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Materials and Methods 
 
Staging, fish rearing and genetic stocks  

Staging followed ref. (5) and fish were maintained at 28.5 °C, 16:8 light:dark. Zebrafish were 
wild-type ABwp or its derivative WT(ABb), as well as: csf1raj4e1 [ref. (19)]; Tg(tg:nVenus-2a-
NTR)wp.rt8, Tg(aox5:PALM-EGFP)wp.rt22, Tg(tyrp1b:PALM-mCherry)wp.rt11 [ref. (6)]; 
Tg(mpeg1:Brainbow)w201 [ref. (31)], which expresses tdTomato in the absence of Cre-mediated 
recombination, provided by L. Ramakrishnan; Tg(mfap4:Tomato-CAAX)xt6 provided by D. Tobin 
[ref. (17)]; and Tg(mpeg1:NTR-eYFP)w202 from R. Moon [ref. (8)]. Because experiments were 
analyzed prior to development of secondary sexual characteristics, it was not feasible to identify 
sexes of individuals prospectively; all stocks used yield approximately balanced sex ratios so 
experiments are likely to have sampled similar numbers of males and females. All rearing and 
experiments were conducted with approval of the University of Washington Institutional Animal 
Care and Use Committee (protocol #4094-01) in accordance with institutional and federal 
guidelines for the ethical use of animals.  
 
Drug treatments 

For macrophage ablation experiments, Tg(mpeg1:NTR-eYFP) or non-transgenic sibling 
controls at 7.5 SSL were treated with 10 mM Mtz overnight (Sigma-Aldrich), and treatment was 
continued during time-lapse imaging (see below). For long-term macrophage ablation, fish were 
treated beginning at 6.5 SSL and extending through 13 SSL with 7 mM Mtz administered during 
dark cycles only, as uninterrupted Mtz treatment curtailed feeding behavior. To generate fish 
lacking thyroid hormone, thyroid follicles of Tg(tg:nVenus-2a-nfnB) fish were ablated at 4 days 
post-fertilization by treatment with 10 Mm Mtz for 4 h (6). 
 
Time-lapse and still imaging 

Pigment cells and macrophages were imaged “ex vivo” in their native tissue environment 
using explanted larval trunks as described [refs. (9, 10)], allowing for longer duration analyses as 
compared to intact fish imaged similarly. Airineme extension behaviors and frequencies did not 
differ between ex vivo and intact imaging modalities (fig. S3; movie S4). Airineme morphologies 
also did not depend on the specific fluorophores or targeting motifs (palm-EGFP, EGFP-CAAX, 
tubulin-mCherry; fig. S3A). Images were acquired at 2–5 min intervals for 18 h using an Evolve 
(Photometrics) camera mounted on a Zeiss Observer Z1 inverted microscope with CSU-X1 laser 
spinning disk (Yokogawa) or on a Zeiss LSM 800 laser scanning confocal microscope. Larvae 
were 7.5 SSL except where indicated. Levels of acquired images were adjusted to visualize 
dimly fluorescent airinemes, typically resulting in overexposure of cell bodies, which were 
otherwise distinguishable by position, cell boundaries, and differences in fluorescence intensity 
in the mosaic background. Super resolution images were acquired with a Zeiss LSM 800 
equipped with Airyscan detector and processed using the Isosurface rendering function of Imaris 
8.0 (Bitplane).  
 
Neutral red staining 

To visualize phagocytic macrophages, fish at 7.5 SSL were incubated in fish water 
containing 2.5 µg/ml neutral red (Sigma-Aldrich) at 28.5 °C for 3–4 h, rinsed in fresh water then 
imaged 1–2 h later.  
 



Cell counts and distributions 
To assess melanophore numbers and pattern, melanosomes were contracted towards cell 

centers with epinephrine to facilitate counts and assessment of cell centroids using the Cell 
Counter plug-in of Image J (NIH). Each cell was assigned to one or twenty bins from dorsal (0.0) 
to ventral (1.0) and total numbers of melanophores within each bin were averaged across 
individuals. Positions of interstripe regions were indicated by nearly melanophore-free troughs in 
melanophore distributions of controls (positions 0.40, 0.45, 0.50) (9). 
 
Cell transplantation 

Chimeric fish were generated by transplanting cells at blastula stages (9, 11), from fish 
transgenic for mpeg1:tdTomato-CAAX, aox5:PALM-EGFP, or both to wild-type or csf1ra 
mutant hosts, transgenic or not for tg:nVenus-2a-NTR. 

Annexin V labeling and analysis 
The occurrence of PS in xanthoblast blebs was first assessed in vitro using a fluorophore-

conjugated Annexin V probe. To examine PS in vivo, we subcloned secA5 from pBH-UAS-
secA5-YFP (Addgene plasmid #32359) upstream of mCherry in a Tol2kit Gateway middle entry 
vector (32) and expressed this construct in melanophores or iridophores [mitfa and pnp4a 
promoters, respectively (9)]. Because mitfa expression resulted in secA5-mCherry expression in 
most melanophores, we compared behaviors of cells in time-lapse imaging between mitfa:secA5-
mCherry injected and uninjected (secA5–) larvae. Given more limited expression of 
pnp4a:secA5-mCherry, it was possible to select comparable secA5+ and secA5– regions prior to 
imaging for comparison within larvae. Macrophage counts and behaviors were examined in 150 
µm2 regions at the onset of imaging. 
 
Statistical analysis  

Analysis were performed with JMP 8.0 (SAS Institute, Cary NC). Frequency data for 
behaviors or individual cells were assessed by maximum likelihood. Continuous data were 
assessed by analyses of variance, using ln-transformation to correct residuals for normality and 
homoscedasticity. Post hoc means were compared by Turkey Kramer HSD. 

 
 
 
  



 

 

 

Supplementary figure S1. Macrophage reporters and depletion. (A) Coincidence of 
phagocytosed neutral red (NR, red) and mpeg1+ macrophage (blue). (B) Coexpression of 
fluorophores driven by mpeg1 (blue) and mfap4 (yellow) promoters. (C) Mtz treatment kills 
NTR+ macrophages. Arrowheads, cell debris. Plot shows mean±SE mpeg1+ cells observed at 
start of time-lapse imaging (t14=11.8, P<0.0001). (D) Macrophage reporters are not expressed by 
cells of the xanthophore lineage; shown are several macrophages (mpeg1, magenta) and a single 
xanthoblast (aox5, green). See text for details. Scale bars: 10 µm (A); 20 µm (B,D); 20 µm (C). 
  



 

 

 

Supplementary figure S2. Macrophage-dependent stripe patterning. Representative juvenile 
fish (13 SSL) with intact macrophages (upper two panels) or depleted macrophages (lower 
panel), showing macrophage requirement for melanophore clearance from the interstripe 
(arrowheads). Scale bar: 100 µm. 
  



 

 

 

 

Supplementary figure S3. Xanthoblast airinemes and comparison of cell behaviors 
observed by time-lapse imaging of trunk explants and intact larvae. (A) Airineme behaviors 
and features are independent of fluorophores used as vesicles and filaments can be observed with 
membrane-targeted palm-EGFP (main text and other supplementary figures), palm-mCherry (9), 
EGFP-CAAX (arrowhead, left panel), and reporters not targeted to membranes such as tubulin-
mCherry (arrowheads, right panel). (B) As seen in other contexts (9, 10, 33), behaviors of cells 
in explanted trunks (ex vivo) recapitulates that of cells in intact larvae (in vivo) as observed by 
time-lapse imaging, with no significant difference between imaging paradigms in either 
incidence of airineme extension (χ2=0.1, d.f.=1, P=0.8, N=156 cells, 11 larvae) or mean±SE 
numbers of mpeg1+ macrophages observed (F1,11=0.7, P=0.4). Scale bar: 10 µm (A). 
  













Movie S1. Macrophage-associated airineme extension 1. Airineme (arrow) of aox5+ 
xanthoblast (green) extends in concert with migration by a passing mpeg1+ macrophage (blue). 
Minutes elapsed at upper left. 
 
Movie S2. Macrophage-associated airineme extension 2. An airineme vesicle (arrow) and 
long trailing filament extend in association with a wandering macrophage (arrowhead). Minutes 
elapsed at upper left. 
 
Movie S3. Macrophage-associated airineme extension 3. An airineme extended slowly 
(arrow) in association with a slow-moving macrophage. Hours and minutes elapsed at upper left.  
 
Movie S4. Macrophage-associated airineme extension 4. Several airinemes (arrowheads) 
extended with migrating macrophages in an time-lapse imaged intact larva, similar to ex vivo 
imaging (see Materials and methods). Partial retraction following macrophage-vesicle 
dissociation suggests membrane tension. Hours and minutes elapsed at upper left. 
 
Movie S5. Airineme extension associated with more than one macrophage. A wandering 
macrophage (white arrowhead) passed a xanthoblast and associated with an airineme vesicle 
(arrow). After the airineme detached from the first macrophage, a second pass macrophage 
(yellow arrowhead) associated with the remaining vesicle and filament and airineme extension 
continued. Minutes elapsed at upper left. 
 
Movie S6. Macrophage associations with xanthoblast and airineme. High resolution still 
image showing mfap4+ macrophages (blue) associated with aox5+ xanthoblast cell body (green) 
and airineme with either or both cells surface-rendered.  
 
Movie S7. Macrophage ablation reveals requirement for airineme extension. Left, In non-
transgenic control sibling treated with Mtz, airinemes were extended frequently (arrows); 
macrophages are not visible owing to absence of the transgene. In an mpeg1:NTR-eYFP+ sibling 
treated with Mtz to ablate macrophages, no airinemes were observed. Blue mpeg1+ puncta are 
macrophage debris. Hours and minutes elapsed at upper left. 
 
Movie S8. Airinemes are not extended in macrophage deficient mutants. Left, Wild-type 
xanthoblasts transplanted to wild-type hosts frequently extended airinemes (arrows). Wild-type 
xanthoblasts transplanted to macrophage-deficient csf1ra mutant hosts failed to extend 
airinemes. Hours and minutes elapsed at upper left. 
 
Movie S9. Macrophage ablation prevents airineme extension in fish arrested for 
xanthophore differentiation. In fish lacking thyroid hormone (TH-), xanthophore 
differentiation is inhibited such that aox5+ cells are arrested at an airineme-producing 
xanthoblast state (9). Despite the enhanced competence of aox5+ cells to produce airinemes, 
NTR-mediated macrophage ablation resulted in a failure of airineme extension. Left, control 
individual (NTR+ Mtz-) showing airinemes (arrows) and macrophages (blue). Right, 
macrophage-depleted individual (NTR+ Mtz+) showing lack or airinemes and macrophage 
debris. Hours and minutes elapsed at upper left.  
 



Movie S10. Lack of airineme extension in macrophage-deficient fish arrested for 
xanthophore differentiation. In TH-, macrophage-deficient csf1ra mutants, transplanted wild-
type xanthoblasts failed to extend airinemes. Left, wild-type xanthoblasts transplanted to TH-, 
wild-type hosts extended airinemes frequently (arrows). Right, wild-type xanthoblasts 
transplanted to TH-, macrophage-deficient csf1ra hosts failed to extend airinemes. Hours and 
minutes elapsed at upper left. 
 
Movie S11. Rare airinemes in macrophage-depleted fish were associated with residual 
macrophages. Example of airineme (arrow) extending with a macrophage (arrowhead) that 
persisted after Mtz treatment in an individual transgenic for mpeg1:NTR-eYFP. Hours and 
minutes elapsed at upper left. 
 
Movie S12. Macrophage-mediated airineme delivery to melanophore. A macrophage (blue, 
arrowhead) migrates ventrally with associated airineme (green, arrow), the vesicle and filament 
of which stabilize on a melanophore (magenta) as the macrophage continues to migrate with 
vesicular material. Left, mpeg1+ macrophages and aox5+ xanthoblasts and airinemes. Right, three 
color merge showing tyrp1b+ melanophores as well. Hours and minutes elapsed at upper left. 
 
Movie S13. Macrophage-mediated airineme delivery to melanophore. Extension of 
macrophage associated airineme and stabilization on melanophore (see movie S12 legend). 
 
Movie S14. Macrophage clearance of airineme vesicle. As an airineme filament and vesicle 
(greenish white) stabilized initially on a melanophore (magenta) degenerated, vesicle and other 
debris were cleared by successive, passing macrophages (arrowheads). Hours and minutes 
elapsed at upper left. 
 
Movie S15. Macrophage clearance of airineme vesicle. Debris from airineme vesicle and 
filament (arrow) were cleared by macrophages (arrowheads). Circles indicate autofluorescent 
puncta of xanthophore pigment associated with cells not carrying the aox5 transgene. 
 
Movie S16. Macrophage clearance of unstabilized airineme vesicle. A macrophage 
(arrowhead) initially associated with an extending airineme vesicle (arrow) continued to migrate 
when airineme filament is severed, after which vesicle-associated fluorescence is lost, 
presumably owing to complete phagocytosis and digestion. 
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