) and green (GFP) fluorophores the
laser (Coherent, Santa Clara, CA) was tuned to ~990 nm.

Results

Acute Isolation and RNA Sequencing of Zebrafish
Microglia

To identify microglial gene expression in zebrafish, we per-
formed RNA sequencing on acutely isolated adult zebrafish
microglia. To label microglia, we used transgenic mpegl-GFP
zebrafish expressing GFP specifically in cells of the macro-
phage lineage, including microglia (Ellett et al., 2011; Svahn
et al., 2013). Approximately 100,000 GFP™ cells were isolat-
ed from 5 pooled zebrafish brains, using fluorescence
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FIGURE 1: Sequencing of the zebrafish microglia transcriptome. (A) Schematic representation of acute isolation of zebrafish microglia
from mpeg1-promoter driven GFP transgenic zebrafish (mpeg1-GFP). (B) FACS plot showing isolated populations for RNAseq in zebra-
fish microglia (green) and other brain cells (blue). (C) Differential gene expression (Volcano plot) showing genes significantly higher
expressed in microglia (green) and other brain cells (blue). FDR <0.01, LogFC>|2|, n=3. (D) Heatmap showing Z-score values of all
genes differentially expressed between microglia and other brain cells (6511 genes) (FDR <0.01, LogFC>|2|). (E, F) Expression values
(CPM) for known microglial, neuronal, radial glial and oligodendrocyte genes in GFP* (microglia) and GFP~ (brain) cells. Values in (E)
and (F) represent means of three independent experiments; Error bars in (E,F) represent standard deviation. FDR, False discovery rate;
CPM, counts per million.
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activated cell sorting (FACS) (Fig. 1A and B, Supporting
Information Fig. S1A). The GFP™ cellular fraction, represent-
ing neurons and other glial cells, was used to determine
genome wide gene expression in non-microglial brain cells.
RNA sequencing was carried out on 3 biological replicates.
Principal component analysis based on the expression profile
showed that the GFP" and GFP~ samples formed separate
distant clusters (Supporting Information Fig. S1B), indicating
highly distinctive gene expression patterns.

To confirm that isolated 7peg-GFP" cells are microglia
and express previously identified zebrafish microglial genes, we
investigated differentially expressed genes in the isolated GFP™
cell fraction. We identified a total of 6,511 differentially
expressed genes (FDR <0.01, LogFC > |2|) of which 2,411
genes showed significantly higher expression in the GFP™ frac-
tion (Fig. 1C and D, Supporting Information Table S1). These
2,411 genes included mpegl, on which FACS sorting was based,
and other genes previously described in zebrafish microglia
including apoeb, csfria, spila, slc7a7 and irf8 (Fig. 1E, Support-
ing Information Table S1) (Herbomel, Thisse, and Thisse,
2001; Rossi et al., 2015; Shiau et al., 2015; Svahn et al., 2013).
In contrast, genes mostly expressed in neurons (snap25a, neu-
rodI), oligodendrocytes (plpla, mag) and radial glia (slkcla2b,
s100b) were significantly higher expressed in the GFP™ neuro-
nal and glia fraction (Fig. 1F). Altogether, we identified previ-
ously known, and many novel, zebrafish microglia genes in the
isolated 72pegl-GFP™ microglia population.

Functional Conservation of Microglia

To determine whether zebrafish microglia express typical verte-
brate macrophage genes and genes related to immune function,
we investigated the differentially expressed genes in more detail.
Mpyeloid transcription factors that are essential for macrophage
identity and immune function such as /18, Pu. 1, Mafb, Cebp/a,
and Jun showed high expression in zebrafish microglia and were
hardly detectable in other brain cells (Supporting Information
Table S1). Moreover, Ingenuity Pathway Analysis (IPA) revealed
that genes with a significantly higher expression in microglia
compared with other brain cells are mainly associated with
immune responses, including production of reactive oxygen
species (ROS) in macrophages and monocytes, NF-kB and
interleukin signaling (Fig. 2A). Zebrafish microglia also showed
high expression of several Toll like receptors (TLRs) (e.g., #lr1,
tlr7, tlr21), chemokine receptors (CR) (e.g., excr5, ccrla,
ccr9a), purinergic receptors (PR) (e.g., p2rx3a, p2rx7, p2ryl2)
and components of the mhc class II complex (e.g., cd/4a,
cd74b, mhc2dab), that were also hardly detectable in other brain
cells (Fig. 2B, Supporting Information Table S1). Last, we
found high microglia-specific expression of components of the
complement system, including C1q homologs Clga and Clgb,
components of the complement receptor 3 (CR3) complex,
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and progranulin, all of which have been shown to be involved
in synaptic pruning in mice (Hong et al., 2016; Lui et al.,
2016). Taken together, zebrafish microglia express many of the
transcriptional regulators, immune and pathogen recognition
receptor repertoire and pruning-associated genes found in
mammals, indicating that zebrafish microglia show similar

functionality as found in mammals.

Identification of a Conserved Zebrafish Microglia
Gene Expression Signature
To investigate to what extent the microglial gene expression

profile is conserved between zebrafish and mammals, we com-
pared the zebrafish dataset to several previously published
mouse microglia transcriptomes (Butovsky et al., 2014; Hick-
man et al., 2013; Zhang et al., 2014). Zhang et al., (2014) used
RNA sequencing and identified 500 significantly enriched
genes in mouse microglia compared with other cell types in the
brain, including neurons, astrocytes and oligodendrocytes. For
these genes we found 361 annotated zebrafish orthologs, of
which 163 orthologs showed significantly higher expression in
adult zebrafish microglia (e.g., c1gb, cd68) compared with other
brain cells (FDR <0.01, logFC > 2) (Fig. 3A and B, Support-
ing Information Table S2). A second study applied direct RNA
sequencing on mouse microglia and reported 100 genes encod-
ing mainly cell surface molecules with significantly higher
expression in microglia compared with whole brain (Hickman
et al., 2013). Comparison with zebrafish microglial genes
expression showed that out of 66 identified zebrafish orthologs,
42 orthologs (e.g., slco2b1 and gpr84) are significantly higher
expressed in the zebrafish microglia transcriptome (FDR
<0.01, logFC>2) (Fig. 2A and B, Supporting Information
Table S2). In a third study, Butovsky et al. (2014) performed
quantitative mass spectrometry and gene expression profiling
on isolated microglia and showed 106 genes with significantly
higher expression in microglia than in whole brain samples. We
found 101 zebrafish orthologs of which 44 are significantly
higher expressed in zebrafish microglia compared with other
brain cells, including c¢mklrl and entpdl (FDR <0.01,
logFC > 2) (Fig. 3A and B, Supporting Information Table S2).
Taken together, we identified at least 213 mouse genes for
which microglia-specific expression is conserved in the zebrafish
(Fig. 3C). In all, a large fraction of the mouse microglia-specific
gene expression signature is conserved in the zebrafish, sugges-
ting evolutionary conservation of processes regulated by these

genes across vertebrates from fish to mammals.

RNAseq Reveals Proliferation As an Acute
Transcriptional Microglia Response to Neuronal
Cell Death

Microglia are involved in many age-related neurodegenerative
diseases and there is a widely held view that the microglia

Volume 65, No. 1



-Log(p-value)
5 1I 0

Tec Kinase signaling

B cell receptor signaling
Production of NO and ROS
IL-8 Signaling

NF-kB signaling

Fcg Receptor mediated
phagocytosis in m¢

IL-6 signaling

C
2400 - Il Microglia
I Brain
1800
=
o
© 1200
600
0_
2 0 & 2
d‘(\ G\O\ r]'((\' 0\0\
e
W ?
B\

Oosterhof et al.: The Zebrafish Microglia Transcriptome

tir3

tir19

tir2

tir9

tir21

tir7

tir

tir22
p2rx3a
p2rx3b
p2rx7
p2ry12
cxcrS
ccri2a
ccl38.1
cxcrdb
ccr9a
cxcl20
ccréa
cxcl11.5
ccl34b.8
cxcl11.6
ccl39.3
cxcl11
cxcl19
cd74a
cd74b
mhc2dab
ciita

122

il21
clgb
clga
c5ar1

TLR

PR

Chemokine sianalina

IL

CP

Brain Microglia

FIGURE 2: Conserved microglia functions in the zebrafish. (A) Ingenuity pathway analysis (IPA) canonical pathways most significantly
enriched in zebrafish microglia. (B) Heatmap showing expression Z-scores of immune genes significantly higher expressed in microglia
than other brain cells (FDR <0.01 and logFC >1). (C) CPM values of zebrafish orthologs of genes involved in synaptic pruning in microglia
and brain samples. Values in (C) represent mean of three independent experiments; Error bars in (C) represent standard deviation. TLR,
Toll-like receptors; PR, purinergic receptors; AP, antigen presentation; IL, interleukins + interleukin receptors; CP, complement.

state can influence disease outcome. Therefore, transcriptome
studies on microglia acquired from mouse models including
amyotrophic lateral sclerosis (ALS) and aging have been car-
ried out to identify disease and aging specific signatures. Pro-
cesses that were identified to be differendally regulated,
although highly dependent on the nature of the model or
insult, involve inflammation, phagocytosis, lysosomal process-
ing, priming, and the inflaimmasome (Chiu et al., 2013;
Hickman et al., 2013).

As virtually all neurodegenerative diseases show extensive
degeneration and death of neurons, we wanted to study the
microglial transcriptional response specifically to acute degen-
eration of neurons by conditional neuronal ablation (van
Ham et al.,, 2014; van Ham, Kokel, and Peterson, 2012).
This could allow us to isolate the microglial processes mostly
affected by neuronal cell death iz vivo. We have shown previ-
ously that addition of the ligand metronidazole (MTZ) to
zebrafish larvae expressing a nitroreductase (NTR)-mCherry
(neuro-NTR) fusion protein mainly in neurons of the
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olfactory bulb effectively kills only the transgene expressing
cells. Neuronal ablation in zebrafish is accompanied by an
increase in number of highly phagocytic microglia, character-
ized by an amoeboid morphology (Kuipers et al., 2016).

To determine whether NTR-mediated neuronal ablation
can be used in adult zebrafish to induce neuronal cell death
accompanied by microglia activation, we performed immuno-
fluorescence (microglia) and TUNEL (apoptotic cells) label-
ing in brains of adult Neuro-NTR expressing zebrafish after
treatment with MTZ. MTZ-treated animals showed high
numbers of TUNEL" cells (314.8 *44.1) in the olfactory
bulb, whereas TUNEL" cells were rarely observed in
DMSO-treated controls (0.6 £ 0.7) (Fig. 4A), showing that
NTR-mediated neuronal ablation induces extensive neuronal
cell death in the olfactory bulb of adult zebrafish. In addition,
the olfactory bulbs of MTZ-treated animals showed abundant
amoeboid microglia, with a significant increase in microglia
numbers (DMSO: 7.8 £2.0; MTZ: 44.8 =3.1) (Fig. 4A).

The NTR-mCherry fusion transgene in neurons allowed us
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FIGURE 3: Conserved microglia gene expression in the zebrafish. (A) Volcano plot showing expression of zebrafish orthologs of genes
found to be enriched in microglia compared with Zhang et al. (2014), Butovsky et al. (2014), and Hickman et al. (2013), respectively. All
zebrafish genes are shown in grey. Differentially expressed orthologs (FDR <0.01, LogFC>|2|) are shown in green (microglia) or blue
(other brain cells). (B) Expression values (CPM) of orthologs for genes found by one or more of the above mentioned studies. (C) Venn
diagram showing overlap of microglia-specific orthologs of genes found in three transcriptomic studies (Butovsky et al., 2014; Hickman
et al., 2013; Zhang et al., 2014). Values in (B) represent means of three independent experiments; Error bars in (B) represent standard

deviation.

to track the fate of ablated neurons because of persisting
mCherry fluorescence, even after engulfment by microglia
(van Ham et al., 2014; van Ham, Kokel, and Peterson,
2012). This revealed accumulation of ablated neurons in
microglia of MTZ-treated zebrafish, showing that the induc-
tion of neuronal cell death causes microglia to become highly
phagocytic (Fig. 4A, Supporting Information Fig. S2A).
These data show that our non-invasive NTR/MTZ-mediated
conditional neuronal ablation is an effective strategy to induce
neuronal cell death and subsequent microglia activation in
adult zebrafish.

To compare genome-wide transcriptional —changes
accompanying microglial activation upon induced neuronal
death, we performed RNA sequencing on isolated GFP*
microglia from Neuro-NTR expressing zebrafish undergoing
conditional neuronal ablation for 24 or 48 h (Fig. 4B). Prin-
cipal component analysis (PCA) and differential gene expres-
sion analysis of the transcriptome revealed that the expression
profiles of microglia 24 or 48 h after neuronal ablation are
very similar and showed only 2 differentially expressed genes
(FDR <0.01, LogFC>|2|) (Supporting Information Fig.
S1B, data not shown). Therefore, subsequent analysis was
performed on pooled data from 24 and 48 h treated animals,
2 biological replicates each, to increase the statistical power.

Differential gene expression analysis of microglia gene
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expression in fish undergoing conditional neuronal ablation
and in control animals revealed 367 differentially expressed
genes (FDR <0.01, LogFC > |2|) of which 125 genes showed
increased expression upon NTR-mediated ablation (Fig. 4C
and D, Supporting Information Table S3). IPA analysis
revealed that the upregulated genes upon neuronal death are
mostly associated with cell cycle control and DNA replication
(Fig. 4E). Interestingly, increased expression of genes previ-
ously identified in disease models involved in processes such
as phagocytosis and inflammation did not show significantly
increased expression (Supporting Information Fig. S2B, data
not shown). This suggests that the microglial signature upon
detection of extensive neuronal cell death is characterized pri-
marily by upregulation of genes involved in molecular pro-
cesses related to proliferation.

Microglia Proliferate upon the Induction of
Neuronal Death

Proliferation of microglia could explain the increase in num-
bers we observed upon conditional neuronal ablation. Howev-
er, the expression markers we used to isolate and label
microglia, mpegl and Iplastin, do not distinguish microglia
from potentially infiltrating macrophages (Ellett et al., 2011).
Therefore, we aimed to address whether infiltration of periph-
eral monocytes and/or macrophages could explain part of the
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observed increase in microglia numbers and proliferation. macrophages were infiltrating in large numbers this would
From mouse studies it is known that infiltrating macrophages have been detectable as an increased expression of these genes.
express high levels of genes encoding MHC class II compo- However, differential gene expression analysis did not show
nents, CD45, CD40 and CD44 (Mildner et al., 2009; Vain- increased expression of orthologs for these genes and even

chtein et al, 2014). We reasoned that if peripheral showed a significantly reduced expression of MHC class 1I
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molecules (e.g., mhc2dab). Similarly, a large contribution of
infiltrating macrophages would likely yield a dilution of
microglia, which would be reflected by a decrease in the
expression of microglial specific genes. We could not detect a
reduction in expression of microglial specific genes. There-
fore, these findings suggest that there is no major contribu-
tion of macrophages from the periphery (Supporting
Information Fig. S3).

To investigate whether the increased expression of cell
cycle genes is indeed followed by increased proliferation of
microglia, we performed immunofluorescence staining for
PCNA (dividing cells) after the induction of neuronal abla-
tion. This revealed a significant increase in the number of
PCNA* microglia (DMSO: 3.3 £2.7; MTZ: 17.8 £8.5) as
well as increase in the PCNA" microglia fraction (DMSO:
0.4 £0.2; MTZ: 0.7 = 0.02) in the olfactory bulbs of MTZ-
treated animals compared with DMSO-treated controls (Fig.
5A). We conclude that proliferation of microglia is an acute
response to extensive neuronal death.

To study in vivo whether microglia proliferate locally,
we performed long-term intravital imaging in transgenic
zebrafish expressing apoeb-driven GFP after neuronal ablation.
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Transgenic zebrafish larvae expressing GFP under the apoeb
promoter, show high GFP expression in microglia, but not in
peripheral macrophages (Peri and Nusslein-Volhard, 2008;
van Ham et al.,, 2014). We observed occasional mitosis of
phagocytic microglia, showing that microglia proliferate local-
ly upon induced neuronal cell death (Fig. 5B, Supporting
Information Movie S1).Taken together, our transcriptomic,
immunohistochemistry and in vivo imaging data indicate that
neuronal death induces an immediate proliferative response of
microglia apparent at the transcriptional as well as cellular

level.

Discussion

Zebrafish are highly suitable for in vivo microscopic imaging
and because of recent advances in genome editing could be
an ideal model organism for functional genetic studies of
microglia development and function. In this study we used
RNA sequencing to map the zebrafish microglia transcrip-
tome, which should aid in elucidating basic microglia biology.
We found that, many of the genes expressed in mouse micro-
glia are also expressed in microglia in the zebrafish. In addi-
tion, by using RNA sequencing on microglia in the first
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stages following neuronal cell death, we showed that prolifera-
tion is a very first, and major transcriptional response of
microglia to dying neurons. As several neurological diseases
are caused by genetic defects of microglia for which the path-
ogenic mechanisms are currently unknown, it is important to
better understand how microglia development and function
are regulated genetically. Our gene expression datasets will be
a useful tool to facilitate the elucidation of microglia genetic
mechanisms relevant to brain development, aging and disease.

The majority of mouse genes for which we could not
find homologs encode chemokines, chemokine receptors and
genes involved in adaptive immunity (data not shown). It is
thought that in general in fish species innate immunity is
highly evolved, which may compensate for a less sophisticated
adaptive immune system when compared with mammals
(Lieschke and Trede, 2009). In addition, as chemokines and
their receptors are amongst the most rapidly evolving gene
clusters, it is difficult to compare them across species (DeV-
ries et al., 2006; Nomiyama et al., 2003, 2008). Therefore it
is not surprising to find non-overlapping gene expression in
these particular processes between zebrafish and mouse. How-
ever, the differences in species specific microglial gene expres-
sion between fish and mammals will be interesting to analyze
as this may reveal genetic mechanisms underlying potential
microglial adaptations to increasing brain complexity.

The specific identity and gene expression signature,
which microglia adopt in the brain, is controlled by environ-
mental factors in conjunction with developmental ontogeny
(Gosselin et al., 2014; Lavin et al., 2014). Recently, it has
been shown in mice that TGFf is a main driver of microglia-
specific gene expression (Butovsky et al., 2014). Interestingly,
upstream regulator prediction analysis on our zebrafish micro-
glia gene expression data, predicted TGFb1 to be one of the
main upstream regulators (Supporting Information Table S4).
This indicates that beyond transcriptome similarities also the
upstream regulation shows important similarities across spe-
cies, and zebrafish may serve as a powerful model system to
address the steps involved in acquiring the unique microglial
identity.

Nitroreductase-mediated ablation allowed us to distin-
guish the very first microglial response specifically to dying
brain cells. We did not find increased expression of classes
identified in previous studies on microglia gene-expression in
mouse models for chronic neurodegenerative diseases. Instead
we identified extensive proliferation of microglia as a primary
response to induced neuronal death, apparent at both the
transcriptional and cellular level. One explanation for this dif-
ference could be that previous microglial gene expression
studies were performed in models that show a more chronic,
gradually developing neurodegenerative process, whereas we
observed microglia immediately following neuronal cell death
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(Chiu et al., 2013; Holtman et al., 2015b). This is corrobo-
rated by microglia labeling at 24 h after treatment which
already shows an increase in proliferative gene expression,
when they have not all adopted an amoeboid morphology yet
or increased in numbers (data not shown). Another possible
explanation is that neurodegenerative diseases are associated
with a combination of disease-related cues including mis-
folded proteins and/or dying neurons causing altered immu-
nological activity of microglia. In contrast, NTR-mediated
ablation causes a very clean insult consisting only of pro-
grammed cell death in the absence of other factors (Davison
et al., 2007; van Ham, Kokel, and Peterson, 2012).

It is clear from several studies including the current that
microglia express many genes involved in pathogen recogni-
tion, phagocytosis and lysosomal processing of phagocytic car-
go (Butovsky et al., 2014; Chiu et al., 2013; Hickman et al.,
2013; Zhang et al., 2014). Therefore, it may not be surpris-
ing that the first upregulated genes are not related to these
basic microglia functions. Instead, microglia appear to prepare
to counter an immense phagocytic task by locally increasing
their numbers by self-renewal as previously described in a
mouse model for amyotrophic lateral sclerosis (Ajami et al.,
2007). Although it is as yet unclear whether and when micro-
glial proliferation is beneficial or detrimental in disease, it
would be interesting to identify the cues that drive prolifera-
tion under these circumstances. In fact, strategies to manipu-
late microglia production are currently under investigation as
potential treatments for patients suffering from neurodegener-
ative disease (Olmos-Alonso et al., 2016).

In conclusion, with recent advances in scalable genome
editing, we anticipate that our study will prove an important
guide for functional genetic dissection of microglia activity
and behavior, critical to understanding the role of microglia
in physiology and brain disease. Our data provide novel
insight into the microglial response to dying neurons iz vivo
and, together with the identified zebrafish microglia transcrip-
tome, may accelerate the pace of elucidating molecular mech-
anisms involved in basic microglia function in vivo relevant

to brain homeostasis.
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