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ABSTRACT: During early development of the cen-

tral nervous system (CNS), a subset of yolk-sac derived

myeloid cells populate the brain and provide the seed for

the microglial cell population, which will self-renew

throughout life. As development progresses, individual

microglial cells transition from a phagocytic amoeboid

state through a transitional morphing phase into the ses-

sile, ramified, and normally nonphagocytic microglia

observed in the adult CNS under healthy conditions. The

molecular drivers of this tissue-specific maturation pro-

file are not known. However, a survey of tissue resident

macrophages identified miR-124 to be expressed in

microglia. In this study, we used transgenic zebrafish to

overexpress miR-124 in the mpeg1 expressing yolk-sac-

derived myeloid cells that seed the microglia. In addition,

a systemic sponge designed to neutralize the effects of

miR-124 was used to assess microglial development in a

miR-124 loss-of-function environment. Following the

induction of miR-124 overexpression, microglial motility

and phagocytosis of apoptotic cells were significantly

reduced. miR-124 overexpression in microglia resulted in

the accumulation of residual apoptotic cell bodies in the

optic tectum, which could not be achieved by miR-124

overexpression in differentiated neurons. Conversely,

expression of the miR-124 sponge caused an increase in

the motility of microglia and transiently rescued motility

and phagocytosis functions when activated simultane-

ously with miR-124 overexpression. This study provides in

vivo evidence that miR-124 activity has a key role in the

development of functionally mature microglia. VC 2015
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INTRODUCTION

The development of yolk-sac derived primitive mye-

loid cells precedes the onset of hematopoietic mono-

cyte differentiation and a subset of the former

migrate to become the self-sustaining microglial pop-

ulation (Ginhoux et al., 2010; Kierdorf et al., 2013;

Hoeffel et al., 2015). In zebrafish, the first stages of

transition from yolk-sac derived primitive macro-

phages toward the mature microglial phenotype

involve repeated conversions (“morphing”) between

amoeboid motile microglia and highly branched ses-

sile microglia (Svahn et al., 2013). The molecular
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definition of these different forms of microglia and

how they are controlled genetically are outstanding

questions.

MicroRNAs (miRNAs) are �22nt small-RNA

molecules that act as well-conserved post-transcrip-

tional regulators (Bartel, 2009). miRNAs regulate a

multitude of pathways as evidenced by conserved

miRNA binding sequences in a large proportion

(>60%) of mammalian mRNAs (Friedman et al.,

2009). miR-124 is highly expressed in the nervous

system, constituting 25%–48% of CNS miRNAs

(Lagos-Quintana et al., 2002) and has been identified

in a wide range of invertebrates (Isik et al., 2010) and

vertebrates (Lim et al., 2003), including mammals

(Lagos-Quintana et al., 2002).

In the neuronal lineage, miR-124 is a suppressor of

antineural identity signaling that helps drive neural

progenitors toward a stable neuronal fate (Makeyev

et al., 2007; Visvanathan et al., 2007). Shortly after a

neural stem cell (NSC) commences commitment

toward the neural progenitor pathway, miR-124
expression is induced and is necessary for the transi-

tion to a rapidly proliferating progenitor cell

(Åkerblom et al., 2012). Once NSCs are committed

to the neuronal lineage, miR-124 continues to sup-

press the progenitor identity factors laminin-c and

integrinb1 (Cao et al., 2007) to promote neurite out-

growth (Yu et al., 2008) and to support maturation

and survival as in the case of dentate gyrus granule

neurons and retinal cones by suppressing Lhx2

(Sanuki et al., 2011).

In the myeloid lineage, miR-124 expression is now

recognized as a transcriptomic marker that distin-

guishes microglia from systemic macrophages in

homeostasis. Expression of miR-124 has been identi-

fied in F4/801, CD11b1 CNS resident microglia and

when expressed in bone marrow derived macro-

phages mediates downregulation of pathological

response markers (MHCII, CD45, CD86, F4/80,

CD11b, TNFa, iNOS) via binding to a target site in

transcription factor C/EBPa mRNA and in turn

downregulating PU.1 (Spi1) (Ponomarev et al.,

2011). Further, preclinical administration of miR-124

has been found to alter the progression of experimen-

tal autoimmune encephalomyelitis (EAE), signifi-

cantly ameliorating the pathological response of the

microglia, preventing leukocyte infiltration, mitigat-

ing inflammatory lesions, and preventing the onset of

disease symptoms.

The stimulation of normal resident ramified micro-

glia to become full-blown macrophages in a graded

manner (functional plasticity of microglia) is typi-

cally associated with pathology and can result in

impaired functioning of the CNS (Graeber, 2010).

During zebrafish development, microglia undergo a

transition from an early highly motile amoeboid form

with phagocytic functions to a sessile, exquisitely

branched state (Svahn et al., 2013). To investigate

miR-124 as a possible mechanism involved in this

microglial transition, we used transgenic overexpres-

sion of miR-124 and expression of an mRNA decoy

(Ebert et al., 2007; Ebert and Sharp, 2010), or

sponge, that neutralizes miR-124 activity to investi-

gate the influence of miR-124 on microglial behavior

during early CNS development.

MATERIALS AND METHODS

Zebrafish Care

Zebrafish (Danio rerio) were maintained under standard

conditions (Westerfield, 2000). Experimental protocols

were approved by the University of Sydney Animal Ethics

Committee. Transgenic lines were generated by injection

of Tol2 flanked constructs and transposase. Larvae were

raised in E3 medium at 288C on a 14:10 light:dark cycle.

The age of the larvae used in the study precludes sex

determination.

mir-124 and miR-218 Overexpression
Constructs

Synthetic dre-pri-miR124-1 was amplified from Zebrafish

DNA (primers: forward, 50- CTGCTTCGAGAGAGA

GATTCAAGTC-30; reverse: 50-GTCCAATCAACGGT-

TAACTTCA-30). PCR product was introduced in

pDONR221 gateway compatible clone via BP clonase reac-

tion. Synthetic dre-pri-miR124-1 was then inserted in 107-

UAS-YFPs-Gtwy-clmc2CHERRY via LR clonase reaction.

107-UAS-YFPs-Gtwy-cmlc2CHERRY is a modified ver-

sion of pBH-UAS-YFP-Gtwy from Michael L. Nonet’s lab-

oratory, in which the YFP’s stop codon was restored.

107-UAS-YFPs-miR124-cmlc2CHERRY was injected

in one-cell stage wild type embryos. Embryos were sorted

based on mCherry expression in the heart, and 50 animals

were raised to adult stage. F0 founders were identified via

outcross with wild type, based on fluorescent expression in

the heart of resulting embryos.

hsa-miR-218-2 was isolated from human DNA and

developed into a transgenic line by the above method (pri-

mers: forward, 50-CAAAGGATGC AGATACAGAGGG-

30; Reverse, 50-CGTCAGAGAGAG GACAGGAG-30).

Anti-miR124 Sponge (SP124) Construct

To express the sponge on a ubiquitous promotor,

bactin:mCherry:10xSP124 was generated. We performed a

LR reaction with the following multisite-gateway-

compatible clones: 299 (p5E-bactin), 386 (pME-mCherry),

homemade p3E-10xSP124 and destination clone 394
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pDestTol2pA2. Homemade p3E-10xSP124 contains 10x

anti-miR124 sponge sequences that were synthesized by

Biobasic (https://store.biobasic.com/gene-synthesis/).

bactin:mCherry:10xSP124 was injected into one-cell

stage wild type zebrafish embryos. Fifty animals expressing

mCherry were sorted and raised to adult stage. Adults were

outcrossed with wild type to identify F0 founders that pro-

duced embryos with strong red fluorescent expression, indi-

cating a strong expression of anti-miR124 sponges.

Imaging

Larvae were embedded in 1% low melting point agarose as

detailed in Svahn et al. (2013). Confocal imaging was car-

ried out on a Zeiss LSM 710. Lasers used were 488 nm and

561 nm. The objectives used were Zeiss W Plan-

Apochromat 20x and 40x water immersion objectives.

Time lapses were captured in 7.5 minute intervals over a

3-hour period.

Image Analysis

Processing of images was conducted in ImageJ. Cell motil-

ity was carried out by tracking with the Manual Tracker

plugin (created by F. Cordelières, http://rsbweb.nih.gov/ij/

plugins/track/track.html). Phagocytic profile was obtained

by visually inspecting the time lapse for each cell included

and identifying the number of instances of phagocytosis.

Uncontacted apoptotic cell identification was carried out by

marking a 50 3 50 3 50 lm3 cube in the optic tectal region

of the brightfield stack channel and counting opaque, irreg-

ularly shaped cells within the region. In previous work,

there was a 1:1 correlation between these cells in brightfield

and AnnexinV bound apoptotic cells. Cells currently inside

microglial cells or with a microglial process physically

opposed were considered to have entered the phagocytosis

pathway.

Blinded Development and Survival Assay

At 24 hpf larvae were visually inspected, and two groups of

25 larvae from each transgene were distributed into coded

petridishes (transgene name obscured) and raised as normal

in E3 medium. Larvae were fed paramecia from 5 days

post fertilization (dpf) as standard. An experimenter not

involved in the collection or coding of the larvae then con-

ducted visual inspections at 2, 3, 4, 5 and 13dpf as well as

touch response testing at 3 and 4dpf. A successful touch

response consisted of a motor response during a maximum

of five light touches with a 0.16 mm syringe tip on the ante-

rior dorsal portion of the head.

Statistical Analysis

Analysis was conducted in R. Bootstrap; resampling con-

sisted of 10,000 resamples. 95% confidence intervals and

p-values are reported (Altman and Bland, 2011).

RESULTS

Transgenic miR-124 Overexpression and
Knockdown by a miR-124 Sponge

To overexpress miR-124 in macrophages and micro-

glia, we used a construct containing the dre-pri-miR-
124-1 sequence (miRBase accession: MI0001966) of

zebrafish under the control of the mpeg1 promoter

(Ellett et al., 2011; Svahn et al., 2013). Figure 1(A)

illustrates the structure of pre-miR-124 and the align-

ment of Zebrafish pre-miR-124 copies 1-6 with

mouse and human pre-miR-124 copies 1-3, showing

the high level of conservation for this pre-miRNA.

A miR-124 sponge was constructed using an

mRNA sequence containing a repeated miR-124 tar-

get sequence (SP124, see methods). As illustrated in

Figure 1(B), the sponge was designed with a short

mismatch, or “bulged” sequence, that prevents com-

plete binding, thus increasing stability and efficiency;

incomplete binding weakly induces the mRNA

breakdown cascade and further reduces the activity

of the miR-124-RISC complex (Ebert et al., 2007;

Otaegi et al., 2012). miR-124 is a highly expressed

neuronal miRNA, and microglia may take up exoge-

nous miRNA as a consequence of phagocytosis and

pinocytosis (Chen et al., 2015) or exosome transfer

(Valadi et al., 2007; Lachenal et al., 2011; Chen

et al., 2012). Therefore, a ubiquitous promoter

(bactin) was chosen for sponge expression in this

study. On this background, a direct mpeg1 promoter

driving eGFP expression was used to visualize

microglia.

Represented in Figure 1(C), dre-pri-miR-124-1 and

YFP were driven by a UAS promoter which is acti-

vated by the Gal4 transcription factor in the Gal4-

UAS transgenic system (Scott, 2009). The sponge

construct consisted of an mCherry sequence followed

by a 10x repeat of the miR124 sponge driven by a

bactin promoter. Transgenic larvae carrying the

UAS:YFP-dre-pri-miR-124-1 construct were crossed

into an mpeg1:Gal4 transgenic line driving expres-

sion in macrophages and microglia. A control in

which miR-124 was expressed in postmitotic neurons

was generated by crossing an elavl3-driven Gal4 acti-

vator line (HuC:Gal4) (Paquet et al., 2009) with the

UAS:YFP-dre-miR-124-1 overexpression line. A fur-

ther control in which miR-218 was overexpressed in

place of miR-124 was generated as above with a UAS

driven hsa-miR-218-2 (miRBase accession:

MI0000295).

To validate the activity and specificity of the

sponge for miR-124 and the successful processing

and activity of the artificial miR-124, we coinjected
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Figure 1 miR-124 structure and transgene architecture. A: Alignments (ClustalW) of the pri-miR-124 from zebrafish, mouse,

and human. The coloured regions in pink and blue represent the left and right arms of the pre-miRNA, with the yellow repre-

senting the hairpin region. B: The sponge sequence (upper strand) binding domain of the mature miRNA-124 sequence (lower

strand). C: The architecture of the overexpression (upper) and sponge (lower) transgenes. The overexpression transgene con-

tains the UAS promoter driving the YFP sequence and the dre-miR-124-1 sequence in the forward direction and a cmlc2 pro-

moter driving mCherry expression in the reverse direction. The sponge transgene contains a ubiquitous promoter (bactin)

promoter driving mCherry and a 10x repeat of the above sponge sequence in the forward direction. D: Validation of synthetic

miR124 and anti-miR124 sponge (SP124) transgenic expression/activity. Transgenic animals bactin:mCherry:SP124, which

ubiquitously express mCherry protein fused to 10x SP124 repeats (Fig. 1B,1C), were injected with two plasmids simultane-

ously (i) 503UNC:Gal4 that expresses Gal4 specifically in muscle cells and (ii) UAS:YFP-miR124 that expresses YFP fluores-

cent protein fused to synthetic miR124 (Fig. 1C). Muscle-specific expression of synthetic miR124 induced by 503UNC:Gal4

can be tracked by the presence of YFP (processed in green in the present pictures), and correlated with downregulation of

mCherry fluorescence intensity, confirming efficient activity of both sponges and synthetic miR124.
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503UNC:Gal4 (variegated expression of Gal4 in

muscle cells) and UAS:YFP-miR124 in the

bactin:mCherry-SP124 transgenic line (SP124). We

targeted muscle cells as they do not express endoge-

nous miR-124. Muscle cells expressing YFP-miR124
appear as darkened regions on the ubiquitous

mCherry-SP124 background, as miR-124 binding to

mCherry-SP124 mRNA inhibited mCherry transla-

tion [Fig. 1(D)].

A rescue model was obtained by crossing the

above lines (mpeg1:Gal4; UAS:YFP-dre-miR-124-1
and bactin:mCherry-SP124) with the end result being

an mpeg1 specific overexpression of miR-124 on a

ubiquitous miR-124 loss-of-function background.

Control fish for microglia baseline measurements

were from the mpeg1:mCherry-CAAX transgenic

line. The microglia of the optic tectum were targeted

for analysis (Fig. 2).

miR-124 Overexpression Induces Early
Low Motility in Developing Microglia

Time-lapse sequences were taken for each of the four

transgenic lines: control (mpeg1:mCherry-CAAX),

miR-124 overexpression (mpeg1:Gal4, UAS:YFP-

dre-miR-124-1), miR-124 sponge (bactin:mCherry-

SP124, mpeg1:eGFP), and rescue (mpeg1:Gal4,

UAS:YFP-dre-mir-124-1, bactin:mCherry-SP124).

Each larva was imaged for 3 hours at time steps of

7.5 minutes and motility was measured as distance

(lm) travelled over the time lapse period.

During normal development, primitive macro-

phage invasion of the CNS commences at �35 hpf

(Herbomel et al., 2001), and we have shown that tran-

sition to a low motility (lM) profile occurs at �120

hpf (5dpf) (Svahn et al., 2013). This was replicated

for the mpeg1:mCherry-CAAX control in this study

[Fig. 3(A)]. A Kruskal-Wallis ANOVA indicated a

significant difference between samples (H 5 75.34,

df 5 4, p 5 1.7 3 10215) and bootstrap resampling

indicated that the 3-4dpf and 5-7dpf periods were sig-

nificantly different from one another but not different

within periods. The motility dynamics of early micro-

glia from our previous work were recapitulated in

this study.

miR-124 overexpressing microglia showed a pre-

cocious low-motility phenotype from 3 and 4dpf

[Fig. 3(B)], which was significantly lower than con-

trol (3dpf, p 5 1.04 3 1024; 4dpf, p 5 1.08 3

10213). Motility at 5, 6 and 7dpf remained low and

stable, not significantly different from control (5dpf,

p 5 0.22; 6dpf, p 5 0.67; 7dpf, p 5 0.94). From these

results, it appears that primitive macrophages

expressing excess miR-124 are induced to transition

to the lM profile rapidly after entry into the CNS,

from at least 72 hpf.

miR-124 Knockdown Induces Elevated
Microglial Motility and Restores the
Motility Progression in a Rescue Model

With ubiquitous expression of the miR-124 sponge,

microglia motility increased and showed greater fluc-

tuation over the imaging period [Fig. 3(C), Support-

ing Information video 1]. At 3dpf motility was

significantly higher than control (p 5 3.4 3 10211).

At 4dpf motility was equal to control (p 5 0.23). At

5dpf the step down did occur but was smaller in mag-

nitude and motility remained significantly higher

than control at 5 and 6dpf (5dpf, p 5 0.04; 6dpf,

p 5 1.3 3 1024). At 7dpf the motility was not signifi-

cantly different from control (p50.24). Thus,

although knockdown of miR-124 resulted in elevated

motility and a delay to the lM profile in microglia, it

did not keep the cells in this state permanently.

In the rescue, miR-124 was overexpressed in

microglia in the presence of the miR-124 sponge. The

motility profile was restored and the stepdown at

5dpf reinstated [Fig. 3(D)]. At 3 and 4dpf, motility of

microglia in the rescue was significantly lower than

miR-124 sponge alone (p 5 4.05 3 10218, p 5 0.02)

and significantly higher than miR-124 overexpression

alone (p 5 9 3 1023, p 5 1.8 3 1027) [Fig. 3(E)]. At

3dpf microglia motility in the rescue was skewed

lower than control and was significantly different at

3dpf but not 4dpf (p 5 0.03, p 5 0.12). The step

down was recovered at 5dpf and motility was not sig-

nificantly different from control at 5, 6 and 7dpf,

(5dpf, p 5 0.77; 6dpf, p 5 0.1; 7dpf, p 5 0.16).

In contrast to miR-124 overexpression, a miR-124
sponge delayed the transition to a lM profile. Given

the specificity of the sponge to miR-124, the rein-

statement of a normal development profile when both

constructs were expressed in opposition indicates that

the early lM profile induced by miR-124 overexpres-

sion is likely to be an outcome of miR-124 activity.

To determine if the effect on motility was accom-

panied by an alteration in process formation and

retraction, we conducted an analysis of the stability

of processes in which we recorded for each cell the

maximum duration processes existed during the

imaging period. In our previous study this metric

increased during development, just as the time

increased that microglia spent in the ramified mor-

phology. In this analysis it was found that miR-124

modulation had no significant effect on this process

(data not shown).
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Microglial miR-124 Overexpression
Induces Apoptotic Cell Build-Up

Previous analysis of microglial developmental pro-

gression in the optic tectum showed a prominent apo-

ptotic cell clearance behavior. It was rare to observe

an apoptotic cell that was not already in the process

of being phagocytosed (Peri and N€usslein-Volhard,

2008; Svahn et al., 2013) [Fig. 4(A)]. In the current

study, examination of brightfield images revealed

that the optic tectum in the majority of miR-124 over-

expressing larvae contained large numbers of apopto-

tic cells that had not entered the microglial

phagocytic pathway [Fig. 4(B), a full stack of the tec-

tum is shown in Supporting Information Fig. 2]. Apo-

ptotic cells were counted in a 50 3 50 3 50 lm3

cube of each tectal hemisphere. The control larvae in

this study replicated the previous observation of low

numbers of uncontacted apoptotic cells (mean 5 1.19,

CI: 0.59–1.8) with 34 of 46 hemispheres having a

count of 0 or 1. Similarly, ubiquitous miR-124 sponge

expression showed a low number of uncontacted apo-

ptotic cells (mean 5 0.65, CI: 0.33–0.97) with 36 of

40 hemispheres recording a count of 0 or 1. The num-

ber of uncontacted apoptotic cells was high for both

miR-124 overexpression (mean 5 18.06, CI: 12.8–

23.32) and the rescue (mean 5 8.76, CI: 5.97–11.55).

The difference between the miR-124 overexpression

and the rescue was significant (p 5 0.02). As the phe-

notype was 60% penetrant in this study, we analyzed

Figure 2 Examples of transgene expression. A: mpeg1:mCherry-CAAX that induced mCherry expression in microglia of the

optic tectum. B: mpeg1:Gal4, UAS:YFP-dre-miR-124-1 in microglia of the optic tectum. C: mpeg1:Gal4, UAS:YFP-dre-miR-
124-1 (miR-124 expression in microglia) on a ubiquitous mCherry and miR-124 sponge expression background. Note,

bactin:mCherry-SP124, mpeg1:eGFP (miR-124 sponge) is identical to this expression with eGFP in place of the YFP-dre-
miR-124-1. D: mpeg1:mCherry-CAAX expressing mCherry in microglia of the optic tectum with elavl3 driven YFP-dre-miR-
124-1. No clear morphology differences were observed between the transgenic models. Subparts (A) and (B) are maximum

intensity projections of the fluorophore channel overlaid on a single slice in the bright field channel at 5 and 6dpf, (C) is a

maximum intensity projection of the YFP channel (representing the microglial dre-miR-124-1 and YFP expression) overlaid

on a single slice from the mCherry channel (representing bactin driven mCherry and sponge expression) at 5dpf, and (D) is a

maximum intensity projection of the microglial mCherry expression and the elavl3 driven dre-miR-124-1 and YFP expression

at 6dpf. Scale 5 50lm.
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separately larvae in which the number of uncontacted

apoptotic cells in at least one hemisphere was �10.

Within these specimens, the phenotype in miR-124
overexpression alone was significantly more severe

than when miR-124 overexpression was opposed by

the miR-124 sponge [Fig. 4(C)] (CIs: miR-124 overex-

pression, 38-70; rescue, 26–39; p 5 0.015).

miR-124 is an important miRNA for neuronal

development (Makeyev et al., 2007). In addition,

miRNAs bound in exosomes may be secreted into the

extracellular space and transferred between cells

(Valadi et al., 2007; Lachenal et al., 2011; Chen

et al., 2012). To determine whether excess miR-124
in neurons alone was sufficient to induce the pheno-

type, we carried out imaging with elavl3:Gal4;

UAS:YFP-dre-miR-124-1; mpeg1:mCherry-CAAX

larvae. In these larvae the number of apoptotic cells

did not differ from control (mean51.5, CI: 0.05–

2.94) with 14 of 18 hemispheres showing 0 or 1

uncontacted apoptotic cells.

In summary, a phenotype of apoptotic cell build-

up occurred in the majority of larvae overexpressing

miR-124. Of note, over the imaging period no corre-

lation between age and uncontacted apoptotic cell

number was observed. This may indicate that an

equilibrium point between apoptosis and

Figure 3 Motility of microglia, measured as distance

moved in 3 hours, in the optic tectum during the 3 to 7dpf

period. A: mpeg1:mCherry-CAAX motility. Control micro-

glia had a median motility of 59.89 lm and 50.82 lm on 3

and 4dpf (CIs: 47.44–74.76 lm; 42.5–58.18 lm). Median

motility was 17.87lm, 17.34lm and 18.91lm at 5, 6 and

7dpf (CIs: 9.69-28.71lm; 12–22.94 lm; 10.68–26.83 lm).

Significant differences were found between the 3–4 and

5–7dpf periods, but not within the periods (3–5 dpf, p 5 8

3 1027; 3–6 dpf, p 5 8.4 3 1029; 3–7 dpf, p 5 2.6 3

1027; 4–5 dpf, p 5 8 3 1027; 4–6 dpf, p 5 1.5 3 1026; 4–7

dpf, p 5 3 3 1028; 3–4 dpf, p 5 0.18; 5–6 dpf, p 5 0.76;

5–7 dpf, p 5 0.96; 6–7 dpf, p 5 0.81). B: mpeg1:Gal4,

UAS:YFP-dre-miR-12421 motility. mir-124 overexpress-

ing microglia had a median motility of 22.56 lm and 13.25

lm at 3 and 4 dpf respectively (CIs: 11.84–33 lm; 6.91–

17.29 lm) and 27.34 lm, 16.07 lm, and 18.94 lm at 5, 6

and 7 dpf, respectively (CIs: 19.3–34.12 lm; 3.09–22.03

lm; 13.01–23.91 lm). C: bactin:mCherry-SP124, mpe-
g1:eGFP motility. Microglia on the miR-124 sponge back-

ground had median motility of 139.27 lm and 58.16 lm at

3 and 4 dpf, respectively (CIs: 122.16–158.9 lm; 47.28–

70.32 lm) and 32.11 lm, 48.11 lm, and 26.57 lm at 5, 6,

and 7 dpf, respectively (CIs: 23.79–40.21 lm; 32.73–59.59

lm; 15.8–38.3 lm). D: Rescue (mpeg1:Gal4, UAS:YFP-

dre-miR-124-1; bactin:mCherry-SP124) motility. Microglia

motility in the rescue was 42.72 lm and 41.1 lm at 3 and 4

dpf, respectively, (CIs: 32.17–52.75 lm; 31.43–49.93 lm)

and 16.32 lm, 29.96 lm, and 10.05 lm at 5, 6 and 7 dpf

respectively (CIs: 9.5–24.94 lm; 16.57–40.33 lm; 5.84–

17.28 lm). Kruskal-Wallis ANOVA supported a significant

difference between days (H 5 48.04, df 5 4, p 5 9.26 3

10210). E: Combined motility results.
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phagocytosis may exist as higher numbers of apopto-

tic cells could be caused by increased induction of

apoptosis or reduced clearance of apoptotic cells;

however either of these would be expected to cause a

gradually worsening phenotype.

miR-124 Reduces the Clearance Rate of
Apoptotic Cells by Microglia During
Development

In our previous analysis the number of cells phagocy-

tosed over the imaging period remained constant

over the 3–9dpf period. This was replicated for con-

trol larvae in the current study at 6.39 cells/3hrs and

one-way ANOVA indicated no significant difference

between days (F(4,149)51.41, p 5 0.23) [Fig. 4(D)].

miR-124 overexpression significantly reduced the

clearance rate of apoptotic cells to 3.23 (p< 1 3

10210). The miR-124 sponge alone did not induce a

significant change in the phagocytic profile

(p 5 0.12). The rescue induced a partial recovery to

3.87, which was higher than the miR-124 overexpres-

sion (p 5 2 3 1024) and lower than the control

(p 5 3.6 3 1025).

Taken together, it appears that the presence of ele-

vated levels of miRNA-124 in microglia resulted in a

Figure 4 Successful microglial scavenging versus left over apoptotic cells. A: Representative region of the optic tectum of

an mpeg1:mCherry-CAAX larva at 5dpf. The arrow indicates an apoptotic cell which stands out from the cell layer back-

ground, the magenta coloured signal is a microglial process engulfing the cell. B: A representative region of the optic tectum

of an mpeg1:Gal4, UAS:YFP-dre-miR-124-1 larvae at 5dpf. Many free-lying apoptotic cells are present on top of the cell

layer, the yellow signal is a microglial process in contact with a dead cell. CB, cerebellum, CL, cell layer, Np, neuropil.

Scale 5 10 lm. C: Residual apoptotic cell body counts for the miR-124 overexpression and rescue in larvae when �10

occurred in one or both tectal hemispheres. D: Phagocytic profile of microglia in the optic tectum over the 3-7dpf period. Con-

trol microglia, CI: 6.08–6.7; miR-124 overexpressing, CI: 3.01–3.45; miR-124 sponge, CI: 5.7–6.37; rescue, CI: 3.62-4.13.
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low phagocytosis (lP) profile which reduces the clear-

ance capacity of microglia during development.

Survival and Microglia Development
Controls Indicate miR-124 Activity is
Specific

Overexpression of any miRNA may result in a gener-

alized nonspecific miRNA depletion, as the over-

abundant pri/pre-miRNA monopolises the miRNA

processing machinery. A proxy for this phenomenon

can be found in dicer-/- zebrafish mutants, wherein

processing of all pre-miRNAs to mature miRNAs is

abolished. A maternal zygotic dicer-/- mutant

(Giraldez et al., 2005) displayed a failure of the pro-

grams for formation of the neural tube from the neu-

ral rod and for formation of the ventricles and the

folding of the neural tissue into distinct boundaries.

Central nervous system axis formation was pre-

served, while the morphological program was

severely disrupted. A number of axonal projections

were noted to be misrouted and misplaced sensory

neurons were observed, indicating that cell specifica-

tion and patterning of neuronal networks was also

disrupted. A simple and well characterized touch-

response reflex (Pietri et al., 2009) was significantly

attenuated. For the miR-124 overexpression and the

miR-124 sponge a 2-week survival and touch

response period was carried out. The miR-124 over-

expression and miR-124 sponge larvae developed

without any morphological abnormalities above

background level (n 5 50 for each transgene and each

control) and touch response was normal for both

transgenes.

As a control for a general miRNA depletion under-

lying the motility, apoptosis and phagocytosis results

of this study; miR-218 was overexpressed in place of

miR-124. miR-218 is predominantly expressed in

motor neurons (Punnamoottil et al., 2015) and is not

currently known to bind any prominent targets

expressed in microglia. mpeg1:Gal4, UAS:YFP-hsa-
miR-218-2 larvae did not differ from control in motil-

ity (CIs: 3dpf, 45–58.46 lm, p 5 0.29; 4dpf, 44.93–

58.49, p 5 0.82; 5dpf, 8.56–34.73, p 5 0.78; 6dpf,

12.03–21.43, p 5 0.85), uncontacted apoptotic cells

(mean51.1, CI: 0.72–1.48) or phagocytic profile (CI:

4.43–6.34, p 5 0.2) (analysis conducted for 3-6dpf as

7dpf data was not available).

In conclusion, we show here that overexpression of

miR-124 specifically in microglia, but not in neurons,

results in a lM and a lP profile of developing micro-

glia, strongly suggesting that miR-124 has a role dur-

ing the developmental transition of early amoeboid

microglia to mature sessile microglia.

DISCUSSION

Macrophage (mpeg1) targeted miR-124 overexpres-

sion induced an early low motility (lM) and low phag-

ocytosis (lP) profile in microglia resulting in a

reduced clearance rate of apoptotic cells and an

increase in the number of apoptotic cell bodies in the

developing optic tectum. Conversely, a sponge-

mediated knockdown of miR-124 increased the motil-

ity of the microglia and partially rescued the lM and

lP profiles when coexpressed in miR-124 overexpress-

ing animals. Importantly, overexpression of miR-124
in postmitotic neurons alone was not sufficient to

induce accumulation of residual apoptotic cells, and

overexpression of an unrelated miRNA (miR-218) in

microglia did not result in their deviation from the

normal microglial developmental profile, indicating

that miR-124 modulation specifically in microglia was

driving the abnormal developmental trajectory.

Ponomarev et al. (2011) conducted RT-PCR profil-

ing to characterize the miRNA profile of macrophages

in different organ niches. After sorting of Cd11b1, F4/

801 macrophages from a subset of tissue specific

phagocyte populations of the mouse, miR-124 was

identified in microglia of the CNS. In contrast, miR-
223 was identified in peripheral macrophages only;

indicating that tissue-specific macrophage populations

may exhibit distinct miRNA profiles.

miR-124 was shown to exert an influence on

microglial and macrophage marker expression by

means of downregulation of C/EBP-a via three con-

served 7-mer binding sites in the CEBPA mRNA

(Ponomarev et al., 2011). We found that the zebrafish

cebpa 3’UTR contains two predicted miR-124 bind-

ing sites (TargetScan 6.2, Grimson et al., 2007).

C/EBP-a is a well-characterized master transcription

factor in myeloid cells (Iwama et al., 1998; Yeamans

et al., 2007) and in microglia, C/EBP-a is associated

with the response to pathological challenges and

development into the full-blown adult macrophage

phenotype (Walton et al., 1998; Nishiyama et al.,

2004; Yeamans et al., 2007; Bristol et al., 2009). One

of the major targets of CEBP-a is PU.1 (encoded by

SPI1/spi1), which is repressed as a consequence of

miR-124 mediated CEBP-a downregulation. PU.1 is

a master regulator of macrophage and microglia fate

determination (Kierdorf et al., 2013), which is associ-

ated with the majority of macrophage lineage enhancer

regions (Ghisletti et al., 2010). It is therefore reasona-

ble to assume that a reduction of PU.1 may lead to a

weakened induction of genes subserving a wide range

of microglial response pathways, essentially dulling the

senses of the microglia. However, the output of any

miR-124 and Microglia Functional Maturity 9
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given microglial pathway under PU.1 suppression

would have to be assessed on a contextual basis (Svahn

et al., 2014) (e.g. development, senescence, glioma).

Recently miR-124 was found to be downregulated

in neurons in a mouse model of frontotemporal

dementia (Gascon et al., 2014). In this case, the effect

of miR-124 downregulation was overexpression of the

AMPA receptor mRNAs of GRIA2, GRIA3 and

GRIA4. Using TargetScan we found conserved miR-
124 binding sites in the 3’UTRs of zebrafish gria2a/b,

gria3a and gria4a/b (Hoppmann et al., 2008). How-

ever, from the results of the current study, it is unlikely

that overexpression of AMPA receptors influenced

microglial motility as neither overexpression of miR-
124 in neurons using the elavl3 promoter, nor expres-

sion of mir-218, which also has conserved binding

sites in gria2a/b and gria4b, had any detectable effect.

Phagocytosis requires sensing, migration, cytoskeletal

rearrangement and lysis. Using TargetScan we could

find no conserved binding sites for miR-124 in a panel

of microglial receptor mRNAs associated with phagocy-

tosis (selected from Kettenmann et al., 2011), including

the Fc receptors identified in microglia (Linnartz and

Neumann, 2012), the purinergic receptors P2X1-7,

P2Y1,2,4,6,12 (Xiang and Burnstock, 2005; Bennett et al.,

2008), TREM1/2 and Dap12 (TYROBP) (Wakselman

et al., 2008). Impaired lysis would be expected to result

in enlarged, rounded and highly vacuolated cell bodies

as phagocytic vesicles accumulate. This was not

observed in the microglia in this study, suggesting a fail-

ure of lysis was not the cause of impaired clearance.

Cytoskeletal rearrangement is vital to successful

phagocytosis. A component of phagocytosis in mac-

rophages, ELMO2 (elmo2) (Gumienny et al., 2001;

Margaron et al., 2013), was predicted to contain a

binding site for mir-124 conserved between humans

and zebrafish. ELMO1 and ELMO2 are the vertebrate

homologs (88% similarity between homologues) of

the ced-12 gene, initially identified as part of the cell

migration and engulfment pathway in C.elegans
(Gumienny et al., 2001). The ELMO protein interacts

with the DOCK180 protein in a Rac activating pathway

and enables cytoskeletal rearrangement. In a zebrafish

elmo1-/- mutant, developing microglia migrated toward

apoptotic cells but were frequently unable to initiate

successful phagocytosis (van Ham et al., 2012).

In addition, a cytoskeletal component, vimentin

(vim), was predicted to contain two conserved targets

for miR-124. In mammals, vimentin is upregulated as

adult microglia become activated in response to patho-

logical challenges (Graeber et al., 1988). The time

course of reactive vimentin protein expression in

microglia activated by peripheral nerve axotomy led

to the hypothesis that it may have a role in the rapid,

highly plastic morphological changes that characterize

dividing, migrating and phagocytic motile microglia.

In microglia cell culture, increased availability of

fibronectin induces a significant reduction in vimentin

phosphorylation and in turn vimentin disassembly

(Chamak and Mallat, 1991) coinciding with transition

of the microglia into ramified cells. Based on the

observations of this study and the predicted, conserved

targets of miR-124 above, we suggest that by post-

transcriptionally inhibiting vimentin or ELMO2, miR-
124 may positively regulate the lM, lP microglial

developmental profile without blocking the capacity of

microglia to become motile, phagocytic cells.

Taken together, we conclude that the mechanisms

by which tissue macrophages acquire regionalized

phenotypes are likely to include miRNAs. Specifi-

cally, we have shown that miR-124 downregulates

cellular motility and phagocytic capacity in develop-

ing microglia, features that are essential for the gen-

eration of the ramified microglia of the adult CNS.

The authors would like to thank Michael L. Nonet for

the gateway plasmid.

REFERENCES
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