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Live Imaging Reveals Differing Roles of Macrophages and
Neutrophils during Zebrafish Tail Fin Regeneration™
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Background: Macrophages and neutrophils are key phagocytes in regeneration.

Results: Neutrophils are the primary phagocytes in the inflammatory stage and are dispensable for zebrafish fin regeneration,
whereas macrophages mainly function in the resolution stage and are required for fin regeneration.

Conclusion: Macrophages and neutrophils behave differently during zebrafish fin injury and regeneration.

Significance: Our study documents that macrophages and neutrophils play distinct functions in tissue regeneration.

Macrophages and neutrophils are the pivotal immune phago-
cytes that enter the wound after tissue injury to remove the cell
debris and invaded microorganisms, which presumably facili-
tate the regrowth of injured tissues. Taking advantage of the
regeneration abilities of zebrafish and the newly generated leu-
kocyte-specific zebrafish lines with labeling of both leukocyte
lineages, we assessed the behaviors and functions of neutrophils
and macrophages during tail fin regeneration. Live imaging
showed that within 6 hours post amputation, the inflammatory
stage, neutrophils were the primary cells scavenging apoptotic
bodies and small cell debris, although they had limited phago-
cytic capacity and quickly underwent apoptosis. From 6 hours
post amputation on, the resolution and regeneration stage,
macrophages became the dominant scavengers, efficiently
resolving inflammation and facilitating tissue remodeling and
regrowth. Ablation of macrophages but not neutrophils severely
impaired the inflammatory resolution and tissue regeneration,
resulting in the formation of large vacuoles in the regenerated
fins. In contrast, removal of neutrophils slightly accelerates the
regrowth of injured fin. Our study documents the differing
behaviors and functions of macrophages and neutrophils during
tissue regeneration.

Successful epimorphic regeneration is essential to restore the
integrity and function of injured organs (1). During this proc-
ess, the immune cells play indispensable protective roles for
removing dead cells, preventing invasion of microorganisms,
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and supporting regrowth of damaged tissues (2). Neutrophils
and macrophages are two major immune system cells that par-
ticipate in this process (3). Neutrophils are the first immune
cells to arrive at the sites of injury, where they mainly fight
against foreign invaders, such as harmful microbes, whereas
macrophages emerge later and are thought to participate not
only in the removal of dead cells and microbes in the wound but
also the remodeling and regeneration of injured tissue (3-9).
Nevertheless, despite extensive studies in the past decades (3),
the in vivo behavior and function of each type of phagocyte and
the communication between them during tissue injury and tis-
sue regeneration are not fully characterized.

Zebrafish have recently emerged as a prominent model orga-
nism for the study of tissue regeneration due to their genetic
manipulability and potent regeneration ability (10—13). The
epimorphic regeneration of tail fin in larva fish is one of the well
established tissue regeneration assays (10, 13). Upon tail fin
amputation, the wound region undergoes a lesion-induced
contraction caused by actin-purse string formation. Shortly
after, the epithelium cells cover the lesion to seal the stump
surface. From 12 hours post amputation (hpa)® on, the wound
begins to regrow, and the blastema-like cells emerge under the
well packed epithelium layer, signifying the regeneration of the
injured tail fin. The full recovery of the wound normally
requires only 4 -5 days and recapitulates the process of tail fin
regeneration in adult fish (10). Thus, the larva tail fin regener-
ation is an ideal system for studying the roles of immune cells in
injury-induced tissue regeneration. Moreover, the creations of
myeloid lineage-marking transgenic lines (14-16) and mye-
loid-defective fish (17) have provided unique opportunities to
explore the actions of myeloid leukocytes during epimorphic
regeneration in a living organism. However, zebrafish lines in

3 The abbreviations used are: hpa, hours post amputation; dpa, day(s) post-
amputation; eGFP, enhanced GFP; hpf, hour(s) postfertilization; dpf, day(s)
postfertilization; AO, acrine orange; MO, morpholino-oligonucleotides;
morphant, MO-injected embryo; pH3, phosphohistone 3; DIC, differential
interference contrast; WISH, whole mount in situ hybridization.
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which both macrophage and neutrophil lineages are labeled by
fluorescent proteins are still limited.

CORONIN 14, also known as p57 or TACO, is an actin-
binding protein that belongs to the CORONIN family (18, 19).
Unlike other family members, Coronin 1la RNA is specifically
synthesized by leukocytes (20). It has been suggested that Coro-
nin la plays an important role in the migration, phagosome
formation, and vesicle trafficking of macrophages and neutro-
phils (21-23). During macrophage phagocytosis, CORONIN la
rapidly expresses on the leading edge of the lamellipodia and
transiently concentrates on the early phagosome, and it quickly
disappears when the phagosome is matured or fused with the
lysosome (23), suggesting that CORONIN 1a is involved in the
formation of phagosome. Intriguingly, continual expression of
CORONIN 1a in the phagosome prevents the delivery of myco-
bacteria from the phagosome to the lysosomes, resulting in the
enhancement of mycobacteria survival in macrophages (21).
On the other hand, CORONIN 1la in neutrophils is mainly func-
tioned in the chemotaxis (22). Similar to that in mammals,
coroninla (corola) in zebrafish is highly enriched in leukocytes,
especially in myeloid cells and T lymphocytes, from the early
development stage (24). These studies suggest that corola may
serve as a marker for the full repertoire of myeloid cells in
zebrafish.

In this study, the promoter region of corola was isolated and
utilized to create a stable transgenic line, Tg(corola:eGFP), in
which both macrophages and neutrophils were marked by flu-
orescent protein in developing zebrafish embryos. Using a dou-
ble transgenic line, Tg(corola:eGFP;lyz:Dsred), in which macro-
phages and neutrophils could be distinguished by green and red
fluorescence, respectively, combined with morpholino-in-
duced ablation of macrophages and neutrophil-defective
mutant runxI™3%, the in vivo functions of macrophages and
neutrophils during the epimorphic regeneration of tail fin were
analyzed. Live recordings revealed that neutrophils were the
major players during the inflammatory stage immediately after
tail fin amputation, when they actively engulfed small dead cell
debris, but appeared to have an inhibitory role in subsequent
regeneration of the fin, whereas macrophages were critical for
resolving inflammation and supporting normal regrowth of the
regenerating tail fin. This report systematically describes the
different functions of macrophages and neutrophils during
the process of epimorphic regeneration of the zebrafish tail fin
after amputation, and our findings provide clues for further
study of the molecules involved.

EXPERIMENTAL PROCEDURES

Fish Lines—Wild-type AB, Tg(lyz:Dsred) (16), Tg(corola:
eGEP)hkz04t, Tg(corola:eGFP)hkz05t, and runxI1"®* fish
strains were maintained as described (25).

In Vitro Synthesis of Antisense RNA Probe and WISH—The
corola antisense RNA probe was prepared by in vitro transcrip-
tion according to the standard protocol. The WISH was per-
formed as described previously (26).

Double Fluorescence Immunohistochemistry Staining—Im-
munohistochemistry was performed as described previously
(27). To examine the co-staining of GFP and DsRed, embryos
were first stained with goat anti-GFP and rabbit anti-DsRed
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antibody (1:250, 4 °C, overnight) and subsequently visualized
by Alexa Fluor 488 donkey anti-goat (1:400, 4 °C, overnight)
and Alexa Fluor 555 donkey anti-rabbit (1:400, 4 °C, overnight).
Similar methods were used for co-staining of GFP and Lcp pro-
tein and of GFP and phosphohistone 3 (pH3) (28). Anti-Lcp and
anti-pH3 (Upstate) antibody was visualized by Alexa Fluor don-
key anti-rabbit 555 (1:400, 4 °C, overnight) (Molecular Probes).

Video-enhanced DIC Imaging—Video-enhanced DIC
microscopy was performed as described (28).

Generation of Tg(corola:eGFP) and Tg(corola:eGFP; lyz:
Dsred) Transgenic Lines—7.03-kb DNA sequence upstream of
the corola translation start site amplified with the primers 5'-
AGCAACAACGTTCTAAGAGA-3'/5-GATGACCTGAGG-
AAAGACA-3' was used as a promoter to drive eGFP expres-
sion in the pTol2 vector. The pTol2-corola-eGFP construct
was injected into the wild-type (WT) fish embryos at one-cell
stage. The embryos with an appropriate GFP expression were
selected and raised to adults. Two founder lines Tg(corola:
eGFP)hkz04t and Tg(corola:eGFP)hkz05t were identified based
on their eGFP expression pattern. Tg(corola:eGFP;lyz:Dsred)
double transgenic line was generated by mating F1 Tg(corola:
eGFP) with Tg(lyz:Dsred) fish.

Fluorescence-activated Cell Sorting (FACS) and Giemsa
Staining—The FACS analysis to isolate GFP-positive cells and
Giemsa staining were performed as described previously (29,
30). About 300 Tg(corola:eGFP) embryos were used for FACS
for each developmental stage and were repeated twice.

Live Image Analysis—The injured fish embryos were anes-
thetized and mounted in 1% agarose and subsequently imaged
under an Olympus confocal microscope (X20 objective) for
around 48 h. Images were taken every 3 min, extracted, and
converted to the movie using FV10-ASW 1.7 software. Photo-
shop 6.0 was employed to analyze the moving trace of macro-
phages and neutrophils.

Acridine Orange (AO) Staining—AQO staining was performed
as described (31). Embryos of different stages were incubated
with 5 ug/ml AO in egg water for 30 min. After washing for 1 h,
the embryos were observed under the confocal microscope.

Irf8 (Interferon Regulatory Factor 8) Morpholino-oligonucleo-
tide (MO) Injection— 0.6 mm irf8 MOsp (5'-AATGTTTCGCT-
TACTTTGAAAATGG-3") or 0.3 mMm irf8 MOatg (5'-
TCAGTCTGCGACCGCCCGAGTTCAT-3') and control
morpholino-oligonucleotide were injected into the one-cell
stage embryos (28).

Statistical Methods—The calculated data were recorded and
analyzed by Excel software. Student’s ¢ test was mainly used as
the statistical method.

RESULTS

Tg(corola:eGFP) Fish Mark both Macrophages and
Neutrophils—To generate zebrafish in which both macro-
phages and neutrophils can be marked by fluorescent protein,
we isolated a 7.03-kb DNA fragment upstream of the corola
translation start site and fused it with the enhanced green fluo-
rescent protein (eGFP) gene. When this reporter construct
pTol2-corola-eGFP was transiently injected into one-cell stage
wild-type embryos, it displayed a typical myeloid lineage
expression pattern (data not shown), suggesting that this

VOLUME 287 +NUMBER 30+JULY 20, 2012



Macrophages and Neutrophils in Epimorphic Regeneration

corola

coro1a-GFP 2 dpf
D’/E’

coro1a-GFP/ 2 dpf

FIGURE 1. Tg(coro1a:eGFP) marks both macrophages and neutrophils.
A-C, fluorescence imaging shows GFP signals in live Tg(coro1a:eGFP) embryos
(n = 40/40) in the yolk sac at 20 hpf (A); in the AGM, the CHT, and the circula-
tionat 2 dpf (B); and in the thymus, the kidney, and the brain at 4 dpf (C).A'-C’,
WISH reveals coroTa RNA expression in the yolk sac at 20 hpf (n = 40/40) (A");
in the AGM, the CHT, and the circulation at 2 dpf (n = 40/40) (B'); and in the
thymus, the kidney, and the brain at 4 dpf (n = 40/40) (C'). White arrows in A-C
indicate the GPF* cells, whereas blue arrows in A'-C’ represent WISH signals.
D and E, GFP and Lcp double antibody staining shows the co-localization of
coro1a-GFP and Lcp in the CHT of 2 dpf Tg(coro1a:eGFP) embryos (n = 31/31).
D/E, superimposed image of D and E. D'/E', merged view of D/E with the DIC
image, AGM, aorta-gonad-mesonephros; CHT, caudal hematopoietic tissue.

corola-GFP/

7.03-kb upstream sequence is sufficient to direct GFP expres-
sion in myeloid cells. Two independent stable transgenic lines,
Tg(corola:eGFP)hkz04t and Tg(corola:eGFP)hkz05t, were
recovered. Detailed characterization of both transgenic lines
revealed that corola-GFP expression recapitulated the pattern
of endogenous corola, which predominantly expresses in mye-
loid cells and T lymphocytes (24). As shown in Fig. 1, in
Tg(corola:eGFP) fish (Tg(corola:eGFP)hkz04t will be used
hereafter), GEP was first detected as early as 20 hours post fer-
tilization (hpf) in myeloid cells dispersed in the yolk sac (Fig. 14,
white arrow, n = 40/40). As the embryos developed, the GFP-
positive (GFP™) cells were evident in the trunk, the tail region
(Fig. 1B, white arrows, n = 40/40), the central nervous system
(presumably representing microglia-specialized macrophages
(31), the thymus, and the kidneys (Fig. 1C, white arrows, n =
40/40). The co-localization of GFP with Lcp, a pan-myeloid
marker (32), in 2 day post fertilization (dpf) Tg(corola:eGFP)
embryos (Fig. 1, D-D'/E’, n = 31/31) suggests that GFP marks
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FIGURE 2. Tg(coro1a:eGFP;lyz:Dsred) distinct macrophages and neutro-
phils. A-C, live imaging (X60) of two GFP* cells in 2 dpf Tg(coro1a:eGFP;lyz:
Dsred) embryos under a video-enhanced DIC microscope at the GFP channel
(A), Dsred channel (B), and bright field (BF) channel (C) (n = 12/12). D, super-
imposed image of A, B,and C. The blue arrow and black arrowhead in Cindicate
the lysosome/phagosome inside the macrophage and the long filopodia of
macrophage, respectively. The red arrow in C represents granules in neutro-
phils. Scale bar, 5 um. Eand F, confocal fluorescence imaging (X 40) of the CHT
region in 2 dpf Tg(coro1a:eGFP;lyz:Dsred) live embryos (n = 40/40) using the
GFP (E) and Dsred channel (F), respectively. E/F, superimposed image of E and
F.E'/F', merged view of E/F with the DIC image. White arrows in E/F and E'/F'
represent yellow neutrophils resulting from the merge of GFP and Dsred.

2 dpf coronin1a-GFP/ coronin1a-GFP/

both macrophages and neutrophils. To confirm that this is
indeed the case, we performed video-enhanced DIC imaging
analysis, which distinguishes macrophages from neutrophils
based on their morphological appearances (33, 34). Examina-
tion of 2 dpf live Tg(corola:eGFP) embryos revealed that neu-
trophils defined as cells with mobile cytoplasmic granules (Fig.
2, A, C,and D, red arrow, n = 12/12) and macrophages defined
as cells with lysosomes/phagosomes and long filopodia but a
lack of cytoplasmic granules (Fig. 2, A, C, and D, blue arrow and
black arrowhead, n = 12/12) were positive for GFP. From these
observations, we conclude that GFP marks both macrophages
and neutrophils in Tg(corola:eGFP) embryos.

The Cellular Development of Embryonic Macrophages and
Neutrophils—The early corola-eGFP expression in myeloid
cells in Tg(corola:eGFP) transgenic lines prompted us to define
the development stages of embryonic myeloid cells. The GFP™*
cells from Tg(corola:eGFP) embryos were isolated at various
developmental time points by FACS and subjected to cytologi-
cal analysis. Giemsa staining revealed that at 20 hpf, all of the
GFP™ cells uniformly had a round morphology with large
nuclei and scant basophilic cytoplasm (supplemental Fig. 1, A
and G, n = 300), a characteristic of myeloid progenitors (35). By
24 hpf, a majority (~67%) of the GFP™ cells remained as mye-
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FIGURE 3. Neutrophil and macrophage behavior upon fin transaction. A, frames of different time points following tail transaction in a 72 hpf Tg(coro1a:
eGFP;lyz:Dsred) embryo (green, macrophages; yellow, neutrophils). Scale bar, 100 um. B and C, schematic diagrams show the wound size and cell migration
trajectory of the first 10 neutrophils (B) and nine macrophages (C) to arrive at the wound, followed for 5 h after tail transaction. The circle in the end of each
trajectory line represents the initial site of each myeloid phagocyte. The red arrow indicates the first line near the cut edge, which is the end of the notochord,
and the blue arrow represents the second line, which is the end of circulation. The dotted curved lines in Band C represent vessels. D, histogram reveals that the
velocity of neutrophils is much faster than macrophages during the process toward the wound edge (n = 9, mean = S.E. (error bars)). *, statistical differences
with corresponding control (t test, p < 0.05). E, histogram showing that the RNA level of cytokines increased dramatically in inflammatory stage but decreased

thereafter until the regeneration stage (n = 42).

loid progenitors. However, about 14% of the GFP™ cells har-
bored beanlike nuclei and a bubbled contour (supplemental Fig.
1B, n = 300), which is similar to the young macrophage
reported previously (33, 36), and around 19% of the GFP™ cells
developed into functional macrophages defined as cells with
large cytoplasmic vacuoles and some of the vacuoles loaded
with dead debris (supplemental Fig. 1C, n = 300). No typical
neutrophils were detected at this stage. At 2 dpf, in addition to
the myeloid progenitors (~48%) and monocyte/macrophage
lineage (~34%) (supplemental Fig. 1, E and G, n = 300), neu-
trophils (~17%) with the typical segmented nuclear lobes were
discernible (supplemental Fig. 1, D and G, n = 300). This result
is consistent with the previous studies showing that the func-
tional monocytes/macrophages emerged at around 24 hpf (33,
36) and maturing neutrophils were not detected until 36 hpf
(34). Notably, the dendritic-like cells (less than 1%) character-
ized by the typical dendritic filaments (37) were also detected at
2 dpf (supplemental Fig. 1G, n = 300), and the dendritic-like
cells increased to about 1-2% at 3 dpf and displayed a more
arborized morphology (supplemental Fig. 1F, n = 300).
Neutrophils Are the Primary Scavengers during Inflamma-
tion Stage after Tail Fin Amputation—The capability of
Tg(corola:eGFP) marking both macrophages and neutrophils
but Tg(lyz:Dsred) (16) marking only neutrophils at the embry-
onic stage provides an ideal system to directly assess the behav-
iors and functions of macrophages and neutrophils simultane-
ously. To achieve this, we outcrossed Tg(corola:eGFP) fish with
Tg(lyz:Dsred). In the double transgenic line Tg(corola:eGFP;lyz:
Dsred), neutrophils co-expressed lyz-Dsred and corola-GFP
(lyz"/corola™) and displayed yellow fluorescence, whereas
macrophages expressed corola-GFP (corola™) only and dis-
played green fluorescence (Fig. 2, E-E'/F’, n = 40/40). To study
the real-time actions of macrophages and neutrophils in tissue
regeneration, the well established tail fin regeneration assay (14,
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15, 38, 39) was employed in 72 hpf Tg(corola:eGFP;lyz:Dsred)
embryos, making a lesion 251.7 = 16.4 um in length and
273.3 * 26.7 um from the end of the circulation (Fig. 3B, n =
13). The injured embryos were immediately viewed under a
confocal microscope at 3-min intervals for 48 h. Results showed
that, similar what was noted in the previous reports (14, 15),
both types of myeloid cells responded immediately, but they
migrated into the wound at different speeds (Fig. 3, A-D,n = 9;
supplemental Movie 1, n = 3). Although a few localized resi-
dent macrophages were activated and migrated toward the
lesion (Fig. 34), neutrophils, with a higher mobility (Fig. 3D,
n = 9; supplemental Movie 1, n = 3), were the first phagocytes
to arrive at the wound, and they functioned as the major scav-
engers within 6 hpa (Fig. 5L, n = 13), during which time the
inflammatory cytokines were increased to their maximum lev-
els (Fig. 3E, n = 42). This period was thus referred to as the
inflammatory stage (3, 9).

In the initial phase of the inflammatory stage, a substantial
number of cells died near the edge of the wound, most of which
underwent fragmentation, a characteristic of necrosis (Fig. 4,
B-D, white arrowhead and blue arrow, n = 13), leading to
retraction of the cut edge of the tail fin (Fig. 5K, n = 15). Incu-
bation of the wounded embryos with AO (31) showed that
more than half of the cell debris were vacuolar cell debris that
were negative for AO (Fig. 4, B-D, blue arrow, n = 13), whereas
others were particulate cell debris positive for AO (Fig. 4, B-D,
white arrowhead, n = 13). Shortly after the injury, neutrophils
infiltrated the wound and began to engulf both vacuolar and
particulate cell debris up to a size of 0.94 = 0.09 um (Fig. 4,
B-D, n = 13; supplemental Movie 2, n = 5). The phagocytotic
ability of neutrophils was limited, and one neutrophil could
engulf less than four pieces of cell debris (Fig. 4G, n = 12).
About 20 min later, these neutrophils changed from amoeboid
appearance to round shape and subsequently underwent a

VOLUME 287 +NUMBER 30+JULY 20, 2012


http://www.jbc.org/cgi/content/full/M112.349126/DC1
http://www.jbc.org/cgi/content/full/M112.349126/DC1
http://www.jbc.org/cgi/content/full/M112.349126/DC1
http://www.jbc.org/cgi/content/full/M112.349126/DC1
http://www.jbc.org/cgi/content/full/M112.349126/DC1
http://www.jbc.org/cgi/content/full/M112.349126/DC1
http://www.jbc.org/cgi/content/full/M112.349126/DC1
http://www.jbc.org/cgi/content/full/M112.349126/DC1
http://www.jbc.org/cgi/content/full/M112.349126/DC1
http://www.jbc.org/cgi/content/full/M112.349126/DC1

Macrophages and Neutrophils in Epimorphic Regeneration

G

Count

FIGURE 4. Macrophages and neutrophils behaviors in the wound after
amputation. A-D, live imaging (X40) shows that lyz* neutrophils engulf
both AO™ particle cell debris and AO ™~ vacuolar cell debris at 2 hpa (n = 13).
The white arrowhead and blue arrow indicate the AO™ particle and AO™ vac-
uolar cell debris, respectively. Scale bar, T um. E and F, live imaging (X40)
reveals a macrophage with a large amount of cell debris (€, n = 12), including
AO™ particles (green) (F, n = 12). The white and blue dashed lines indicate the
shape and the nucleus of macrophage, respectively, whereas the red dashed
line manifests the large vacuole full of ingested debris. Scale bar, 10 um. G,
histogram reveals the phagocytosis ability (represented by the number of
dead particles ingested) of macrophages and neutrophils (n = 12, mean =
S.E. (error bars)). The asterisk in G indicates statistical differences with corre-
sponding control (t test, p < 0.05). H, frames (X 100) of different time points of
two neutrophils (indicated by white arrows) engulfed by a macrophage (rep-
resented by blue arrowheads) in a 72 hpf Tg(corola:eGFP;lyz:Dsred) embryo
(n = 7). The bottom panels are merges of DIC with the middle panels. Scale bar,
1T pwm.

series of morphological alterations that resembled the charac-
teristics of apoptosis, including membrane blebbing, chromatin
condensation, and nuclear fragmentation (supplemental Fig.
2A, n = 7; supplemental Movie 2, n = 5) (40 —42). The apopto-
tic neutrophils, in which the engulfed cell debris was usually not
fully digested, were subsequently removed by the infiltrated
macrophages (Fig. 4H, n = 7).

Macrophages Emerge Later in the Wound and Are Essential
for Regeneration of the Injured Tail Fin—From 6 hpa onward,
macrophages became the dominant myeloid cells at the wound
site (Fig. 5L, n = 13). Immediately after their arrival, macro-
phages, usually with a beanlike morphology (supplemental Fig.
2C, n = 13), displayed professional phagocytosis. An activated
macrophage could engulf more than six pieces of large cell
debris (0.8-3.2 um) (Fig. 4, E-G, n = 12), including the apo-
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ptotic neutrophils (Fig. 4H, n = 7). As a consequence, the num-
ber of AO™ apoptotic bodies (Fig. 5/, # = 15) and the number of
neutrophils (Fig. 5L, n = 13) in the wound were rapidly
reduced, and so were the levels of inflammatory cytokines (Fig.
3E, n = 42). This process, referred to as the resolution stage,
lasted for 5-6 h.

To the end of the resolution stage (~12 hpa), cells in the
wound began to proliferate, signifying the initiation of regener-
ation (Fig. 5/, = 10). During the regeneration stage, the wound
surface became smoother (supplemental Fig. 2, B and D, n =
13), and the cells around the site of amputation proliferated
extensively (Fig. 5/, n = 10). The regeneration process contin-
ued for 4-5 days (Fig. 5, /, n = 10 and K, n = 15). During this
stage, macrophages were the predominant phagocytes in the
wound; they were concentrated along the growing edge and
displayed a long and thin morphology (supplemental Fig. 2,
B-F,n =13 and Fig. 5L, n = 13).

The continuing invigilation of macrophages in the growing
edge during the regeneration stage and the findings that macro-
phages are essential for muscle regeneration in mice (4)
prompted us to speculate that macrophages might play a cru-
cial role in the remodeling and the regrowth of the zebrafish tail
fin. To support this hypothesis, we depleted macrophages by
knocking down irf8 (interferon regulatory factor 8) in zebrafish
by specific MOs (28). In the irf8 MO-injected embryos (mor-
phants), neutrophils responded normally to tail amputation
(supplemental Fig. 3, A and B and supplemental Movie 3, n = 7)
and effectively phagocytized the small dead cell debris (supple-
mental Fig. 3, D-F, n = 11). However, macrophages were hardly
seen in the irf8 morphants (supplemental Fig. 3C, n = 15). As a
result, the removal of cell debris was delayed in the irf8 mor-
phants (Fig. 51, n = 15). Likewise, the cell proliferation and
growth rate of the regenerating tail fin in the irf8 morphants
were significantly reduced compared with that in controls (Fig.
5,/,n =10 and K, n = 15). Although the injured tail was even-
tually regrown in the irf8 morphants, the regenerated fin
formed large vacuoles (Fig. 5, A, B, E, and F, n = 11). These
vacuoles emerged at 3 dpa with 82 = 23 um in length, and by 5
dpa, some of the vacuoles enlarged to 103 = 48 um in length
(Fig. 5F, n = 4/11). In contrast, the tail fin regeneration in the
homozygous runx1"*** mutant embryos (25), in which neutro-
phils but not macrophages are significantly reduced (43), was
normal (Fig. 5, D and H, n = 6). Unexpectedly, the regeneration
speed in the runxI™** mutants was slightly accelerated (Fig.
5N, n = 6), reflected by the increased cell proliferation and
faster growth of the injured fin in mutant embryos compared
with that in siblings (Fig. 5, M and N, n = 6), suggesting that
neutrophils have a negative effect on fin regeneration. From
these observations, we conclude that macrophages are essential
for the regeneration of zebrafish tail fin, whereas neutrophils
appear to have an inhibitory role.

DISCUSSION

In the present study, we created a Tg(corola:eGFP) trans-
genic line in which the GFP reporter is driven by a 7.03-kb
corola regulatory sequence. We demonstrated that corola-
GFP expressed in myeloid cells (macrophages, neutrophils, and
dendritic-like cells) and lymphocytes in early development (Fig.
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FIGURE 5. Macrophages and neutrophils play different roles in the regeneration of tail fin. A-H, DIC images show the morphology of newly regenerated
fin in 3 dpa control (n = 20/20) (A), 3 dpa irf8 morphants (n = 6/11) (B), 3 dpa siblings (sib) (n = 12/12) (Q), 3 dpa runx1*¥* mutant (n = 7/7) (D), 5 dpa control
(n = 20/20) (), 5 dpa irf8 morphants (n = 4/11) (F), 5 dpa siblings (n = 11/11) (G), and 5 dpa runx1"4* mutants (n = 6/6) (H). Scale bar, 50 um. The white dashed
lines in B and F indicate the outline of the vacuoles (red arrowheads). I, histogram reveals the number of pieces of AO™ cell debris at different time points after
the transaction of tail fin in 72 hpf control (n = 15, mean = S.E. (error bars)) and irf8 morphants (n = 16, mean = S.E.) Tg(coro1a:eGFP;lyz:Dsred) embryos. J,
histogram reveals the number of pH3 ™ cells at different time points after the transaction of tail fin in 72 hpf control (n = 10, mean * S.E.) and irf8 morphants
(n=10,mean = S.E.) Tg(corola:eGFP;lyz:Dsred) embryos. K, histogram quantifies the grow distance (um) of regenerated fin at different stages after transaction
in 72 hpf control (n = 17, mean = S.E.) and irf8 morphants (n = 15, mean * S.E.) Tg(coro1a:eGFP;lyz:Dsred) embryos. L, histogram reveals the number of myeloid
phagocytes in the wound at different time points after transaction of tail fin in 72 hpf control (n = 13, mean = S.E.) and irf8 morphants (n = 14, mean = S.E.)
Tg(corola:eGFP;lyz:Dsred) embryos. M, histogram reveals the number of pH3™" cells at different time points after the transaction of tail fin in 72 hpf sibling (n =
11, mean = S.E.) and runx1*5* mutant (n = 6, mean = S.E.) embryos. N, histogram quantifies the grow distance (um) of regenerated fin at different stages after
transaction in 72 hpf sibling (n = 11, mean = S.E.) and runx1*®* mutant (n = 6, mean = S.E.) embryos. The asterisks in I-K, M, and N indicate statistical
differences with corresponding control (t test, p < 0.05).

1) as well as in adulthood (data not shown). To our knowledge,
this is the first zebrafish reporter line that marks all of the leu-
kocytes. The early expression of GFP in Tg(corola:eGFP) trans-
genic fish allows us to isolate embryonic myeloid cells for cyto-
logical analysis. Giemsa staining of corola™ cells shows that
functional monocytes/macrophages emerge early at 24 hpf,
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whereas mature neutrophils are evident until 2 dpf (supple-
mental Fig. 1). Notably, a small number of dendritic-like cells,
which have an arborized morphology and dendritic filaments,
are also detected from 2 dpf onward (supplemental Fig. 1). This
result is consistent with previous studies using molecular mark-
ers and functional analysis (33, 36).
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By utilizing the Tg(corola:eGFP;lyz:Dsred) double transgenic
lines, the in vivo behaviors and functions of macrophages and
neutrophils in the larva tail fin regeneration (14, 15, 38, 39) were
directly assayed in a living embryo. We showed that upon
injury, the local resident macrophages and neutrophils (Fig. 34
and supplemental Movie 1) were the first phagocytes to be acti-
vated. Shortly after, distant/circulation-derived neutrophils
were recruited to the wound, and finally the macrophages dis-
tant from the lesion or monocytes in the circulation arrived.
The consequential colonization of the wound by the local resi-
dent macrophages/neutrophils, distant/circulation-recruited
neutrophils, and distant/circulation-derived macrophages is
partially in agreement with the previous study in mice, which
suggested that the local resident macrophages may facilitate the
activation and recruitment of the distant/circulation-derived
neutrophils and macrophages (44). However, contrary to this
notion, our study showed that the activation and recruitment of
both local resident and distant/circulation neutrophils are not
affected in the irf8 morphants, in which resident macrophages
and circulating monocytes are absent (28), indicating that the
local resident macrophages are not essential for the activation
and recruitment of distant/circulation-derived neutrophils.
Further study is needed to clarify the role of the local resident
macrophages.

In the inflammation stage during the first several hours after
fin amputation, neutrophils are the first group of cells that
reach the wound, and they are the predominant functional
phagocytes during this stage, suggesting the conservational
response process of myeloid cells after injury (9). In addition to
removing micro-organisms (45), we show that neutrophils can
engulf cell debris during tissue damage, suggesting that neutro-
phils are also involved in the resolution of inflammation and
perhaps subsequent tissue regeneration as suggested previously
(9, 45, 46). Unexpectedly, we found that the regeneration speed
of the fin is slightly faster in the neutrophil-deficient runx1"**
(44) (Fig. 5), indicating that neutrophils may play an inhibitory
role in the regeneration stage. This result is consistent with the
previous findings in mice, in which the depletion of neutrophils
leads to faster epidermal healing when measured by wound
closure (3, 46). It will be of great interest to investigate how
neutrophils inhibit the tissue regeneration in general.

In the resolution and regeneration stages, macrophages
appear to be dominant effect cells to remove large cell debris as
well as apoptotic neutrophils, demonstrating that macrophages
but not neutrophils are the key scavengers for resolving inflam-
mation and facilitating tissue regrowth. Consistent with previ-
ous studies in mice (4, 7), we further document that the deple-
tion of macrophages in zebrafish leads to the delay of the
clearance of cell debris, decrease of regeneration speed, and
formation of vacuoles in the regenerating fin. Further investi-
gation is required for elucidating the underlying mechanisms.
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