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This valuable study establishes a novel genetic model for chronic, in vivo visualization of
protein engulfment in brain macrophages from the naturally short-lived African turquoise
killifish. The solid data presented here show that brain phagocytes exhibit transcriptional
features resembling mammalian border associated macrophages and monocyte derived
macrophages rather than classical microglia and that their engulfment capacity declines
with age, providing a resource for future studies on brain immune cells in teleosts. This
research will interest a broad audience across developmental biology, genetics,
neuroimmunology, aging research, and evolutionary biology.
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Abstract
Engulfment by macrophages is critical for waste clearance in the vertebrate brain. Understanding
clearance mechanisms may open new therapeutic possibilities to counter brain aging and
neurodegenerative diseases. However, few in vivo models exist to study engulfment in the brain
and characterize this process during aging and across species. Here we present a genetic model for
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secretion of a fluorescent protein by neurons in the brain of the African turquoise killifish, the
shortest-lived vertebrate that can be bred in captivity. We use this model to identify a population
of brain macrophages in the killifish responsible for engulfment of material from the brain
extracellular space. Intriguingly, many of these cells bear similarities to mammalian border-
associated and monocyte-derived macrophages, rare subsets of macrophages in mouse and
human brains noted for their engulfment capabilities. We also find that in our model, killifish
brain macrophages decline in engulfment capacity with age. This work highlights how vertebrate
brain macrophages, particularly those at brain border regions, can play a critical role in clearance
and provides an opportunity to test interventions that can boost engulfment by these
macrophages to promote brain resilience in old age and disease.

Introduction
The vertebrate brain uses varied strategies to clear extracellular material such as extracellular
matrix and aggregation-prone proteins1–3. Engulfment by specialized cells4–7 – including
macrophages such as microglia8–16 – permits degradation and clearance of extracellular proteins
and other macromolecules in the brain. Disruptions in clearance can lead to dysregulated
accumulation of extracellular material in the brain interstitial space and cerebrospinal fluid (CSF),
with detrimental consequences during aging and in neurodegenerative diseases17–30. Thus,
clearance mechanisms could represent key strategies for maintaining brain homeostasis, with
promising therapeutic potential to counter brain aging and neurodegenerative diseases31–37.
Studying clearance strategies in varied species could reveal mechanisms not present in mammals
and help determine how they could be used to counter brain aging.

An interesting model system in which to study clearance strategies is the African turquoise
killifish Nothobranchius furzeri – the shortest-lived vertebrate that can be bred in captivity38. The
killifish has a median lifespan of only six months, 5 times shorter than the mouse38, enabling
scalable studies of processes that are disrupted with age39–59. The killifish also recapitulates many
conserved hallmarks of brain aging, including neurodegeneration60–62, cognitive decline63–65, and
behavioral deficits66. However, waste clearance in the brain has not been examined in this
species. A short-lived vertebrate model in which to study clearance would enable longitudinal
studies as well as the identification of interventions that boost clearance in the aged brain.

Here, we present a genetic model for studying clearance of a secreted fluorescent protein in the
brain of the killifish. Using this genetic model, we show that a population of macrophages in the
killifish brain is responsible for engulfment of diverse extracellular molecules. Intriguingly, we
find that many killifish brain macrophages exhibit similarities to mammalian border-associated
macrophages (BAMs) and monocyte-derived macrophages (MDMs), which are rare cell types in the
adult mammalian brain. We also find that in our model, the engulfment capacity of killifish brain
macrophages declines with age, which could contribute to clearance dysregulation and abnormal
accumulation of extracellular material in brain aging.

A model for engulfment by vertebrate brain myeloid cells
To model clearance of extracellular proteins in the brain, we engineered a killifish strain using a
CRISPR knockin method developed for killifish67. In this strain, a secreted form of the red
fluorescent protein oScarlet is expressed from one allele of the ELAVL3 locus, a vertebrate-
conserved gene predominantly expressed in neurons68 (Fig. 1a     ). We chose oScarlet for
visualizing clearance processes due the relatively high stability of mScarlet-derived red
fluorescent proteins69,70. Importantly, to allow the secretion of oScarlet into the interstitial space,
we added a signal peptide (SP, derived from the killifish HSPA5 protein71) to the N-terminal region
of oScarlet. We also added a P2A self-cleaving peptide to prevent fusion of oScarlet to the ELAVL3
protein72 (Fig. 1a     ). We maintained the killifish line at the heterozygous state and refer to it as
SP-oScarlet.

We confirmed insertion of the SP-oScarlet knockin construct at the ELAVL3 locus by PCR and long-
read sequencing of the entire locus, which confirmed appropriate junctions with the ELAVL3 gene
and the presence of the SP-oScarlet insertion (Fig. 1 – Fig. Supplement 1a     ). We noted the
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Figure 1. A model for engulfment by vertebrate brain myeloid cells.
a, Schematic for the SP-oScarlet killifish line, which features expression and secretion of a red fluorescent protein, oScarlet,
from non-immune cells of the killifish brain using CRISPR knockin at the ELAVL3 locus. P2A, self-cleaving peptide; UTR,
untranslated region. The SP-oScarlet line is maintained in the heterozygous state. Art by Rogelio Barajas (killifish). b,
Representative images of brain sections from young adult (59 days) female heterozygous SP-oScarlet and young adult (59
days) female wildtype killifish, highlighting oScarlet protein signal (native fluorescence plus anti-mCherry
immunofluorescence staining) in the SP-oScarlet brain (representative of n = 13 SP-oScarlet fish over three experiments and n
= 3 wildtype fish in one experiment). Scale bars = 5 μm. c, Representative image of a young adult (59 days) female
heterozygous SP-oScarlet killifish brain section, highlighting oScarlet protein signal (native fluorescence plus anti-mCherry
immunofluorescence staining) in a cell that does not express oScarlet RNA (representative of n = 10 fish, 59-63 days females,
over two experiments). Scale bar = 5 μm. d, (Left) 3D image of a cleared (modified Adipo-Clear method) young adult (50 days)
male heterozygous SP-oScarlet killifish midbrain/hindbrain, highlighting punctate oScarlet protein signal (native fluorescence
plus anti-RFP immunofluorescence staining) (n = 1 fish). (Right) Schematic for single-cell RNA sequencing of cells with and
without oScarlet protein signal in young adult (49 days) and old (134 days) male heterozygous SP-oScarlet killifish brains (n =
4 fish, pooled, per age group, in one experiment). For data from old fish and for an independent experiment in old fish, see
Fig. 4     . e, (Left) Fluorescence-activated cell sorting (FACS) plot for young adult pooled brains from experiment in d,
highlighting oScarletLOW and oScarletHIGH cells. Each dot represents one cell. (Right) Image of an oScarletHIGH cell isolated
from a middle-aged (76 days) male heterozygous SP-oScarlet killifish brain by FACS, highlighting oScarlet protein signal
(native fluorescence only) (n = 1 fish). Scale bar = 2 μm. f, Uniform Manifold Approximation and Projection (UMAP) of 11,503
oScarletLOW and 9,680 oScarletHIGH high-quality young adult cells from experiment in d. Each dot represents one cell. g,
UMAP as in f colored according to manually annotated cell types, labeled in legend. Each dot represents one cell. h, (Left)
UMAP as in f colored according to log-normalized CSF1R (LOC107387189) expression. Each dot represents one cell. (Right)
Representative images of young adult (59-63 days) female heterozygous SP-oScarlet killifish brain sections, highlighting
oScarlet protein signal (native fluorescence plus anti-mCherry immunofluorescence staining) in cells expressing CSF1R RNA
(representative of n = 10 fish, 59-63 days females, over two experiments). Scale bars = 5 μm. i, UMAP as in f colored according
to log-normalized ELAVL3 (LOC107378364) expression. Each dot represents one cell.
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presence of two tandem copies of the SP-oScarlet insertion, although the presence of a stop codon
at the C-terminus of oScarlet likely leads to the production of a single oScarlet protein (Fig. 1 – Fig.
Supplement 1a     ).

We verified that ELAVL3 and oScarlet transcripts were expressed in the same cells of SP-oScarlet
fish, as expected, using in situ hybridization chain reaction (HCR)73 on adult brain sections (Fig. 1 –
Fig. Supplement 1b-c     ). By immunofluorescence staining for oScarlet, we also observed bright,
punctate oScarlet signal in adult SP-oScarlet brains (Fig. 1b     , Fig. 1 – Fig. Supplement 1d     ).
Using HCR on brain sections, we verified the presence of cells with bright oScarlet protein signal
(oScarletHIGH) that did not express oScarlet transcripts in the brains of SP-oScarlet fish (Fig. 1c     ,
Fig. 1 – Fig. Supplement 1d     ). This suggests that the oScarlet protein is efficiently secreted from
the neurons that express the oScarlet transcript, resulting in oScarlet protein that is likely engulfed
by other cell types in the brain. Thus, the bright oScarlet puncta in the brains of SP-oScarlet fish
can be found within cells that likely engulf, and do not produce, this protein.

To identify the cells that engulf oScarlet, we developed a flow cytometry strategy to distinguish
cells with bright oScarlet protein signal (oScarletHIGH) from other cells in the adult brain
(oScarletLOW) (Fig. 1d-e     , Fig. 1 – Fig. Supplement 1e     ). We isolated oScarletHIGH cells from
adult SP-oScarlet brains (Fig. 1e     ), and we verified that these cells were not present in the brains
of wildtype killifish, even at older ages where more autofluorescent cells might be expected (Fig. 1
– Fig. Supplement 1f     ).

To unbiasedly characterize oScarletHIGH cells, we performed single-cell RNA sequencing on
enriched oScarletHIGH cells FACS-isolated from the brains of young adult (49 days) and old (134
days) male SP-oScarlet killifish (n = 4 fish per age group, pooled), as well as oScarletLOW cells
isolated from the young adult fish. We used transcription and translation inhibitors to minimize
gene expression changes due to dissociation, as done in studies of mammalian brain
macrophages74–76. We performed Uniform Manifold Approximation and Projection (UMAP)77

analysis of the single-cell RNA sequencing data from young adult animals (for analysis of the old
dataset, see Fig. 4     ). This analysis revealed that most oScarletHIGH cells were transcriptionally
distinct from their oScarletLOW counterparts (Fig. 1f     ).

By manually annotating cell types based on matching top UMAP cluster marker genes (Fig. 1 – Fig.
Supplement 2a-b     ) to cell type markers known from literature in mammals, zebrafish, and
killifish68,78–80, we identified the vast majority (99.6%) of oScarletHIGH cells as myeloid immune
cells (Fig. 1g     ).

oScarletLOW cells included neurons, oligodendroglia, radial glia and progenitors, pericytes, and T
cells (Fig. 1g     ). We noted that endothelial cells were not well represented in our dataset, possibly
due to our use of dissociation and FACS in our workflow. Only a very small percentage (0.5%) of
oScarletLOW cells were myeloid cells, indicating that most myeloid cells likely engulfed oScarlet
(Fig. 1g     ).

We could confirm by HCR on brain sections in situ that oScarletHIGH cells expressed a homolog of
the conserved myeloid marker CSF1R81,82 (Fig. 1h     ). We also verified that oScarletHIGH cells
largely did not express ELAVL3, the driver for oScarlet expression (Fig. 1i     ).

Collectively, these data show that most oScarletHIGH cells are myeloid cells that have likely
engulfed secreted oScarlet protein in the brains of SP-oScarlet fish. Thus, we have generated a
genetic model for chronic engulfment by brain myeloid cells in a short-lived vertebrate.

The killifish brain includes a population of macrophages with
transcriptional similarities to mammalian monocyte-derived
macrophages
What type of myeloid cells engulf oScarlet in the killifish brain? Analysis of our single-cell RNA
sequencing data indicated that oScarletHIGH cells are likely macrophages. Indeed, in addition to
CSF1R, oScarletHIGH cells were enriched for APOEB (a homolog of human APOE) as well as antigen
presentation-associated (e.g., HLA-DPB1, CD74), complement-associated (e.g., C1QC, C1QA), and
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scavenger receptor-encoding (e.g., MRC1, MARCO) genes (Fig. 2a     ). Moreover, by analyzing gene
signatures from our single cell RNA sequencing dataset, we found that oScarletHIGH cells were
enriched for signatures characteristic of macrophage functions, such as endocytosis-related and
lysosomal genes (Fig. 2b     ). We also observed punctate oScarlet protein signal in proximity to late
endosomes and lysosomes (marked by the protein marker LAMP1) by immunofluorescence
staining (Fig. 2 – Fig. Supplement 1a     ), consistent with endocytosis and attempted degradation of
extracellular material by macrophages. mScarlet, from which oScarlet is derived70, is known to be
relatively stable at the acidic lysosomal pH69, which could explain the persistence of oScarlet
signal in cells that engulf the protein.

In the mammalian brain, most macrophages fall into one of three main classes75,83: parenchymal
microglia (derived from the embryonic yolk sac), and two classes of macrophages found at
interfaces between the brain and periphery (blood vessels, meninges, and choroid plexus) –
border-associated macrophages (BAMs) (also derived from the embryonic yolk sac), and
monocyte-derived macrophages (MDMs) (of peripheral, hematopoietic origin)84–93. BAMs and
MDMs can strongly engulf substrates from the CSF10, with BAMs noted for their exceptional
endocytic capacity75.

Using principal component analysis (PCA) with marker genes, mouse brain macrophages from a
dataset from Barr et al.75 could be clearly transcriptionally separated into microglia, BAMs, and
MDMs (Fig. 2c     , Fig. 2 – Fig. Supplement 1b     ). In contrast, using principal component analysis
with killifish homologs of the same marker genes, oScarletHIGH cells from SP-oScarlet killifish
could not be transcriptionally separated into these classes (Fig. 2c     , Fig. 2 – Fig. Supplement
1b     ). Consistent with this finding, wildtype killifish forebrain macrophages (i.e., cells from an
APOEB+ IBA1+ LCP1+ cluster, originally annotated as “Microglia”) from an independent dataset
from Ayana et al.68 could not be transcriptionally separated into microglia, BAMs, and MDMs in
the same analysis (Fig. 2c     , Fig. 2 – Fig. Supplement 1b     ). Thus, we did not find evidence for the
existence of transcriptionally distinct microglia, BAMs, and MDMs in killifish brains, possibly
suggesting a more plastic population of brain macrophages in the killifish.

Killifish homologs of many of the strongest markers of mouse microglia, BAMs, and MDMs were
not detected in killifish brain macrophages, while some killifish brain macrophage markers (e.g.,
CLDN5) were not detected in mouse brain macrophages (Fig. 2a     , Fig. 2d     , Fig. 2 – Fig.
Supplement 2a     , Fig. 2 – Fig. Supplement 3a     , Fig. 2 – Fig. Supplement 4a     ).

Nonetheless, the expression profile of oScarletHIGH cells overlapped most with that of mouse
MDMs (Fig. 2d     , Fig. 2 – Fig. Supplement 2a     , Fig. 2 – Fig. Supplement 3a     ). Similar expression
of key MDM markers was observed in many wildtype macrophages in the Ayana et al. dataset (Fig.
2d     , Fig. 2 – Fig. Supplement 2a     , Fig. 2 – Fig. Supplement 4a     ). Hence, the adult killifish brain
includes a population of macrophages with some transcriptional similarities to mammalian
monocyte-derived macrophages (consistent with studies in zebrafish80,94,95).

Macrophages in the killifish brain are endocytic and present at
brain borders
To functionally test whether oScarletHIGH cells have in vivo engulfment capabilities like
mammalian BAMs and MDMs, we injected the macromolecule dextran (a 70 kDa polysaccharide,
conjugated to a fluorophore) into the brains of young adult to middle-aged (63-91 days) female SP-
oScarlet animals (Fig. 3a     ). We aimed our injection for the brain ventricle to maximize dextran
distribution via the CSF96. In mice, similar approaches have been shown to result in engulfment of
fluorescently-tagged substrates by BAMs and MDMs, and less so by microglia10,97,98.

We performed HCR and immunofluorescence staining on brain sections of fish one day post-
injection. Cells with bright oScarlet protein signal were enriched for dextran engulfment, as well
as for expression of APOEB, as predicted by our single-cell RNA sequencing data (p = 0.031 for
each, paired Wilcoxon test) (Fig. 3a     , Fig. 3 – Fig. Supplement 1a     ). We verified that the
colocalization seen between dextran and oScarlet signal (Fig. 3a     ) was not a result of bleed-
through or autofluorescence (Fig. 3 – Fig. Supplement 1b-c     ) and likely resulted from these
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Figure 2. The killifish brain includes a population of macrophages with transcriptional similarities to
mammalian monocyte-derived macrophages.
a, Dotplot highlighting expression of selected genes (CSF1R (LOC107387189), APOEB (LOC10737395), HLA-DPB1
(LOC107372638), CD74 (LOC107375728), C1QC (LOC107385068), C1QA (LOC107385067), MRC1 (LOC107383768), MARCO
(LOC107390282), TMEM119 (LOC107393987), F13A1 (LOC107377057), and CLDN5 (LOC107394244)) in young adult oScarletLOW

and oScarletHIGH cells from experiment in 1d. The color of each circle corresponds to average log-normalized expression
among cells with detectable expression of the respective gene. The size of each circle corresponds to percentage of cells in
each population with detectable expression of the gene. b, Violin plots for sum log-normalized expression of genes in Gene
Ontology: Biological Process terms “endocytosis” (GO:0006897), “positive regulation of endocytosis” (GO:0045807),
“lysosome” (GO:0005764), “positive regulation of lysosome organization” (GO:1905673), and “vacuolar acidification” (GO:
0007035) in young adult oScarletLOW and oScarletHIGH cells from experiment in 1d. Each dot represents one cell. Lines:
medians; p-values, unpaired Wilcoxon rank-sum test at per-cell level (fish were pooled for single cell RNA-sequencing
experiments to obtain sufficient numbers of oScarletHIGH cells). c, Principal component analysis (PCA) plots (principal
components 1 vs. 2) of wildtype young adult mouse microglia, border-associated macrophages (BAMs), and monocyte-
derived macrophages (MDMs) (Barr et al., 202575; 3,230 high-quality cells from clusters manually annotated by Barr et al.),
young adult oScarletHIGH cells from experiment in 1d, and wildtype young adult killifish forebrain macrophages (Ayana et al.,
202468; 176 high-quality cells from APOEB+ IBA1+ LCP1+ cluster) using marker genes of microglia, BAMs, and MDMs from the
Barr et al. dataset, or all killifish homologs of these genes. Each dot represents one cell. Percentages on axes represent the
percentage of variance explained by each respective principal component. Art by Rogelio Barajas. d, UMAPs of wildtype
young adult mouse brain macrophages (Barr et al., 202575; 3,488 high-quality cells from clusters manually annotated by Barr
et al.), young adult oScarletHIGH cells from experiment in 1d, and wildtype young adult killifish forebrain macrophages (Ayana
et al., 202468) colored according to log-normalized Tmem119 (or killifish homolog TMEM119 (LOC107393987)) or CD74 (or
killifish homolog CD74 (LOC107375728)). Each dot represents one cell.
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Figure 3. Macrophages in the killifish brain are endocytic and present at brain borders.
a, (Left) Schematic for injection of dextran-Oregon Green 488 (70 kDa) into the brains of young adult to middle-aged (63-91
days) female heterozygous SP-oScarlet killifish (n = 7 fish over two experiments). (Center) Representative images of middle-
aged (91 days) female heterozygous SP-oScarlet killifish brain sections highlighting co-occurrence of injected dextran signal,
oScarlet protein signal (native fluorescence plus anti-mCherry immunofluorescence staining), and APOEB RNA in the same
cells. Scale bars = 10 μm. (Right) Quantification of mean dextran fluorescence intensity and mean APOEB RNA fluorescence
intensity in oScarletLOW and oScarletHIGH cells (n = 6 successfully injected fish, 63-91 days females, with 5-6 regions of interest
over 1-2 sagittal brain sections per fish, over two experiments). Four images (one image per fish for each of four fish) of
regions of interest with a visually apparent very high density of cells with high APOEB RNA expression, which could plausibly
reflect an injection-related injury, were excluded from quantifications. The excluded images are listed in Supplementary Table
4     . Each triangle represents one fish. Mean +/-standard error of mean; p-values, paired Wilcoxon rank-sum test at per-
animal level. b, (Left) Representative images of young adult to middle-aged (74-101 days) male and female wildtype killifish
brain sections, highlighting cells with high APOEB RNA expression that do and do not colocalize with vasculature as labeled by
perfused sulfo-NHS-biotin (representative of n = 6 fish, 3 males, 74-101 days, and 3 females, 74-101 days, over two
experiments). Scale bars = 50 μm (leftmost image), 5 μm (all others). Dashed lines: brain outside border. (In bottom right
image) Filled arrows: example of cell with high APOEB RNA expression that does not colocalize with vasculature or other brain
borders. Unfilled arrows: examples of cells with high APOEB RNA expression that are found near brain borders. (Right)
Quantification of proportion of cells with high APOEB RNA expression among all cells and among cells colocalizing with
vasculature, as defined by centroid-centroid distance to nearest sulfo-NHS-biotin-positive cell, in forebrain, midbrain, and
hindbrain regions imaged (n = 6 fish, 74-101 days, with 1-2 regions of interest per brain region over 1-2 sagittal brain sections
per fish, over two experiments). Regions of interest imaged generally avoided brain outside borders due to very high
brightness of sulfo-NHS-biotin signal at some parts of brain outside borders, which could bias quantification. Each square
(male) or triangle (female) represents one fish.
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substrates being localized to the same endosomes and lysosomes. Collectively, these data show that
killifish brain macrophages can engulf diverse extracellular substrates (protein, polysaccharide)
(see Fig. 5      for additional, ex vivo engulfment assays).

As noted above, in mammals, engulfment of substrates injected into the brain ventricles is a
distinguishing functional characteristic of BAMs and MDMs, consistent with their localization at
brain borders exposed to CSF flow10,11. To determine the spatial localization of killifish brain
macrophages, we perfused young adult to middle-aged (74-101 days) male and female wildtype
killifish with sulfo-NHS-biotin to label vasculature99 and performed HCR on brain sections for
APOEB. We observed cells with high APOEB expression adjacent to (and on the parenchymal-
facing side of, not within) vasculature in wildtype killifish brains, both near the brain’s external
borders and within the brain interior (Fig. 3b     ). While we also observed some cells with high
APOEB expression within the parenchyma, away from any detectable vasculature or other brain
border, the distribution of cells with high APOEB expression was enriched toward sulfo-NHS-
biotin-labeled vasculature in some brain regions (Fig. 3b     , see Source Data Table 5      for
additional metrics of colocalization with vasculature).

Thus, we have identified a population of macrophages in the killifish brain with several
characteristics of mammalian BAMs and MDMs – expressing several markers associated with
brain macrophages including complement components and scavenger receptors, exhibiting
endocytic functions, and being at least in part localized near brain borders.

Killifish brain macrophages change transcriptionally with age in
our model
We leveraged the killifish’s short lifespan to characterize brain macrophages with aging. We first
used single-cell RNA sequencing to characterize oScarletHIGH cells from old SP-oScarlet killifish
(same experiment as described in Fig. 1d     ). By performing UMAP analysis of oScarletHIGH cells
from young adult and old SP-oScarlet brains, we found evidence of transcriptional differences
between young adult and old oScarletHIGH cells (Fig. 4a     ). We found that oScarletHIGH cells from
old brains were also predominantly macrophages, expressing markers (CSF1R, APOEB, HLA-DPB1,
C1QC, MRC1) at similar levels to young adult oScarletHIGH cells (Fig. 4b     ).

What transcriptional pathways in these killifish brain macrophages are impacted during aging?
Gene ontology (GO) analysis showed an upregulation of translation-related pathways with age in
oScarletHIGH cells (Fig. 4c-d     ). GO analysis also identified a modest downregulation in vacuolar
acidification with age (Fig. 4c-d     ). Analysis of specific pathways relevant to engulfment and
endolysosomal functions showed that these were also modestly decreased during aging (Fig. 4 –
Fig. Supplement 1a     ). Inflammation-related genes were not strongly upregulated with age in
oScarletHIGH cells (Fig. 4 – Fig. Supplement 1b     ), unlike in brain macrophage populations
described in mammals75,79,100,101.

Could some of the transcriptional responses observed with age be due to the lifelong, chronic
engulfment of oScarlet, particularly given the relative resistance of oScarlet to rapid degradation?
To address this possibility, we performed an independent single-cell RNA sequencing experiment
of oScarletHIGH cells FACS-sorted from the brains of old (130 days) SP-oScarlet male animals (n = 3
fish, pooled), as well all Live cells FACS-sorted from the brains of old (122 days) wildtype male
brains (n = 3 fish, pooled) (Fig. 4e     ). We subset each population to macrophages (i.e., cells from
APOEB+ IBA1+ LCP1+ clusters).

We found that neither old oScarletHIGH nor old wildtype macrophages could be transcriptionally
separated into microglia, BAMs, and MDMs (Fig. 4f     , Fig. 4 – Fig. Supplement 1c     ). When
comparing old oScarletHIGH macrophages to old wildtype macrophages, we found that these
populations expressed marker genes (CSF1R, APOEB, HLA-DPB1, C1QC, MRC1) at similar levels
(Fig. 4g-h     ).

GO analysis showed that translation-related pathways were enriched in old oScarletHIGH

macrophages compared to wildtype macrophages (Fig. 4i     , Fig. 4 – Fig. Supplement 1d     ).
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Figure 4. Killifish brain macrophages change transcriptionally with age in our model.
a, UMAP of 6,489 oScarletHIGH high-quality cells from old (134 days) male heterozygous SP-oScarlet brains (n = 4 fish, pooled,
in one experiment), as well as 9,680 young adult oScarletHIGH high-quality cells from experiment in 1d (same experiment). b,
Dotplot highlighting expression of selected homologs of mammalian brain macrophage marker genes (CSF1R
(LOC107387189), APOEB (LOC10737395), HLA-DPB1 (LOC107372638), C1QC (LOC107385068), and MRC1 (LOC107383768)) in old
and young adult oScarletHIGH cells from experiment in 1d. The color of each circle corresponds to average log-normalized
expression among cells with detectable expression of the respective gene. The size of each circle corresponds to percentage
of cells in each population with detectable expression of the gene. c, Violin plots for sum log-normalized expression of genes
in Gene Ontology: Biological Process terms “cytoplasmic translation” (GO:0002181) and “vacuolar acidification” (GO:
0007035) in young adult and old oScarletHIGH cells from experiment in 1d. Each dot represents one cell. Lines: medians; p-
values, unpaired Wilcoxon rank-sum test at per-cell level. d, Top Gene Ontology: Biological Process terms upregulated in old
(left) and young adult (right) oScarletHIGH cells from experiment in 1d, as ranked by adjusted p-value (Fisher’s exact test,
Benjamini-Hochberg false discovery rate (FDR)-corrected). Size of each circle corresponds to number of distinct human
homologs among differentially expressed genes from each term. Full lists of differentially expressed genes and upregulated
terms in Supplementary Tables 9-11     . e, Schematic for single-cell RNA sequencing of oScarletHIGH cells from old (130 days)
male heterozygous SP-oScarlet killifish brains and all Live cells from old (122 days) male wildtype killifish brains (n = 3 fish per
genotype, pooled in one experiment; for an independent experiment involving old SP-oScarlet fish, see 1d). f, PCA plot
(principal components 1 vs. 2) of oScarletHIGH and wildtype old killifish brain macrophages from experiment in e using all
killifish homologs of marker genes of microglia, BAMs, and MDMs (Barr et al., 202575). Each dot represents one cell.
Percentages on axes represent the percentage of variance explained by each respective principal component. g, UMAP of
12,575 old oScarletHIGH and old wildtype macrophages, as defined by APOEB+ IBA1+ LCP1+ clusters among all cells from
experiment in e (resolution = 0.2). Each dot represents one cell. h, Dotplot highlighting expression of selected homologs of
mammalian brain macrophage marker genes (CSF1R (LOC107387189), APOEB (LOC10737395), HLA-DPB1 (LOC107372638), C1QC
(LOC107385068), and MRC1 (LOC107383768)) in old oScarletHIGH and old wildtype macrophages from experiment in e. The
color of each circle corresponds to average log-normalized expression among cells with detectable expression of the
respective gene. The size of each circle corresponds to percentage of cells in each population with detectable expression of
the gene. i, Violin plot for sum log-normalized expression of genes in Gene Ontology: Biological Process term “cytoplasmic
translation” (GO:0002181) in old oScarletHIGH and old wildtype macrophages from experiment in e. Each dot represents one
cell. Lines: medians; p-values, unpaired Wilcoxon rank-sum test at per-cell level.
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Some inflammation- and pathogen-response-related pathways were mildly depleted in old
oScarletHIGH macrophages compared to old wildtype macrophages (Fig. 4 – Fig. Supplement 1d     ).
The engulfment-related pathways examined showed no consistent directional pattern when
comparing old oScarletHIGH to old wildtype macrophages (Fig. 4 – Fig. Supplement 1e     ). These
results suggest that the translation-related changes observed with age in oScarletHIGH cells may
reflect a response to lifelong oScarlet exposure, rather than to aging per se. In contrast, changes in
engulfment-related pathways are unlikely to be solely driven by lifelong, chronic oScarlet
exposure.

Overall, our single-cell RNA sequencing results indicate that killifish brain macrophages in SP-
oScarlet animals experience notable transcriptional changes with age, with translation-related
genes increasing in expression with age (possibly as part of a response to chronic oScarlet
engulfment) and some engulfment-relevant (vacuolar acidification) genes decreasing in
expression with age.

Engulfment capacity of killifish brain macrophages declines with
age in our model
We next functionally characterized killifish brain macrophages with age, using oScarletHIGH status
as a proxy for macrophage identity – as supported by our single-cell RNA sequencing data – given
the lack of antibodies and reporter lines in killifish to otherwise identify these cells. By performing
flow cytometry on the brains of young adult (41-63 days) and old (148-167 days) male and female
SP-oScarlet killifish (n = 6 fish per age group and per sex), we noted a decline with age in the
oScarlet fluorescence intensity of oScarletHIGH cells in both males and females (p = 0.002 for each
sex, unpaired Wilcoxon test) (Fig. 5a     , Fig. 5 – Fig. Supplement 1a     ). These observations are
consistent with the possibility that aging is accompanied by a potential decline in engulfment by
brain macrophages, though the decline in oScarlet brightness in old oScarletHIGH cells could also
be due to changes in oScarlet expression, secretion, or degradation, especially given that ELAVL3
gene expression has been shown to decrease with age in the killifish brain (Fig. 5 – Fig. Supplement
1b     )55.

To assess more directly if the engulfment capacity of brain macrophages changes with age, we
developed an acute ex vivo assay in the context of SP-oScarlet animals. In this assay,
macromolecule substrates such as ovalbumin (a 45 kDa protein) and dextran (a 70 kDa
polysaccharide) (conjugated to far-red and green fluorophores, respectively) were mixed ex vivo
with brain cells during the 30 minutes of tissue dissociation75, followed by flow cytometry to
quantify fluorescent substrate engulfment by cells (Fig. 5b     ). Using this assay, we verified that
oScarletHIGH cells from young adult SP-oScarlet brains were enriched for their ability to rapidly
engulf ovalbumin compared to oScarletLOW cells (p = 0.031 for each sex, paired Wilcoxon test) (Fig.
5c     , see Fig. 5 – Fig. Supplement 1c      for additional metrics of engulfment).

We used this ex vivo engulfment assay to examine ovalbumin engulfment differences with age
among oScarletHIGH cells in both males and females (n = 6 fish per age and per sex). Crucially, we
showed that oScarletHIGH cells in old brains showed a decreased capacity to engulf ovalbumin
compared their counterpart cells in young adult brains, in both males (p = 0.002, unpaired
Wilcoxon test) and females (p = 0.009, unpaired Wilcoxon test) (Fig. 5d     ). Fewer old oScarletHIGH

cells engulfed ovalbumin, and those that did showed reduced ovalbumin brightness compared to
young adult oScarletHIGH cells that engulfed ovalbumin (Fig. 5 – Fig. Supplement 1d     , see Fig. 5 –
Fig. Supplement 2a-c      for alternative gating schemes).

In a separate experiment, we also performed this ex vivo engulfment assay using dextran as a
substrate (n = 4 male fish per age) and verified that oScarletHIGH cells from young adult (56 days)
male SP-oScarlet brains also showed a trending, non-significant increased capacity to rapidly
engulf dextran compared to oScarletLOW cells (p = 0.125, unpaired Wilcoxon test) (Fig. 5e     , see
Fig. 5 – Fig. Supplement 1e      for additional metrics of engulfment). oScarletHIGH cells in old (156
days) male brains also showed a trending, non-significant decreased capacity to engulf dextran
compared their counterpart cells in young adult brains (p = 0.057, unpaired Wilcoxon test) (Fig.
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Figure 5. Engulfment capacity of killifish brain macrophages declines with age in our model.
a, (Left) Representative flow cytometry histograms from young adult (41 days, above) and old (160 days, below) male
heterozygous SP-oScarlet killifish brains, highlighting mean oScarlet fluorescence intensity in oScarletHIGH cells. (Right)
Quantification of mean oScarlet fluorescence intensity among young adult and old oScarletHIGH cells (n = 6 fish per age per
sex, over two experiments per sex; young adult males: 41-63 days; old males: 148-160 days; young adult females: 57-63 days;
old females: 161-167 days). Each square (male) or triangle (female) represents one fish. Mean +/- standard error of mean; p-
values, unpaired Wilcoxon rank-sum test at per-animal level. b, Schematic for ex vivo engulfment assays performed on young
adult and old heterozygous SP-oScarlet killifish brains (for ovalbumin-Alexa Fluor® 647: n = 6 fish per age and sex, over two
experiments per sex; young adult males: 41-63 days; old males: 148-160 days; young adult females: 57-63 days; old females:
161-167 days; for dextran-Oregon Green 488 (70 kDa): n = 4 male fish per age in one experiment; young adult: 56 days; old:
156 days). c, (Left) Representative flow cytometry histograms from young adult (41 days) male heterozygous SP-oScarlet
killifish brains, highlighting mean ovalbumin fluorescence intensity in oScarletLOW and oScarletHIGH cells. (Right)
Quantification of mean ovalbumin fluorescence intensity among young adult oScarletLOW and oScarletHIGH cells (same
experiments as in a). Each square (male) or triangle (female) represents one fish. Mean +/- standard error of mean; p-values,
paired Wilcoxon rank-sum test at per-animal level. d, (Left) Representative flow cytometry histograms from young adult (41
days) (above) and old (160 days) (below) male heterozygous SP-oScarlet killifish brains, highlighting mean ovalbumin
fluorescence intensity in oScarletHIGH cells. (Right) Quantification of mean ovalbumin fluorescence intensity among young
adult and old oScarletHIGH cells (same experiments as in a). Each square (male) or triangle (female) represents one fish.
Mean +/- standard error of mean; p-values, unpaired Wilcoxon rank-sum test at per-animal level. e, (Left) Representative flow
cytometry histograms from young adult (56 days) male heterozygous SP-oScarlet killifish brains, highlighting mean dextran
fluorescence intensity in oScarletLOW and oScarletHIGH cells. (Right) Quantification of mean dextran fluorescence intensity
among young adult oScarletLOW and oScarletHIGH cells. Each square represents one fish. Mean +/- standard error of mean; p-
values, paired Wilcoxon rank-sum test at per-animal level. f, (Left) Representative flow cytometry histograms from young
adult (56 days) (above) and old (156 days) (below) male heterozygous SP-oScarlet killifish brains, highlighting mean dextran
fluorescence intensity in oScarletHIGH cells. Each dot represents one cell. (Right) Quantification of mean dextran fluorescence
intensity among young adult and old oScarletHIGH cells (same experiment as in e). Each square represents one fish. Mean +/-
standard error of mean; p-values, unpaired Wilcoxon rank-sum test at per-animal level.
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5f     ). Fewer old oScarletHIGH cells engulfed dextran, and those that did showed reduced dextran
brightness compared to young adult oScarletHIGH cells that engulfed dextran (Fig. 5 – Fig.
Supplement 1f     , see Fig. 5 – Fig. Supplement 2d-e      for alternative gating schemes).

Collectively, these data suggest that brain macrophages in killifish exhibit a functional decline in
engulfment capacity with age.

Discussion
In this study, we generated a genetically modified killifish line to investigate engulfment of a
secreted protein in the vertebrate brain, providing a model to study clearance. Using the secreted
red fluorescent protein oScarlet as a model extracellular protein (here secreted principally from
neurons), we found that a macrophage population in the adult killifish brain exhibits a high
engulfment capacity. Our in vivo genetic model could be used to study secretion and engulfment in
the vertebrate brain, help elucidate functional roles of brain macrophages, and identify
interventions that boost engulfment in the aged or diseased brain. We note that some limitations
of this genetic model include that oScarlet is expressed constitutively and is relatively resistant to
degradation, precluding acute examination of oScarlet engulfment and potentially even affecting
the state of cells that engulf oScarlet. We therefore developed additional methods in this study to
assess acute engulfment with other substrates both in vivo and ex vivo in the killifish brain.
Together, these tools in killifish complement recent approaches to study engulfment in mouse
brains10,75, and they provide a resource to understand the functions of brain macrophages in a
short-lived vertebrate.

We found that many killifish brain macrophages display similarities to border-associated
macrophages (BAMs) and monocyte-derived macrophages (MDMs), known engulfment-capable
macrophage populations in mammalian central nervous systems10,75,76,89,102–115. These
similarities include: expression of marker genes such as scavenger receptors, localization to brain
border regions, and functional enrichment for engulfment capacity for several substrates (the
protein oScarlet in vivo, the polysaccharide dextran in vivo and the protein ovalbumin and
polysaccharide dextran ex vivo). Our findings suggest that the adult killifish brain – in contrast to
the mouse brain102 – represents a system where the need for waste clearance may be addressed
by relatively abundant cells with characteristics of BAMs and MDMs, parallel to findings from
adult zebrafish brains80,94,95. This potential evolutionary difference is intriguing and could be due
to differences in myelination116–118, neurogenesis119–121, or demands for pathogen
response122,123 or immune regulation124 between fish and mammals or between aquatic and
terrestrial environments. These observations also suggest there may be more plasticity among fish
brain macrophages than previously anticipated. Understanding how macrophages other than
microglia perform brain clearance in species where they are abundant could provide new
avenues to promote clearance in mammals.

We showed that in our model, killifish brain macrophages decline in engulfment capacity with
age. This is in line with recent mammalian studies highlighting that BAMs and MDMs, despite
being rare populations in the mammalian brain, play key functional roles but experience
alterations with age and under pathological conditions10,11,75,97,98,100,125–167. Thus, BAMs and
MDMs could represent promising avenues for therapeutic intervention in age-associated and
other brain diseases. In mammalian BAMs, decline in engulfment with age has been linked to
decreased expression of clathrin-mediated endocytosis receptors75. While similar transcriptional
changes with age were not observed in our single-cell RNA sequencing datasets, key endocytic
machinery in the killifish brain may be regulated at the level of translation (which has been
shown to decrease globally with age in the killifish brain54), or at a post-translational level (e.g.,
decreased efficiency of proton pumping to acidify lysosomes168), resulting in an evolutionarily
conserved decline in scavenging capacity with age.

Overall, our findings highlight the underappreciated role that engulfment by macrophages,
particularly those at brain borders, could play in critical waste clearance processes in the brain.
This study also underscores the potential of the killifish as a powerful vertebrate model to
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investigate questions relevant to aging, disease, and evolution of the complex and specialized cell
types of the vertebrate brain.

Methods
Killifish husbandry
The short-lived Nothobranchius furzeri GRZ strain38 was used as the background killifish strain in
this study. Fish were maintained using an Aquaneering recirculating aquatic system at a
temperature of ∼27°C, pH of 7-7.5, conductivity of 1200 μS with a 12 hour/12 hour light/dark cycle
with the light on between ∼7 a.m. and ∼7 p.m. For the first 1 month of life, fish were fed live brine
shrimp (Brine Shrimp Direct, BSEP6LB). Brine shrimp feeding solution was generated by mixing
50 mL of brine eggs hatched over 48 hours at ∼27°C in a cone with 10 L reverse osmosis (RO)
water and 1.5 cups salt (approximately 350 mL; Instant Ocean; Amazon, B000256EUS)). Fish were
fed brine shrimp twice daily at ∼9 a.m. and ∼3 p.m. on weekdays (0.5-2 mL per feeding, with
volume per feeding approximately scaling with each week of development). Fish were fed once
daily on weekends and holidays. After 1 month, fish were fed food pellets (Reed Mariculture,
Otohime C1) twice daily at ∼9 a.m. and ∼3 p.m. (and once daily on weekends and holidays) with
∼18 mg per feeding. Tests for pathogens were conducted every three months (Charles River Labs).
Fish were housed in Stanford ChEM-H/Neuro Vivarium and Research Animal Facility (RAF),
according to IACUC protocol 13645.

For breeding and collecting killifish embryos, plastic weigh boats (e.g., Heathrow Scientific,
HS1420BB) filled up to halfway with sand were dropped in breeding tanks containing 1 male and
1-10 females (all 1-4 months old, 1.5-2.5 month old breeding females used when available; 2.8 L
breeding tank for up to 3 females, 6.8 L breeding tank for up to 6 females; 9.8 L breeding tank for
up to 10 females) to initiate mating, and approximately 3-6 hours later the embryos were collected
by pouring the contents of the sand tray through a sieve.

Collected embryos were placed in 5-15 mL embryo solution liquid (embryo solution was made by
adding 2 Ringer tablets (EMD Millipore, 1.15525.0001) and 100 μL methylene blue (Kordon, 37344)
to 1 L Milli-Q water, for a final concentration of 0.01% methylene blue) in 35 or 60 mm diameter
Petri dishes (Greiner, 627102 and 628161 respectively; dish size used dependent on number of
embryos, with a maximum of ∼40 embryos in a 35 mm and ∼150 embryos in a 60 mm Petri dish)
for 2 weeks at 28°C in a dark incubator (e.g., Thermo 50125590H). Dead embryos were removed
each day, with the embryo solution exchanged on the first day and on an as-needed basis
thereafter. Embryos were generally treated with Povidone Iodine Prep Solution U.S.P. (Dynarex;
Amazon, B00859URLK) (added to the Petri dish with embryo solution at ∼1:1000 dilution, followed
by 2-3 washes with embryo solution) immediately after collection.

At 14-16 days post fertilization (dpf), embryos were placed on autoclaved coconut fiber (Fluker’s;
Amazon, B01HO27S4M) in 35 or 60 mm diameter Petri dishes (with a maximum of ∼40 embryos in
a 35 mm and ∼150 embryos in a 60 mm Petri dish) and maintained at 27-30°C for an additional 2
weeks before hatching by placing in ∼5 mL cold (4°C) humic acid solution (Sigma-Aldrich, 53680, 1
g/L in RO water) in a 35 mm Petri dish left overnight at room temperature, followed by transfer to
the aquatic system. In certain cases (noted in Supplementary Table 1     ), some embryos entered
diapause, even at 28°C (this did not appear to be linked to maternal age or any other obviously
noticeable parameter), and had to be induced out of diapause using a thermocycler program of 6
hours at 28°C and 6 hours at 37°C repeated 6 times before being allowed to continue to develop at
28°C and transferred to coconut fiber followed by hatching in cold humic acid.

Newly hatched killifish (fry) were housed on the system at a density of up to 20 fry per 0.8 L tank,
with successive reductions in density as the fish grew older until reaching a density of 1 male fish
per 1.8-2.8 L tank, or 1-10 female fish per 1.8-9.8 L tank (2.8 L tank for up to 4 females, 6.8 L
breeding tank for up to 6 females; 9.8 L breeding tank for up to 10 females), beyond 1 month of age
(sexual maturity).
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Unless otherwise noted, original data in this study from all figures were collected from animals
raised in Stanford ChEM-H/Neuro Vivarium after a general system bleaching (January 2025) and
treated as described above. Data from Fig. 1b     , Fig. 1c     , Fig. 1h      (images), Fig. 1 – Fig.
Supplement 1c     , Fig. 1 – Fig. Supplement 1d      (4 of 10 fish), and Fig. 3b      were obtained in
another facility at Stanford (RAF), with specific husbandry variations noted in Supplementary
Table 1      (see “Notes”). Data from Fig. 1 – Fig. Supplement 1a     , Fig. 1 – Fig. Supplement 1f     , Fig.
4f-i     , and Fig. 4 – Fig. Supplement 1c-e      were collected in ChEM-H/Neuro Vivarium before
system bleaching (with bryozoans and mycobacteria prevalent), with specific husbandry
variations noted in Supplementary Table 1      (see “Notes”). A list of animals used in each
experiment/figure panel, with information on age (with hatch and sacrifice dates), notes on
husbandry conditions, sex, and genotype, can be found in Supplementary Table 1     . Importantly,
the key phenotypes observed in this study were robust to variations in husbandry conditions.

Generation of SP-oScarlet killifish
To generate a killifish knockin strain expressing a secreted form of the red fluorescent protein
oScarlet in the nervous system, we used our CRISPR-based knockin method67. Overall, a construct
encoding a signal peptide (SP) from killifish HSPA5 (signal peptide predicted using SignalP 5.071)
fused to the N-terminus of the red fluorescent protein oScarlet70 was inserted by homology-
directed repair just 5’ of the endogenous stop codon of the ELAVL3 (LOC107378364) locus in the
killifish GRZ wildtype strain. Across multiple vertebrate species, ELAVL3 encodes an RNA-binding
protein expressed strongly in neurons, as well as some glia such as oligodendrocytes68,78, and has
successfully be used in killifish as a driver for pan-neuronal expression67.

The signal peptide allows the secretion of oScarlet from ELAVL3-expressing cells. To prevent
unwanted fusion of oScarlet to ELAVL3, the construct also encodes a P2A self-cleaving peptide72 at
the C-terminal end of ELAVL3 (full sequence of construct, including 200 bp homology arms at
either end, in Supplementary Table 2     ; annotated SnapGene map file in Supplement 1     ).

To generate the killifish strain expressing this secreted form of oScarlet, which we refer to as SP-
oScarlet, we followed the step-by-step CRISPR knockin protocol described by Bedbrook et al.,
202367. For each round of injection attempted, a sand tray was dropped in a harem breeding tank
(6.8-9.8L tank) containing 1 GRZ wildtype male and 5-10 GRZ wildtype females (all 1-4 months old,
with 1.5-2.5 months old breeders used when available) to initiate mating, and approximately 3-4
hours later the embryos were collected by pouring the contents of the sand tray through a sieve.

Injection needles were generated from borosilicate glass capillaries (Sutter, BF100-58-10) pulled on
P-97 pipette pullers (Sutter Instruments). A ramp test was performed and a Heat value of [RAMP
value + 30] was used. Other settings used were Pull = 20-30, Velocity = 19-30, Time = 200. These
parameters were optimized on each specific pipette puller used, with the resulting needles tested
in pilot injections.

In the 30 minutes before collection, 1 μL of a crRNA targeting the 3’ end of the coding sequence of
ELAVL3 (at 100 μM in Nuclease-Free Duplex Buffer (IDT, 11-01-03-01); sequence in Supplementary
Table 2     ) and 1 μL of tracrRNA (at 100 μM in Nuclease-Free Duplex Buffer; IDT, 1072532/3/4) were
added to 31.3 μL Nuclease-Free Duplex Buffer and annealed at 95°C for 5 minutes to generate the
guide RNA (gRNA) solution. After this annealing, 10 μL of the resultant gRNA solution was added to
0.5 μL rCas9 protein (10 μg/μL; IDT, 1081059), and 5.5 μL PBS (Corning, 21-040-CV) and this mixture
was heated at 37°C for 10 minutes to generate the ribonucleoprotein complex. After this heating, 8
μL of the ribonucleoprotein complex was added to 1 μL dsDNA homology-directed repair (HDR)
template (150 ng/μL; IDT custom-synthesized, sequence in Supplementary Table 2     , annotated
SnapGene map file in Supplement 1     ), 1 μL HDR enhancer solution (IDT 10007921; 10 μM), and
0.33 μL phenol red (e.g., Sigma-Aldrich P0290-100ML) to generate the injection solution.

For injection, embryos at the 1 cell stage were aligned in rows on an injection pad (1% agarose in
embryo solution, solidified over a custom-3D-printed mold with rows) with the single cell facing
upwards placed under a dissecting microscope (Leica, MZ6). Embryos were individually injected
with injection solution dispensed through the aforementioned needles (loaded using Microloader
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(Calibre Scientific, EPE-5242956003) tips; per-injection volume estimated to be in the nanoliter
range). Needles were unsealed by brushing against sides of embryos. Injections were performed
with a MPPI-2 Pressure Injector (ASI) with Air Out = Continuous, Pressure ∼ 10 psi. This procedure
allowed for a constant, slow stream of injection solution flowing out of the needle (visible due to
the use of phenol red); the needle was inserted into the single cell of an embryo and injection
solution allowed to flow out until the single cell was visibly red (∼2-3 seconds).

After injection, embryos were placed in embryo solution in 35 or 60 mm diameter Petri dishes for
2 weeks at 28°C and dead embryos were removed daily. At 9-11 dpf, we identified F0 fish
expressing the red fluorescent protein oScarlet in the nervous system (by visual inspection of
embryos under a fluorescent dissecting microscope). At 14-16 dpf, embryos were placed on
coconut fiber in 35 or 60 mm diameter Petri dishes and maintained at 27-30°C for an additional 2
weeks before hatching by placing in cold humic acid solution left at room temperature overnight
(see above), followed by transfer to the aquatic system.

To generate a stable SP-oScarlet line, adult F0 fish (as determined by the visual screening of
embryos described above) were crossed with GRZ wildtype fish. F1 fish and some subsequent
generations were genotyped to identify SP-oScarlet progeny (see “Genotyping,” below). We
outcrossed F1 SP-oScarlet fish with wildtype GRZ fish for >5 generations. Both

GRZ male x SP-oScarlet female and SP-oScarlet male x GRZ female crosses were used. In one
cohort, we generated homozygous SP-oScarlet fish by crossing heterozygous parents and noted the
homozygotes had relatively poor survival at the fry stage (<10% surviving to one month of age).
Therefore, we maintained the line at the heterozygous state and we used heterozygotes for all
experiments.

Genotyping
In most generations, SP-oScarlet progeny of SP-oScarlet x GRZ wildtype crosses were identified by
visual inspection of embryos. Nonetheless, in the F1 generation and some subsequent generations,
we used PCR genotyping to confirm the presence of an insertion at the ELAVL3 locus, using a
three-primer PCR strategy with e.g., primers pFL1, pRL1, and pmCF (sequences in Supplementary
Table 2     ). All primers used were synthesized by IDT.

Genomic DNA was extracted from a small (<1 mg) amount of tail tissue cut from a live fish, either
from a 1 day old fry or an adult fish, anesthetized either on a dish placed over ice (for fry) or in
300 mg/L Tricaine (dissolved in system water; e.g., Pentair, TRS1) buffered with sodium
bicarbonate to pH ∼7 (for adults).

The tail tissue was lysed in 30 μL (for fry) or 100 μL (for adults) 2% (volume/volume) Proteinase K
(e.g., Invitrogen, 25-530-049) in DirectPCR lysis solution (Viagen Biotech, 102-T) in a PCR tube (e.g.,
USA Scientific, 1402-4708) using a thermocycler program of 55°C for 2 hours (lysis) and 80°C for 10
minutes (Proteinase K inactivation).

Next, 2 μL (for fry) or 3 μL (for adults) of the resulting lysate (unpurified) was added to 10 μL 2x
GoTaq Green Master Mix (Promega, M7123), 6 μL Milli-Q water, and 0.5 μL each of primers pFL1,
pRL1, and pmCF (each at 10 μM in Milli-Q water) following the manufacturer’s instructions for
PCR with a total reaction volume of 19-20 μL and a thermocyler program of 98°C (pre-heating);
98°C for 30 seconds; 30 cycles of 98°C for 30 seconds, 55°C for 1 minute, and 72°C for 90 seconds;
and finally 72°C for 5 minutes.

Then, 8 μL PCR product was resolved on a 1% agarose gel to verify the size of amplified bands.
Samples with only one band of size 971 bp (pFL1, pRL1 band) were identified as wildtype, while
samples with two bands (824 bp; pmCF, pRL1 band from knockin allele and 971 bp; pFL1, pRL1
band from wildtype allele) were identified as heterozygous SP-oScarlet (the >1.5 kb pFL1, pRL1
band from the knockin allele would not be expected to be amplified efficiently under these PCR
conditions).

Separately, to validate the sequence of the genomic insertion in a SP-oScarlet heterozygous fish, we
performed PCR with primers pFL1 and pRL1 outside the homology arms of the knockin construct.
For this, genomic DNA was extracted from the sidebody muscle of heterozygous SP-oScarlet
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killifish (78 days old male). The fish was sacrificed in ice water and <25 mg of sidebody muscle was
cut out with a scalpel (Integra, 4-122), chopped, and placed in 200 μL of DNEasy Blood & Tissue kit
(Qiagen, 69504/6) Buffer AL in a 1.5-mL tube (e.g., Eppendorf, 0030108418). The DNEasy Blood &
Tissue kit manufacturer’s protocol was then followed to extract DNA, which was eluted in 200 μL
of Buffer AE.

DNA amount and quality was assessed by NanoDrop and 1 μL (<200 ng) of DNA was used as input
in a PCR with 1 μL LongAmp polymerase (New England Biolabs, M0323S), 5 µL 5x LongAmp Taq
Reaction Buffer (New England Biolabs, M0323S), 3.75 μL 2 mM DNTPs (e.g., Sigma-Aldrich,
D7295-.2ML), 12.25 μL Milli-Q water, and 1 μL each of primers pFL1 and pRL1 (each at 10 μM in
Milli-Q water) following the manufacturer’s instructions for PCR with a total reaction volume of 25
μL and a thermocyler program of 94°C (pre-heating); 94°C for 30 seconds, 30 cycles of 94°C for 30
seconds, 58°C for 1 minute, 65°C for 3 minutes; and finally 65°C for 10 minutes. Less than 8 μL PCR
product was resolved on a 1% agarose gel to verify the size of amplified bands. The remaining PCR
product was purified with an NEB Monarch® DNA cleanup kit (New England Biolabs, T1030L)
following the manufacturer’s protocol exactly and the eluted DNA sent to Primordium Labs for
long-read (Oxford Nanopore) sequencing (“Linear/PCR” submission option).

Analysis of the long-read sequencing of the entire locus in SnapGene (by aligning to the expected
insertion sequence as listed in Supplementary Table 2     ) revealed that there were two copies of
the SP-oScarlet construct inserted. In silico translation with Expasy
(https://web.expasy.org/translate/     ; 3’5’ Frame 3, oScarlet protein in frame) showed that there was
a stop codon after the first copy, compatible with the presence of only one copy of oScarlet protein
(Fig. 1 – Fig. Supplement 1a     ; full sequence of actual insertion in Supplementary Table 2     ).

Preparation of killifish brain sections
To prepare killifish brain sections, we first sacrificed fish in ice water (in most experiments,
unperfused fish; in experiments in Fig. 3b     , fish perfused with sulfo-NHS-biotin, see “Intracardial
perfusion,” below). Whole fish heads were cut off and incubated overnight at 4°C in the dark with
rocking in 1-5 mL 4% paraformaldehyde (PFA; e.g., Electron Microscopy Sciences, 15710 diluted 1:4
in phosphate-buffered saline (PBS) (e.g., Corning, 21-040-CV)) in PBS (volume used dependent on
fish head size) in a 15-mL conical tube (e.g., Falcon, 352196). The following day, 3 washes with PBS
(same volume as 4% PFA used in the preceding step) were performed for at least 1 hour each at
4°C in the dark with rocking. After the final wash, fish brains were dissected out of the heads in
cold PBS using forceps (e.g., Fine Science Tools, 11252-20), starting with removal of the lower jaw,
then the upper part of the head and eyes, and finally freeing the brain from the skull. The brains
were then sunk in 0.5-1 mL 30% (weight/volume) sucrose (Sigma-Aldrich, S0389-1KG) in PBS
overnight at 4°C in the dark. Once the brains had sunken, they were embedded in Optimal Cutting
Temperature (OCT) compound (Fisher HealthCare, 4585). OCT blocks containing the brains were
frozen over dry ice and stored at −80°C until sectioning.

Sagittal sections with a thickness of 50 µm were generated using a cryostat (Leica, CM3050 S) and
MX35 Ultra blade (Epredia, 3053835) and added to Superfrost Plus slides (Fisherbrand, 1255015)
that were stored at −20°C until further processing. Sections with visible and undamaged forebrain,
midbrain and hindbrain tissue were included, with approximately position-matched sections
(based on visual inspection of brain tissue gross morphology) used where appropriate for
comparisons. RNase-free reagents and technique (namely, spraying tools and surfaces with 70%
ethanol and RNaseZap (Invitrogen, AM9780, AM9782)) were used for all experiments in which
hybridization chain reaction (HCR) was later performed on the brain sections.

Hybridization chain reaction
To perform hybridization chain reaction (HCR)73 on killifish brain sections, we first placed slides
with 50 µm-thick killifish brain sections were placed in RNase-free PBS at room temperature for at
least 20 minutes to wash off excess OCT (preceded by a heating step at 37°C for ∼10 minutes in
some experiments to minimize the occurrence of sections detaching from the slides).
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After washing off OCT, slides were then permeabilized in 1% Triton (e.g., Sigma-Aldrich T8787-
50ML) in 100% methanol (e.g., Sigma-Aldrich 34860-100ML-R) for at least 1 hour at −20°C, then
washed twice in RNase-free 2x saline sodium citrate (SSC; diluted from 20x SSC (ThermoFisher,
AM9763) in RNase-free water) with 0.1% Triton (250 µL per slide) for 15 minutes per wash at room
temperature. HCR hybridization buffer (Molecular Instruments, “HCR Probe Hybridization
Buffer,” for tissue sections; 250 µL per slide; preheated to 37°C) was applied to the slides, which
were incubated at 37°C for 30 minutes with a coverslip on top. After the 30 minutes incubation,
this hybridization buffer was removed and replaced with hybridization buffer containing the
appropriate probe sets diluted 1:100 from stock. Once the hybridization buffer with probes sets
had been applied, the slides were then incubated at 37°C overnight with a coverslip on top.

Sequences for all HCR probe sets used in this study are listed in Supplementary Table 2     . These
sequences were determined by a Python script that used the most 5’ or 3’ (as noted in
Supplementary Table 2     ) 1012 bp of the longest killifish mRNA sequence for the gene of interest
(or the entire mRNA sequence, in the case of shorter genes) to design up to 22 pairs of probes 22 bp
in length each, with a 2 bp spacer between probes. Probes sets were ordered in tubes as
lyophilized 50 nM oPools (IDT custom-synthesized) and resuspended in 50 µL of TE8.0 (Invitrogen,
AM9849). After a 5 minutes wait, the tubes were vortexed and 20 µL of the resuspension solution
was added to 20 µL of TE8.0. This diluted resuspension solution was vortexed, spun down, and spit
into 5 µL aliquots which were used as the probe set stocks.

After the overnight incubation with probes sets diluted in hybridization buffer, HCR wash buffer
(Molecular Instruments, “HCR Probe Wash Buffer,” for tissue sections; 250 µL per slide; preheated
to 37°C) was applied to was applied to the slides, which were incubated at 37°C for two washes of
30 minutes each with a coverslip on top. The slides were then washed twice in RNase-free 2xSSC
with 0.1% Triton (250 µL per slide) for 15 minutes per wash at room temperature. Next, HCR
amplification buffer (Molecular Instruments, “HCR Amplification Buffer,” for tissue sections; 100
µL per slide; equilibrated to room temperature) was applied to the slides, which were incubated at
room temperature for at least 30 minutes with a coverslip on top.

During this incubation, amplification hairpins (Molecular Instruments; 2 µL per hairpin per slide)
were prepared. Hairpins were first snap-heated at 95°C for 5 min, followed by 30 minutes of
cooling at 4°C. Hairpins used for each probe in this study are listed in Supplementary Table 2     
(see “Notes”). Hairpin solution (100 total µL per slide) was prepared by adding hairpins (2 µL per
hairpin per slide) to amplification buffer. After applying hairpin solution, slides were incubated at
room temperature overnight in the dark.

After overnight incubation with hairpin solution, slides were washed twice in RNase-free 2xSSC
with 0.1% Triton (250 µL per slide) for 5 minutes per wash at room temperature in the dark, then
washed once in RNase-free 2xSSC with 0.1% Triton (250 µL per slide) for 5 minutes at room
temperature in the dark, and then washed twice in RNase-free 2xSSC with 0.1% Triton (250 µL per
slide) for 5 minutes per wash at room temperature in the dark before mounting in ProLong Gold
with 4’,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific, P36931) under a coverslip.
Mounted slides were dried overnight at room temperature in the dark and stored at 4°C in the
dark until imaging.

For experiments in which HCR and immunofluorescence staining were performed sequentially on
the same slides, after overnight incubation with hairpin solution, slides were washed five times in
RNase-free 2xSSC with 0.1% Triton (250 µL per slide) for 5 minutes per wash at room temperature
in the dark, before proceeding to blocking for immunofluorescence staining.

Immunofluorescence staining
To perform immunofluorescence staining on killifish brain sections, we first heated slides with 50
µm-thick killifish sagittal brain sections for 10 minutes at 37°C, then placed the slides in PBS at
room temperature for at least 20 minutes to wash off excess OCT. Slides were then permeabilized
in 0.5% Triton in methanol for at least 1 hour at −20°C, then washed twice in PBS for 5 minutes per
wash at room temperature.
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Next, for blocking, circles were drawn around sections with a hydrophobic pen (Edding 751)
blocking buffer (PBS with 5% normal donkey serum (NDS; Fisher Sci., SP-072-VX10) and 1% bovine
serum albumin (BSA; from 10% BSA stock; Miltenyi Biotec, 130-091-376)) was added to the areas
within the circles for a 30 minutes incubation at room temperature. After blocking, the blocking
buffer was removed and primary antibodies were added for overnight incubation at 4°C in the
dark. All primary antibodies used in this study are listed in Supplementary Table 3      along with
the dilution (in blocking buffer) at which they were used.

After incubation with primary antibodies, slides were washed 6 times with PBS with 0.1% Triton
for 10 minutes each at room temperature in the dark, and then washed 3 times with PBS for 5
minutes each at room temperature in the dark, before the PBS was dried off and secondary
antibodies and DAPI (Fisher Scientific, 62248) (all diluted 1:500 in blocking buffer) were added for
2 hours incubation at room temperature in the dark. All secondary antibodies used in this study
are listed in Supplementary Table 3     .

After incubation with secondary antibodies, slides were washed 6 times with PBS with 0.1% Triton
for 10 minutes each at room temperature in the dark, and then washed 3 times with PBS for 5
minutes each at room temperature in the dark before mounting in ProLong Gold (ThermoFisher,
P36930) under a coverslip. Mounted slides were dried overnight at room temperature in the dark
and stored at 4°C in the dark until imaging.

Tissue clearing
To visualize oScarlet protein in SP-oScarlet brains at a whole-brain level, we performed tissue
clearing using a modified Adipo-Clear protocol170. A dissected young adult SP-oScarlet brain in
PBS (processed as described in “Preparation of killifish brain sections,” above, up to dissection,
then placed in room temperature PBS) was subjected to the Adipo-Clear protocol with ethyl
cinnamate (Sigma-Aldrich, 112372) was used in place of dibenzyl ether. An anti-RFP antibody used
to visualize oScarlet (details in Supplementary Table 3     ).

Imaging
Unless otherwise noted, all images were taken with a Zeiss LSM900 confocal microscope with
Zen3.0 Blue Edition software. Zeiss Immersol Oil 518F (Zeiss 4Y00-R0DY-1007-3VF3) was used with
the 40x and 63x magnification objectives. Imaging parameters, including the magnification
objective used for each image, are listed in Supplementary Table 4     .

The images in Fig. 1d     , Fig. 1e     , and Fig. 2 – Fig. Supplement 1a      were taken with a Miltenyi
Biotec Ultramicroscope Blaze, an EVOS M5000 tissue culture microscope, and a Zeiss Elyra7
structured illumination microscope (at Stanford’s Cell Sciences Imaging Facility
(RRID:SCR_017787     )), respectively.

Image processing and quantification
Image analysis scripts are listed in Supplementary Table 4     . Confocal images taken were z-stacks
with 10-20 slices 0.5 μm apart. Maximum intensity projections of 10 slices per image were
generated in Fiji/ImageJ using the macros listed in Supplementary Table 4      and saved as TIF files.
The max projection TIF files were loaded into QuPath (v0.6.0)171 for automated cell detection and,
where needed to detect RNA transcripts, subcellular spot detection using Groovy scripts as listed in
Supplementary Table 4     .

Unless otherwise noted, all images shown in this manuscript were processed (maximum intensity
projection, brightness/contrast adjustment, cropping) with Fiji/ImageJ. The image in Fig. 1d      was
processed in Imaris (specialized software for 3D image processing) and further processed in
Fiji/ImageJ. The image in Fig. 2 – Fig. Supplement 1a      was pre-processed with Zen Blue Software
(for structured illumination mathematical correction) on the microscope used for image
acquisition (at Stanford’s Cell Sciences Imaging Facility, RRID:SCR_017787     ) prior to processing in
Fiji/ImageJ.
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Since APOEB HCR signal was strong and individual transcript spots were often difficult to
distinguish, mean APOEB RNA intensity per cell in 10x magnification images was used as a
readout of APOEB expression. For all other HCR probes used, individual transcript spots were
counted in 40-63x magnfiication images. QuPath measurements were exported as .csv files and
analyzed in R (v4.5.1).

In quantifications of oScarlet immunofluorescence staining, oScarletHIGH cells were defined as
those with both a mean fluorescence intensity in the oScarlet channel of >2.5 standard deviations
higher than the mean of all cells in the image and maximum fluorescence intensity in the oScarlet
channel of >25,000, due to the punctate nature of bright oScarlet protein signal.

In quantifications of dextran-Oregon Green 488 native fluorescence, dextran-positive cells were
defined as those with both a mean fluorescence intensity in the dextran channel of >2.5 standard
deviations higher than the mean of all cells in the image and maximum fluorescence intensity in
the dextran channel of >25,000, due to the punctate nature of dextran signal.

In quantifications of APOEB HCR signal, cells with high APOEB RNA expression were defined as
those with a mean fluorescence intensity in the APOEB RNA channel of >2.5 standard deviations
higher than the mean of all cells in the image, since APOEB RNA signal was largely cell body-
filling.

In quantifications of colocalization with vasculature, vasculature was defined as cells with a mean
fluorescence intensity in the sulfo-NHS-biotin channel of >1.5 standard deviations higher than the
mean of all cells in the image, since sulfo-NHS-biotin signal was largely cell body-filling. Cells
colocalizing with vasculature were defined as those with a centroid <5 μm from the centroid of
any vasculature cell (inclusive of vasculature cells themselves).

For representative sampling of all brain regions for quantification, we imaged one region of
interest from each of the forebrain, midbrain, and hindbrain across 1-3 sagittal sections per
animal, avoiding areas of visually obvious tissue damage.

In Fig. 3a      and Fig. 3 – Fig. Supplement 1a     , four images (one image per animal for each of four
animals; listed in Supplementary Table 4     ) were excluded from quantification because they
contained regions with a visually obvious very high density of cells with high APOEB RNA
expression, which could potentially reflect a response to injury (see also “Injection of dextran into
killifish brains,” below).

For quantifications in Fig. 3b     , brain external borders were generally avoided when selecting
regions of interest, because sulfo-NHS-biotin signal was much brighter at these external borders as
compared to other areas in the brain, which we could bias quantification. As such, our analysis
mostly examined APOEB+ cells in the brain interior.

Injection of dextran into killifish brains
To test the endocytic properties of cells in the killifish brain, we injected dextran-Oregon Green
488 (70 kDa) (Thermo Fisher Scientific, D7173), aiming for the ventricle to maximize distribution
of dextran through the cerebrospinal fluid. Only females were used for these experiments since
adult males have thick muscle above the skull that makes it difficult to visually locate the brain.

The brain injection procedure bears similarities to cerebroventricular microinjection procedures
used for adult zebrafish96,172, though specific adaptations were made for killifish. Brain injection
needles (made identically to embryo microinjection needles) were filled with a mixture of 90%
dextran (1 mg/mL dissolved in PBS) and 10% phenol red (for visualization), for a final dextran
concentration of 900 μg/mL, using Microloader tips.

After loading, the needles were unsealed by breaking their points with fine forceps. Prior to
injection, fish were individually anesthetized in 300 mg/L Tricaine (dissolved in system water)
buffered with sodium bicarbonate to pH ∼7. Successful anesthesia was confirmed by the fish
being non-responsive to tail pinching, at which point the fish was placed in between pins on a
Tricaine-filled dish underneath the injection microscope.
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Injections were performed with a Pneumatic Picopump (World Precision Instruments, PV380) with
settings Vacuum = 0 in Hg (vac setting), Hold = 0 psi, Eject = 5-10 psi (Vent = hold), Range = 10 s,
Period = 50, Duration = timed, with the needle stabilized and positioned using a DC-3K right
apparatus (World Precision Instruments, DC3001R, 00-45-201-0000). We used a micrometer
(Fisherbrand, 12-561-SM1) to estimate an approximate ejection volume of <0.5 μL (based 5 test
ejections of 10% phenol red in PBS into a mineral oil (e.g., Sigma-Aldrich, M5904-5ML) droplet with
similar needles, unsealing procedure, and approximately equal pressure settings as used for brain
injections; although injecting through the skull further unseals the needle). We used the minimum
Eject pressure necessary to eject liquid for this procedure, to minimize damage to the brain.

To aim for the ventricle, needles were inserted at approximately a 45° angle through the skin and
skull at the most medial point of the forebrain/midbrain border (where the two lobes of the
telencephalon and two lobes of the optic tectum meet). This point was approximately aligned
along the anterior-posterior axis with the most posterior part of the eyes.

No brain coordinates were used to estimate the depth the needle needed to reach before ejection
(by pressing foot pedal); the depth of needle insertion was approximately optimized by practice
injections, with immediate spread of phenol red used as a readout of successful injection. We note
that engulfment of dextran by brain macrophages was observed in some cases where immediate
spread of phenol red upon ejection was not observed, possibly due to clogging in the needle
limiting the volume of liquid ejected.

Fish were then placed in recovery tanks with fresh system water (not on aquatic system) and
sacrificed 1 day (∼20-26 hours) after dextran injection.

We excluded one animal from the quantifications in Fig. 3a      and Fig. 3 – Fig. Supplement 1a     
based on visually obvious lack of dextran signal throughout the brain (Fig. 3 – Fig. Supplement
1b     ). Of the 38 remaining images from six remaining animals, we additionally excluded four
images (one each from four different animals) that contained regions of interest with visually
apparent very high densities of APOEB+ cells, which could reflect a response to injury. These four
excluded images are listed in Supplementary Table 4      (row 14, “Notes”).

Intracardial perfusion
To visualize vasculature, we perfused wildtype killifish with sulfo-NHS-biotin (Thermo Scientific,
21335). The perfusion procedure was similar to that described by Costa et al., 202655. Perfusion
was performed with a syringe pump (KD Scientific, Legato 200 Series, 788200 syringe pump) with
30-gauge hubless needles with a point style 4 bevel (Hamilton Syringe, custom needle, 22030-01; 30
gauge, Hubless Needle, No Hub, 30 gauge, 1.5 inches length, point style 4 [12°]) attached using
∼0.25 meters of BD Intramedic PE Tubing (BD, 427400) to a 30 gauge metal hub blunt-end Luer
needle (Hamilton Syringe, custom needle, 7748-16; 30 gauge, Metal Hub Needle, Point Style: 3;
Needle Length: 0.375 inches) on a 20-mL disposable syringe with Luer Lock tip (‘Sterile Syringe
Only with Luer Lock Tip’, Amazon, B08FJCSLFC).

Adult killifish were anesthetized in 300 mg/L Tricaine (dissolved in system water; e.g., Pentair,
TRS1) buffered with sodium bicarbonate to pH ∼7, with the underbelly cut so as to expose the
heart (full details of cutting described by Costa et al., 202655), with the perfusion needle inserted
into the bulbus arteriosus. The perfusion flow rate was 3.5 mL/minute. First, 6 mL of 50 mM Tris
pH 8.0 (filled in the disposable syringe; Thermo Fisher Scientific, 15-568-025) was perfused,
followed by 4 mL of 0.5 mg/mL sulfo-NHS-biotin in PBS, and then 2 mL of 50 mM Tris pH 8.0.

After perfusion, fish were sacrificed in ice water and their carcasses incubated overnight at 4°C in
the dark with rocking in >5 mL 4% paraformaldehyde in PBS (e.g., diluted from 16%
paraformaldehyde in PBS (Electron Microscopy Sciences, 15714-S)) in a 15-mL conical tube (e.g.,
Falcon, 352196). Cuts were made in the underbelly to expose the internal organs and allow for
complete fixation. The following day, 3 washes with PBS (same volume as 4% paraformaldehyde
used) were performed for at least 1 hour each at 4°C in the dark with rocking. After this, the PBS
was exchanged with 100% methanol (Sigma-Aldrich, 34860-4L-R) and the fish were stored long-
term (>1 year) at −20°C. Before sectioning, heads were cut off and rehydrated with a reverse

Cell Biology | Neuroscience

https://doi.org/10.7554/eLife.112503.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology
https://elifesciences.org/subjects/neuroscience


Nagvekar et al., 2026 eLife 15:RP112503.  https://doi.org/10.7554/eLife.112503.1 21 of 66

gradient of 2 mL each of (1) 75% methanol and 25% PBS; (2) 50% methanol and 50% PBS; (3) 25%
methanol and 75% PBS; and finally (4) 100% PBS, sequentially for 15-45 minutes each on ice. Then,
an additional wash in 100% PBS was performed for 15 minutes, and then brains were dissected for
preparation of killifish brain sections.

Dissociation of killifish brains for single-cell RNA sequencing
We conducted two single-cell RNA sequencing experiments: one in October 2024 (Fig. 4e     ) and
one in August 2025 (Fig. 1d     ). In the October 2024 experiment, we sequenced FACS-sorted
oScarletHIGH cells from old male SP-oScarlet brains (n = 3 fish, pooled) as well as FACS-sorted Live
cells from old male wildtype brains (n = 3 fish, pooled). In the August 2025 experiment, we
sequenced FACS-sorted oScarletHIGH and oScarletLOW cells from young male SP-oScarlet brains (n
= 4 fish, pooled) as well as FACS-sorted oScarletHIGH from old male wildtype brains (n = 4 fish,
pooled).

For single-cell RNA sequencing experiments, fish were always sacrificed in the morning on a
weekday, having not received feeding since the previous afternoon. Males were used for these
experiments due to their larger size, maximizing cell yield for single-cell RNA sequencing.

For dissociation, we used protocols similar to those described by Mariën et al., 2024173. Fish (not
perfused) were sacrificed in ice water and brains were dissected in ice-cold PBS using forceps,
starting with removal of the lower jaw, then the upper part of the head and eyes, and finally
freeing the brain from the skull. After dissection, brains were cut into pieces approximately the
size of a half telencephalon. Per sample (each sample consisted of a pool of 3-4 brains matched in
age, genotype, and sex), all tissue pieces were transferred into a 1.5-mL microcentrifuge tube
containing 800 µL of ice-cold dissection medium (DMEM/F12 with HEPES (Thermo Fisher
Scientific, 11330032) with actinomycin D (transcription inhibitor; Sigma-Aldrich, A1410-2MG)
added at 1:200, triptolide (transcription inhibitor; Sigma-Aldrich, T3652-1MG) added at 1:1000,
anisomycin (translation inhibitor; Sigma-Aldrich, A9789-5MG) added at 1:368.5 and put on ice until
all brains were dissected (up to 2 hours).

Once all the dissected tissues were ready in dissection medium on ice, fresh papain solution was
prepared. Papain solution consisted of 50 µL of papain (suspension, from papaya latex;
Worthington, LS003126), 20 µL DNase I solution (10 mg/mL; e.g., STEMCELL Technologies, 07900;
dissolved in Milli-Q water), and 40 µL of L-cysteine solution (12 mg/mL) per 1 mL of DMEM/F12,
with actinomycin D added at 1:200, triptolide at 1:1000, anisomycin at 1:368.5. This solution was
sterilized through a 0.2-0.22-µm-pore-size filter (Sigma-Aldrich, WHA9914-2502 or Fisher Scientific,
SLGP033RS) and vortexed to mix. L-cysteine solution was prepared by adding 120 mg of L-cysteine
hydrochloride (e.g., Sigma-Aldrich, C6852-25G) to 10 mL of filtered, autoclaved Milli-Q water, and
stored for up to 2 weeks at 4°C or 1 year at −20°C.

The dissection medium was removed by pipetting and 1 mL fresh papain solution was added to
each sample. To start digesting the brain tissue, tubes with the samples were placed in an
incubator for ∼6 minutes at 37°C. After the 6 minutes, the tubes were removed from the incubator
and the brain tissue was dissociated mechanically by pipetting up and down ∼13 times with a 1-
mL pipette tip (e.g., Fisher Scientific 12-111-164) cut at 0.5 cm. Four additional rounds of
incubation and mechanical dissociation were performed. In the second round, mechanical
dissociation was performed with a 1-mL pipette tip cut at 0.2 cm, and in subsequent rounds,
mechanical dissociation was performed with an uncut 1-mL pipette tip. Papain digest was limited
to 5 rounds (30 minutes) total to avoid pre-apoptotic cells. After this digest, cells were transferred
into 5-mL FACS tubes with strainer caps (Corning, 352235), using sufficient pressure to make sure
that the cells passed through the strainer. Then 3 mL of washing solution for single-cell suspension
was passed through the strainer to clean the strainer and stop the enzymatic reaction. Washing
solution for single-cell suspension was prepared by adding 975 µL of glucose (e.g., Sigma, G7021-
1KG) 15% (weight/volume) in Milli-Q water, 250 µL of HEPES 1 M (e.g., Sigma-Aldrich, H3375-100G;
dissolved in Milli-Q water), and 2.5 mL of FBS (fetal bovine serum, e.g., Millipore Sigma, F2442-
500ML) to 46.9 mL DPBS (Dulbecco’s phosphate-buffered saline; Thermo Scientific, 14190094),
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stored for up to 2 months at 4°C, and sterilized with a 0.2-0.22-µm-pore-size filter. After addition of
washing solution, contents of the FACS tubes were poured into 50 mL conical tubes (e.g., Thermo
Fisher Scientific, 14-432-22) for subsequent centrifugation.

The conical tubes containing the cell suspensions were centrifuged at 500g for 10 minutes at 4°C,
and the supernatants were carefully decanted and discarded. Debris was removed using the
debris-removal solution, according to the manufacturer’s protocol. Cells were resuspended
carefully in each tube with 15.5 mL DPBS. Then 4.5 mL of cold debris-removal solution (Miltenyi
Biotec, 130-109-398), was added and gently mixed by inverting. This solution was gently overlaid
(drop by drop) with 20 mL of cold DPBS (creating two phases), before centrifugation at 3000g for
10 minutes at 4°C, with full acceleration and full brake. After centrifugation, three phases formed;
the top two phases were aspirated and discarded. If the phases were hard to distinguish, a
conservative approach was taken and the top 20 mL was aspirated and discarded. Then each tube
was filled up with cold DPBS (20 mL), closed, mixed by inverting three times with no vortexing and
centrifuged at 1000g for 10 minutes at 4°C. The supernatant was aspirated and discarded, and the
pellet was resuspended in 500 μL PBS to generate the single-cell suspension.

FACS for single-cell RNA sequencing
Single-cell suspensions were moved to 1.2-mL FACS library tubes (e.g., VWR, 83009-678), to which 5
μL Zombie NIR™ live/dead stain (BioLegend, 423105) diluted 1:10 in PBS was added. These tubes
were incubated 15 minutes at room temperature in the dark, and then centrifuged at 300g for 5
minutes at 4°C. For each tube, the supernatant was removed to 100 μL, and the pellet was
resuspended in 400 μL of PBS with 0.5% BSA (diluted from 35% BSA; Sigma-Aldrich A7979-50ML).

The contents of each tube were strained through a 5-mL FACS tube with strainer cap, vortexed to
minimize cell clumping, and then run on a Sony MA900 cell sorter at about 1500-2000 events per
second, with FSC threshold = 6%, FSC gain = 12, BSC gain = 35%, and all fluorophores gain = 40%.
Compensation was not used due to the presence of only two fluorophores (oScarlet, same spectra
as mScarlet; and Zombie NIR™) whose spectra were determined to be sufficiently non-overlapping
per Thermo SpectraViewer. For each sample, 100,000 events were recorded and .fcs files were
exported for analysis in FlowJo (v10.0.0). The flow cytometry plot in Fig. 1e      was on Live cells as
identified from the gating strategy shown in Fig. 1 – Fig. Supplement 1e     . oScarletHIGH cells were
defined as those having a FL3-A::mCherry-A (uncompensated) intensity of approximately >800
(October 2024 experiment) or >1000 (August 2025 experiment). oScarletLOW cells were defined as
those having a FL3-A::mCherry-A (uncompensated) intensity of approximately <500.

Each sample from which oScarletHIGH cells were collected was run in its entirety on Normal mode
(maximizes yield) to collect as many oScarletHIGH cells as possible (with yields ranging from
approximately 35,000-65,000 oScarletHIGH cells according to Sony MA900 event count). For the
Live cells collected from wildtype brains in the October 2024 experiment and the oScarletLOW cells
collected from young adult SP-oScarlet fish in the August 2025 experiment, these were also run in
Normal mode, but approximately 240,000 and 167,000 cells were collected respectively (according
to Sony MA900 event count), which did not represent the entire sample, to avoid overloading the
10x chip in single-cell RNA sequencing. Cells were collected in 500 µL of RNase-free PBS with 1%
BSA and 0.1% glucose in 1.5 mL DNA LoBind tubes (Eppendorf, 0030108418).

Single-cell RNA sequencing
After cell collection, tubes containing the cells were centrifuged at 300g for 5 minutes at 4°C.
Supernatants were removed to 43.2 μL, and Master Mix was prepared and added to each sample
exactly following the instructions in the 10x Genomics Chromium Next GEM Single Cell 3’ Reagent
Kits v3.1 User Guide. Cells were not counted, in order to load all cells collected in each tube. Once
Master Mix was added, the contents of each tube were pipetted up and down (to resuspend the
cells fully) and loaded in their entirety onto the 10x chip.

After this, the instructions in the 10x Genomics Chromium Next GEM Single Cell 3’ Reagent Kits
v3.1 User Guide were followed exactly with 11-12 cycles used in the cDNA amplification PCR and
13-14 cycles used in the Sample Index PCR (October 2024 experiment, 12 and 13 cycles,
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respectively; August 2025 experiment; 11 and 14 cycles, respectively).

Libraries were sequenced by Novogene on a NovaSeqX Plus sequencer (150 bp paired-end reads)
to an approximate depth of 215-333 million reads per sample.

Identifying homologous genes across species
Killifish gene names were converted to their equivalents in human, mouse, or other species using
the table presented in Supplementary Table 5     , which was generated as described in the next
paragraph. Killifish can have multiple paralogs corresponding to a single mammalian gene, due to
whole-genome duplication in teleost fish174,175. In such cases, for visualization purposes, one
killifish paralog was selected (specified in figure legend). In cases where one killifish paralog had a
much higher expression level than the other paralogs, the highest-expressed killifish paralog was
selected.

Over half of the killifish NCBI gene names (11,715 out of 22,194) consist of locus numbers.
Therefore, we generated new gene symbols for all the killifish protein coding genes, based on NCBI
gene descriptions for killifish and human, and orthologs between killifish and other animals. For
ortholog identifications, we ran sequence comparison using BLAST (ncbi-blast-2.5.0+) between
killifish and 36 other animals, including multiple tetrapod, and fish species. We then generated a
prioritized scheme for gene symbol assignment based on the following rules. We kept the gene
symbols assigned by NCBI annotation. If there were no gene symbol assigned by NCBI, we matched
the NCBI gene description between killifish and human and assigned the human gene symbols
where the gene descriptions matched between the two species. For rest of the genes, we generated
a consensus gene symbol based on ‘majority rules’ using ortholog symbols from 36 other animals.
In case of ties, priority was given to the tetrapod symbols. We were able to assign proper gene
identities to 93% of the locus numbers and improve gene symbols for 96.4% of all protein coding
genes.

In the text, figures, and legends of this manuscript, all killifish gene names are capitalized and
presented in italics (e.g., ELAVL3).

Analysis of single-cell RNA sequencing data
Demultiplexed reads provided by Novogene were aligned to the African turquoise killifish genome
(Nfu_20140520) using Cell Ranger. A custom genome including the SP-oScarlet knockin insertion
(as determined from sequencing as in Fig. 1 – Fig. Supplement 1a     ) as a separate chromosome
was built according to the instructions provided by 10x Genomics
(https://www.10xgenomics.com/support/software/cell-ranger/latest/tutorials/cr-tutorial-mr     , “Add a
custom gene to the FASTA and GTF”) for alignment of reads from SP-oScarlet fish, although we
note that the SP-oScarlet transcript was difficult to detect even in ELAVL3+ cells. This is potentially
explained by the SP-oScarlet transcript’s position several kilobases upstream of the 3’ end of
ELAVL3, as ELAVL3 has a long untranslated region. The oScarlet transcript could be detected by
HCR in ELAVL3+ cells in situ (Fig. 1 – Fig. Supplement 1c     ).

After alignment, raw_feature_bc_matrix outputs were downloaded and a Seurat176 (v5.3.0) object
was created (separately for each sample) using the Read10x and CreateSeuratObject functions
(min.cells = 3, min.features = 200). For quality control, each of these Seurat objects was
individually filtered to include cells with nCount_RNA > 1000, nFeature_RNA > 500, and <10%
mitochondrial reads. No doublet removal was performed. After testing various doublet removal
methods in preliminary analyses and ensuring that our key conclusions were robust to doublet
removal method, we reasoned that due to the lack of reliable killifish cell type markers
(particularly for myeloid cells), it would be challenging to assess the accuracy of singlet vs. doublet
classifications. Quality control metrics per individual Seurat object are listed in Supplementary
Table 6     . Seurat objects were merged as appropriate. After each merge, JoinLayers was run on
the merged object to allow Seurat to identify cluster markers and differentially expressed genes.
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1.

2.
3.

For all objects, merged or unmerged, clusters were defined by running NormalizeData
(normalization.method = “LogNormalize”, scale.factor = 10000), FindVariableFeatures
(selection.method = “vst”, nfeatures = 2000), ScaleData, RunPCA, RunUMAP (dims = 1:30),
FindNeighbors (dims = 1:30) and finally FindClusters (resolution = 0.1-0.2). Cell types were defined
by running FindMarkers for low-resolution clusters and manually matching markers to cell types
based on literature, most notably Ayana et al., 202468 (killifish-specific) and Tabula Muris78. Full
lists of low-resolution cluster marker genes among all young adult cells from the August 2025
experiment can be found in Supplementary Table 7     .

For subsetting to macrophages, APOEB+ IBA1+ LCP1+ clusters were selected based on expression
from VlnPlot. These markers were used by Ayana et al. to define “Microglia” in their wildtype
killifish forebrain single-cell RNA sequencing datasets68, although our analysis shows that APOEB+
IBA1+ LCP1+ killifish brain cells have an expression profile more similar to that of mouse
monocyte-derived macrophages rather than mouse microglia.

Young adult wildtype killifish forebrain macrophages were identified by downloading the dataset
SRR24058857 (from Ayana et al., 202468) from NCBI Gene Expression Omnibus/Sequence Read
Archive, aligning it to the Nfu_20140520 genome using Cell Ranger, and creating a Seurat object
and performing quality control exactly as described above for this study’s original datasets, and
then subsetting to the (one) APOEB+ IBA1+ LCP1+ cluster.

To compare killifish and mouse brain macrophages, we used a Seurat object corresponding to all
young adult mouse brain immune cells analyzed by Barr et al., 2025 (see Barr et al., 202575 for
details of single-cell RNA sequencing, genome alignment, quality control, annotation of cell types,
etc.). This object, which includes cells collected at multiple circadian timepoints, was first subset to
the circadian timepoint ZT12 (Time = ZT12), which corresponds to the beginning of the active
phase (roughly equivalent to the circadian timepoint at which our killifish single-cell data was
collected). The object was then subset to microglia, BAMs, and MDMs (Broad_Cell_Annotation
%in% c(“Microglia”, “PBM”, “MDM”).

Then, we determined markers of mouse microglia, BAMs, and MDMs using FindAllMarkers
(test.use = “wilcox”, min.pct = 0.1, logfc.threshold = 0.5). All markers of microglia, BAMs, or MDMs,
including genes that were markers of multiple cell types (or all killifish homologs of these genes)
were used for principal component analysis (PCA). This PCA was performed starting with a Seurat
object for each of the following cell populations:

Young adult mouse brain macrophages (subset from all young adult mouse brain immune
cells; Barr et al., 202575; Broad_Cell_Annotation %in% c(“Microglia”, “PBM”, “MDM”, “IFN-M”))
Young adult oScarletHIGH cells (this study)
Young adult wildtype killifish forebrain macrophages (Seurat object generated as described
above; Ayana et al., 202468)

and subsetting to only the marker genes as described above, then re-running NormalizeData
(normalization.method = “LogNormalize”, scale.factor = 10000), FindVariableFeatures
(selection.method = “vst”, nfeatures = 2000), ScaleData, and finally RunPCA.

The strongest markers of mouse microglia, BAMs, and MDMs as depicted in the heatmaps in Fig. 2
– Fig. Supplement 3a      and Fig. 2 – Fig. Supplement 4a      were defined using using
FindAllMarkers (test.use = “wilcox”, min.pct = 0.5, logfc.threshold = 3).

DimPlot was used to highlight cells by orig.ident (i.e., sample of origin) or cell type (reduction =
“umap”) and produce PCA plots (reduction = “pca”). FeaturePlot and VlnPlot were used to highlight
expression of specific genes. VlnPlot was also used to highlight sum log-normalized expression of
genes in specific Gene Ontology terms. DoHeatmap was used to highlight expression of top killifish
cell type marker genes as ranked by area under curve according to Presto177 (no thresholds
applied; cell types defined manually as described above) or to highlight expression of killifish
homologs of the strongest mouse microglia, BAM, and MDM markers. Full lists of cell type marker
genes among all young adult cells from the August 2025 experiment as determined by Presto can
be found in Supplementary Table 8     .
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Differentially expressed genes between samples were determined using FindMarkers (test.use =
“wilcox”, min.pct = 0.1, logfc.threshold = 0.5), and Gene Ontology terms upregulated among these
genes were determined using enrichR (“GO_Biological_Process_2025”) with a background of all
human genes with killifish homologs represented among the rownames of the combined Seurat
object (containing both samples) and plotted using ggplot2. Differentially expressed genes were
always calculated at the level of killifish genes, then converted to human gene names for Gene
Ontology analysis (enrichR disregards duplicates). The sizes of the circles in Fig. 4d      and Fig. 4 –
Fig. Supplement 1d      correspond to the numbers of unique human genes with any killifish
homologs among the differentially expressed genes for the comparison made. As brains from n =
3-4 individual male fish were pooled to achieve sufficient numbers of oScarletHIGH cells, statistics
were calculated at the per-cell level.

Full lists of differentially expressed genes per comparison made can be found in Supplementary
Tables 9 and 12     . Full lists of Gene Ontology terms upregulated per condition can be found in
Supplementary Tables 10-11      and 13-14     .

Dissociation of killifish brains for ex vivo engulfment experiments
To assess acute endocytic capacity of killifish brain macrophages, we performed ex vivo
engulfment of ovalbumin-Alexa Fluor® 647 (a 45 kDa protein) (Fisher Scientific, O34784) as well as
dextran-Oregon Green 488 (a 70 kDa polysaccharide) (Thermo Fisher Scientific, D7173). For ex vivo
experiments, fish were always sacrificed in the morning on a weekday, having not received
feeding since the previous day.

Dissociation protocols largely followed those described by Mariën et al., 2024173. Fish were
sacrificed in ice water and brains were dissected in ice-cold PBS using forceps, starting with
removal of the lower jaw, then the upper part of the head and eyes, and finally freeing the brain
from the skull. After dissection, brains were cut into pieces approximately the size of a half
telencephalon. Per sample (each sample consisted of 1 brain), all tissue pieces were transferred
into a 1.5-mL microcentrifuge tube containing 500 µL of ice-cold dissection medium (DMEM/F12 +
HEPES) and put on ice.

Once all the dissected tissues were ready in dissection medium on ice, fresh papain solution was
prepared. Papain solution consisted of 50 µL of papain (suspension, from papaya latex), 20 µL
DNase I solution (10 mg/mL; dissolved in Milli-Q water), and 40 µL of L-cysteine solution (12
mg/mL) per 1 mL of DMEM/F12, with the appropriate substrates added at 25 µg/mL each; see
details of individual experiments below, “Ex vivo engulfment of ovalbumin” and “Ex vivo
engulfment of dextran”). This solution was sterilized through a 0.2-0.22-µm-pore-size filter and
vortexed to mix. L-cysteine solution was prepared by adding 120 mg of L-cysteine hydrochloride to
10 mL of filtered, autoclaved Milli-Q water, and stored for up to 2 weeks at 4°C or 1 year at −20°C.

The dissection medium was removed by pipetting and 0.5 mL fresh papain solution was added to
each sample. To start digesting the brain tissue, tubes with the samples were placed in an
incubator for 6 minutes at 37°C. Tubes were covered with foil for all incubations, due to the use of
light-sensitive fluorescent substrates. After the 6 minutes, the tubes were removed from the
incubator and the brain tissue was dissociated mechanically by pipetting up and down 13 times
with a 1-mL pipette tip cut at 0.5 cm. Four additional rounds of incubation and mechanical
dissociation were performed. In the second round, mechanical dissociation was performed with a
1-mL pipette tip cut at 0.2 cm, and in subsequent rounds, mechanical dissociation was performed
with an uncut 1-mL pipette tip. Papain digest was limited to 5 rounds (30 min) total to avoid pre-
apoptotic cells. After this digest, cells were transferred into FACS tubes with strainer caps, using
sufficient pressure to make sure that the cells passed through the strainer. Then 2 mL of washing
solution for single-cell suspension was passed through the strainer to clean the strainer and stop
the enzymatic reaction. Washing solution for single-cell suspension was prepared by adding 975
µL of glucose 15% in water, 250 µL of HEPES 1 M (dissolved in Milli-Q water), and 2.5 mL of FBS to
46.9 mL DPBS, stored for up to 2 months at 4°C, and sterilized with a 0.2-0.22-µm-pore-size filter.
After addition of washing solution, contents of the FACS tubes were transferred to 15 mL conical
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tubes for subsequent centrifugation. It is easier to see the pellet in conical tubes than in FACS
tubes; while a wide variety of tubes are likely suitable for these centrifugation steps, we note that
choice of tube can affect yield.

The conical tubes containing the cell suspensions were centrifuged at 500g for 10 minutes at 4°C,
and the supernatants were carefully decanted and discarded. Debris was removed using the
debris-removal solution, according to the manufacturer’s protocol. Cells were resuspended
carefully in each tube with 1550 µL DPBS. Then 450 µL of cold debris-removal solution was added
and gently mixed by inverting. This solution was gently overlaid (drop by drop) with 2 mL of cold
DPBS (creating two phases), before centrifugation at 3000g for 10 minutes at 4°C, with full
acceleration and full brake. After centrifugation, three phases formed; the top two phases were
aspirated and discarded. If the phases were hard to distinguish, a conservative approach was
taken and the top 2 mL was aspirated and discarded. Then each tube was filled up with cold DPBS
(2 mL), closed, mixed by inverting three times with no vortexing and centrifuged at 1000g for 10
minutes at 4°C. The supernatant was aspirated and discarded, and the pellet was resuspended in
500 μL PBS with Zombie Aqua™ (BioLegend, 423101) diluted 1:1000 to generate the single-cell
suspension.

Flow cytometry and data analysis for ex vivo engulfment
experiments
To evaluate ex vivo engulfment by flow cytometry, 500 μL of single-cell suspension per dissociated
brain were moved from 15 mL conical tubes to 1.2-mL FACS library tubes for incubation with
Zombie Aqua™ live/dead dye. The suspensions were incubated 15 minutes at room temperature in
the dark, and then centrifuged at 300g for 5 minutes at 4°C. For each tube, the supernatant was
removed down to 100 μL, and the pellet was resuspended in 400 μL of added PBS with 0.5% BSA.

The contents of each tube were then strained through a 5-mL FACS tube with strainer cap,
vortexed to minimize cell clumping, and then run on a Sony MA900 cell sorter at about 1500-2000
events per second (for some more dilute samples, 1000 events per second), with FSC threshold =
6%, FSC gain = 12, BSC gain = 35%, and all fluorophores gain = 40%. Single-color compensation
controls were used (see details for individual experiments below). For each sample, 250,000 events
were recorded and .fcs files were exported for analysis in FlowJo (v10.0.0). The gating strategy
used to identify Live cells was similar to that shown in Fig. 1 – Fig. Supplement 1e     , except with
Zombie Aqua™ as the live/dead dye rather than Zombie NIR™. Scale data from Live cells were
exported as .csv files that were analyzed in R (v4.5.1) for quantification.

Development of an ex vivo engulfment assay for ovalbumin
Data for ovalbumin engulfment were acquired over three experiments. In all experiments,
ovalbumin-AlexaFluor 647 [ovalbumin] was used at 25 µg/mL (diluted from a 1 mg/mL ovalbumin
stock dissolved in PBS) and the fluorophores used on the Sony MA900 sorter were FL3::mCherry
(for oScarlet), FL7::BrilliantViolet510 (for Zombie Aqua™ live/dead dye), and FL10::Alexa Fluor®

647 (for ovalbumin).

Importantly, in optimizing the ex vivo ovalbumin engulfment assay, we sorted ovalbumin+ cells
and verified by confocal microscopy that ovalbumin was localized inside cells rather than binding
to the surface of cells.

In the first experiment, four male 41 days old (young adult) and four male 160 days old (old)
heterozygous SP-oScarlet killifish were used, as well as single-color compensation controls. The
compensation matrix used is included in Supplement 2     . Ovalbumin was added to a portion the
papain solution after syringe filtration. In this experiment, ovalbumin+ cells were defined as
having ovalbumin (FL10-A::Alexa Fluor® 647-A, compensated) intensity of >1000.

In the second experiment, four female 57 days old (young adult) and four female 161 days old (old)
heterozygous SP-oScarlet killifish were used, as well as single-color compensation controls
(independent compensation controls were used for this experiment). The compensation matrix
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used is included in Supplement 3     . Ovalbumin was added to a portion the papain solution after
syringe filtration. In this experiment, ovalbumin+ cells were defined as having ovalbumin (FL10-
A::Alexa Fluor® 647-A, compensated) intensity of >1000.

In the third experiment, two male 63 days old (young adult), and two male 148 days old (old), two
female 63 days old (young adult), and two female 167 days old (old) heterozygous

SP-oScarlet killifish were used. No new compensation samples were used in this experiment, as
the sex-respective compensation matrices from the previous experiments were re-used. Unlike in
the previous experiments, ovalbumin was added to the papain solution before syringe filtration.
In this experiment, ovalbumin intensity values were generally lower than observed in the
previous two experiments and ovalbumin+ cells were defined as having ovalbumin (FL10-A::Alexa
Fluor® 647-A, compensated) intensity of >500.

Our conclusions were not affected by whether ovalbumin was added to the papain solution before
or after filtration. However, there was likely some ovalbumin loss when ovalbumin was added
before filtration in the third experiment, and the effective ovalbumin concentration in the ex vivo
engulfment assay was likely lower than the 25 µg/mL reported.

Data on brightness of oScarletHIGH cells in young adult and old fish were from these ovalbumin
engulfment experiments. oScarletHIGH and oScarletLOW cells were defined as having oScarlet (FL3-
A::mCherry-A, compensated) intensities of >1000 (>500 in Fig. 5 – Fig. Supplement 2b     ) and <500,
respectively. Values presented in Fig. 5c-d     , Fig. 5 – Fig. Supplement 1c-d     , and Fig. 5 – Fig.
Supplement 2b-c      were normalized to the average value among for all control samples (always
presented as the leftmost category on the x-axis) of the same respective sex and experiment day.

Ex vivo engulfment assay for dextran
Data for dextran engulfment were acquired in one experiment. Dextran-Oregon Green 488 (70
kDa) [dextran] was used at 25 µg/mL (diluted from a 1 mg/mL dextran stock dissolved in PBS) and
the fluorophores used on the Sony MA900 sorter were FL1::Alexa Fluor® 488 (for dextran),
FL3::mCherry (for oScarlet), and FL7::BrilliantViolet510 (for Zombie Aqua™ live/dead dye).

Four male 56 days old (young adult) and four male 156 days old (old) heterozygous SP-oScarlet
killifish were used, as well as single-color compensation controls run the previous day. The
compensation matrix used is included in Supplement 4     . On the day the eight experimental fish
were run, dextran was added to the papain solution before syringe filtration.

In this experiment, dextran+ cells were defined as having dextran (FL1-A::Alexa Fluor® 488-A,
compensated) intensity of >800. oScarletHIGH and oScarletLOW cells were defined as having
oScarlet (FL3-A::mCherry-A, compensated) intensities of >1000 (>500 in Fig. 5 – Fig. Supplement
2d     ) and <500, respectively. Values presented in Fig. 5e-f     , Fig. 5 – Fig. Supplement 1e-f     , and
Fig. 5 – Fig. Supplement 2d-e      were normalized to the average value among for all control
samples (always presented as the leftmost category on the x-axis) of the same respective sex and
experiment day.

Statistics
No statistical methods were used to determine sample sizes. Sample sizes were determined based
on previous experiments with similar types of assays in mice and killifish. No randomization or
blinding methods were used, but for dissociation-based experiments, each processing step was
carried out in an alternating-by-condition order (e.g., young adult, then old, then young adult, etc.)
to minimize the effects of order on the results. All image quantification was automated with
scripts in QuPath (v6.0.0). All statistical tests were performed in R (v4.5.1) and plots made with
ggplot2 or Seurat. Unless otherwise noted in the figure legends, Wilcoxon rank-sum tests were
used to determine statistical significance (paired for matched comparisons; unpaired for all other
comparisons). Numbers of experimental replicates, numbers of animals per condition, and
whether statistical tests were performed at the per-animal or per-cell level are indicated in
individual figure legends.
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Figure supplements

Figure 1 – Figure Supplement 1. a, (Left) Schematic for PCR genotyping of a middle-aged (78 days) male
heterozygous SP-oScarlet killifish, and DNA gel result (representative of n = 2 fish, 78 days males, in one
experiment). (Right) In silico translated sequence of sequenced SP-oScarlet insertion (n = 1 fish, 78 days male). b,
Representation of killifish brain highlighting approximate brain regions as referred to in this study. Art by
Massimo Demma (adapted with permission from D’Angelo et al., 2013169). c, (Above) Representative image of a
young adult (59 days) female heterozygous SP-oScarlet killifish brain section, highlighting ELAVL3 transcripts and
oScarlet transcripts in the periventricular gray zone, a neuron-dense region of the killifish midbrain. Scale bar = 5
μm. (Below) Per-cell quantification of number of detected ELAVL3 transcripts and number of detected oScarlet
transcripts (1,498 cells from n = 4 fish, 59 days females, with 1 region of interest in 1 sagittal brain section per fish,
in one experiment). d, Same image as in 1b (left), highlighting examples of oScarletLOW and oScarletHIGH cells as
detected in situ. (Below) Per-cell quantification of mean oScarlet fluorescence intensity and number of detected
oScarlet transcripts from experiment in 1c (25,622 cells from n = 10 fish, 59-63 days females, with 3-6 regions of
interest over 1-2 sagittal brain sections per fish, over two experiments). Each dot represents one cell. oScarletHIGH

cells that have 0 detected oScarlet RNA transcripts are highlighted in red. e, FACS plots highlighting gating scheme
used to isolate Live cells (as depicted in 1e) from dissociated young adult male SP-oScarlet brains from
experiment in 1d. f, FACS plots highlighting oScarletHIGH cells notably detected in old (130 days old) male
heterozygous SP-oScarlet but not in old (122 days old) male wildtype brains (n = 3 fish per genotype, pooled in
one experiment). Each dot represents one cell.
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Figure 1 – Figure Supplement 2.

a, Heatmap of expression of top 5 marker genes per cell type, as ranked by area under curve (Presto), in every young adult
cell from experiment in 1d. Full list of cell type marker genes in Supplementary Table 8     . b, Violin plots from experiment in
1d highlighting expression of APOEB (LOC10737395), IBA1 (LOC107378674), LCP1 (LOC107389591), and CSF1R (LOC107387189) in
each cell type. Each dot represents one cell. Lines: medians.
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Figure 2 – Figure Supplement 1.
a, Representative image of a young adult (59 days) female heterozygous SP-oScarlet killifish brain section, highlighting
oScarlet protein signal colocalized with the late endosome and lysosome marker LAMP1 in an SP-oScarlet brain
(representative of n = 8 fish, 59-63 days females, over two experiments). Scale bar = 2 μm. b, Principal component analysis
(PCA) plots (principal components 1 vs. 3) of wildtype young adult mouse brain macrophages (Barr et al., 202575), young
adult oScarletHIGH cells from experiment in 1d, and wildtype young adult killifish forebrain macrophages (Ayana et al.,
202468) using marker genes of microglia, BAMs, and MDMs from the Barr et al. dataset, or all killifish homologs of these
genes. Each dot represents one cell. Percentages on axes represent the percentage of variance explained by each respective
principal component.
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Figure 2 – Figure Supplement 2.

a, UMAPs of wildtype young adult mouse brain macrophages (Barr et al., 202575), young adult oScarletHIGH cells from
experiment in 1d, and wildtype young adult killifish forebrain macrophages (Ayana et al., 202468) colored according to log-
normalized Cldn5 (or killifish homolog CLDN5 (LOC107394244)), Mrc1 (or killifish homolog MRC1 (LOC107383768)), F13a1 (or
killifish homolog F13A1 (LOC107377057)), Csf1r (or killifish homolog CSF1R (LOC107381415)), or Apoe (or killifish homolog
APOEB (LOC107379395)) expression. Each dot represents one cell.
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Figure 2 – Figure Supplement 3.

a, Heatmaps of expression of killifish homologs of strongest microglia, BAM, and MDM marker genes (Barr et al., 202575) in
young adult oScarletHIGH cells from experiment in 1d.
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Figure 2 – Figure Supplement 4.

a, Heatmaps of expression of killifish homologs of strongest microglia, BAM, and MDM marker genes (Barr et al., 202575) in
wildtype young adult killifish forebrain macrophages (Ayana et al., 202468).
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Figure 3 – Figure Supplement 1.
a, Quantification of mean oScarlet fluorescence intensity and mean APOEB RNA fluorescence intensity in dextran-negative
and dextran-positive cells (n = 6 successfully injected fish, 63-91 days females, with 5-6 regions of interest over 1-2 sagittal
brain sections per fish, over two experiments). Four images (one image per fish for each of four fish) of regions of interest
with a visually apparent very high density of cells with high APOEB RNA expression, which could plausibly reflect an injection-
related injury, were excluded from quantifications. The excluded images are listed in Supplementary Table 4     . Each triangle
represents one fish. Mean +/-standard error of mean; p-values, paired Wilcoxon rank-sum test at per-animal level. b,
Quantification from experiment in 3a of proportion of dextran-positive cells per fish (n = 7 fish, 63-91 days females, with 5-6
regions of interest over 1-2 sagittal brain sections per fish, over two experiments), highlighting in grey one fish in which
dextran was not observed to circulate throughout the brain (also confirmed by visual inspection of sections). This
unsuccessfully injected fish (63 days, female) was excluded from subsequent quantifications. Each triangle represents one
fish. c, Representative image of brain sections from the young adult (63 days) female heterozygous SP-oScarlet killifish
unsuccessfully injected with dextran (n = 1 fish). Scale bars = 10 μm.
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Figure 4 – Figure Supplement 1.
a, Violin plots for sum log-normalized expression of genes in Gene Ontology: Biological Process terms “endocytosis”
(GO:0006897), “positive regulation of endocytosis” (GO:0045807), “lysosome” (GO:0005764), and “positive regulation of
lysosome organization” (GO:1905673) in young adult and old oScarletHIGH cells from experiment in 1d. Each dot represents
one cell. Lines: medians; p-values, unpaired Wilcoxon rank-sum test at per-cell level (fish were pooled for single cell RNA-
sequencing experiments to obtain sufficient numbers of oScarletHIGH cells). b, Violin plots for sum log-normalized expression
of genes in Gene Ontology: Biological Process terms “inflammatory response” (GO:0006954) and “positive regulation of
inflammatory response” (GO:0050729) in young adult and old oScarletHIGH cells from experiment in 1d. Each dot represents
one cell. Lines: medians; p-values, unpaired Wilcoxon rank-sum test at per-cell level. c, PCA plot (principal components 1 vs.
3) of oScarletHIGH and wildtype old killifish brain macrophages from experiment in 4e using all killifish homologs of marker
genes of microglia, BAMs, and MDMs (Barr et al., 202575). Each dot represents one cell. Percentages on axes represent the
percentage of variance explained by each respective principal component. d, Top Gene Ontology: Biological Process terms
upregulated in old oScarletHIGH macrophages (above) and in old wildtype macrophages (below) from experiment in 4e, as
ranked by adjusted p-value (Fisher’s exact test, Benjamini-Hochberg FDR-corrected). Size of each circle corresponds to
number of distinct human homologs among differentially expressed genes from each term. Full lists of differentially
expressed genes and upregulated terms in Supplementary Tables 12-14     . e, Violin plots for sum log-normalized expression
of genes in Gene Ontology: Biological Process terms “endocytosis” (GO:0006897), “positive regulation of endocytosis”
(GO:0045807), “lysosome” (GO:0005764), “positive regulation of lysosome organization” (GO:1905673), and “vacuolar
acidification” (GO: 0007035) in old oScarletHIGH and old wildtype macrophages from experiment in 4e. Each dot represents
one cell. Lines: medians; p-values, unpaired Wilcoxon rank-sum test at per-cell level.
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Figure 5 – Figure Supplement 1.
a, Representative flow cytometry plots from young adult (41 days, above) and old (160 days, below) male heterozygous SP-
oScarlet killifish brains, highlighting oScarletHIGH cells. Each dot represents one cell. b, Plot of normalized ELAVL3
(LOC107378364) RNA counts across age from bulk RNA sequencing of whole killifish brains (Costa et al., 202655). Each square
(male) or triangle (female) represents one fish. Dashed line: linear regression. r: Pearson correlation coefficient; p-value, two-
sided t-test. c, (Left) Representative flow cytometry plots from young adult (41 days) male heterozygous SP-oScarlet killifish
brains, highlighting ovalbumin+ cells as identified from all Live cells, with mean ovalbumin fluorescence intensity plotted
against either FSC-A (above) or mean oScarlet fluorescence intensity (below). Each dot represents one cell. (Right)
Quantifications of proportion of ovalbumin+ cells and mean ovalbumin fluorescence intensity of ovalbumin+ cells among
young adult oScarletLOW and oScarletHIGH cells (same experiments as in 5a). Each square (male) or triangle (female)
represents one fish. Mean +/-standard error of mean; p-values, paired Wilcoxon rank-sum test at per-animal level. d, (Left)
Representative flow cytometry plots from young adult (41 days) (above) and old (160 days) (below) male heterozygous SP-
oScarlet killifish brains, highlighting ovalbumin+ oScarletHIGH cells. Each dot represents one cell. (Right) Quantifications of
proportion of ovalbumin+ cells and mean ovalbumin fluorescence intensity of ovalbumin+ cells among young adult and old
oScarletHIGH cells (same experiments as in 5a). Each square (male) or triangle (female) represents one fish. Mean +/-
standard error of mean; p-values, unpaired Wilcoxon rank-sum test at per-animal level. e, (Left) Representative flow
cytometry plots from young adult (56 days) male heterozygous SP-oScarlet killifish brains, highlighting dextran+ cells as
identified from all Live cells, with mean dextran fluorescence intensity plotted against either FSC-A (above) or mean oScarlet
fluorescence intensity (below). Each dot represents one cell. (Right) Quantifications of proportion of dextran+ cells and mean
dextran fluorescence intensity of dextran+ cells among young adult oScarletLOW and oScarletHIGH cells (same experiment as
in 5e). Each square represents one fish. Mean +/- standard error of mean; p-values, paired Wilcoxon rank-sum test at per-
animal level. f, (Left) Representative flow cytometry plots from young adult (56 days) (above) and old (156 days) (below) male
heterozygous SP-oScarlet killifish brains, highlighting dextran+ oScarletHIGH cells. Each dot represents one cell. (Right)
Quantifications of proportion of dextran+ cells and mean dextran fluorescence intensity of dextran+ cells among young adult
and old oScarletHIGH cells (same experiment as in 5e). Each square represents one fish. Mean +/- standard error of mean; p-
values, unpaired Wilcoxon ranksum test at per-animal level.
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Figure 5 – Figure Supplement 2.
a, Same flow cytometry plot as in 5S1a (above), illustrating alternative gating schemes used in subsequent panels. b,
Quantifications of mean ovalbumin fluorescence intensity, proportion of ovalbumin+ cells, and mean ovalbumin fluorescence
intensity of ovalbumin+ cells among young adult and old oScarletHIGH cells (same experiments as in 5a) with a less stringent
oScarletHIGH gate (lowered from 1000 to 500). Each square (male) or triangle (female) represents one fish. Mean +/-standard
error of mean; p-values, unpaired Wilcoxon rank-sum test at per-animal level. c, Quantifications of mean ovalbumin
fluorescence intensity, proportion of ovalbumin+ cells, and mean ovalbumin fluorescence intensity of ovalbumin+ cells
among all young adult and old cells (same experiments as in 5a, no gating for oScarlet). Each square (male) or triangle
(female) represents one fish. Mean +/- standard error of mean; p-values, unpaired Wilcoxon rank-sum test at per-animal
level. d, Quantifications of mean dextran fluorescence intensity, proportion of dextran+ cells, and mean dextran fluorescence
intensity of dextran+ cells among young adult and old oScarletHIGH cells (same experiment as in 5e) with a less stringent
oScarletHIGH gate (lowered from 1000 to 500). Each square represents one fish. Mean +/- standard error of mean; p-values,
unpaired Wilcoxon rank-sum test at per-animal level. e, Quantifications of mean dextran fluorescence intensity, proportion of
dextran+ cells, and mean dextran fluorescence intensity of dextran+ cells among all young adult and old Live cells (same
experiment as in 5e, no gating for oScarlet). Each square represents one fish. Mean +/-standard error of mean; p-values,
unpaired Wilcoxon rank-sum test at per-animal level.
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Data availability
Sequencing reads are publicly available at NCBI GEO (GEO accession: GSE329891). Seurat objects
generated in this study are available at Zenodo (record: 19672958). Other raw data (images, etc.)
will be made available upon request. Code is available at Github
(https://github.com/RNagvekar/killifish_brain_macrophages     ).
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oScarletHIGH macrophages with detectable expression of the gene. pct. 2 corresponds to the
percentage of old wildtype macrophages with detectable expression of the gene. Supplementary
Table 13     . Gene Ontology: Biological Process (2025) terms upregulated in old oScarletHIGH

macrophages from October 2024 single-cell RNA sequencing experiment. Supplementary Table
14     . Gene Ontology: Biological Process (2025) terms upregulated in old wildtype macrophages
from October 2024 single-cell RNA sequencing experiment.

Source Data Tables.      Source Data Table 1     . Corresponding to Fig. 3a     . Source Data Table 2     .
Corresponding to Fig. 3 – Supplementary Fig. 1a     . Source Data Table 3     . Corresponding to Fig. 3
– Supplementary Fig. 1b     . Source Data Table 4     . Supporting information for analysis in Fig.
3b     . Source Data Table 5     . Supporting information for analysis in Fig. 3b     . Source Data Table
6     . Corresponding to Fig. 3b     . Source Data Table 7     . Corresponding to Fig. 5a     , Fig. 5c-d     ,
and Fig. 5 – Fig. Supplement 1c-d     . Source Data Table 8     . Corresponding to Fig. 5 – Fig.
Supplement 2b     . Source Data Table 9     . Corresponding to Fig. 5 – Fig. Supplement 2c     . For this
analysis, the threshold for oScarletHIGH was set to 0. Source Data Table 10     . Corresponding to Fig.
5e-f      and Fig. 5 – Fig. Supplement 1e-f     . Source Data Table 11     . Corresponding to Fig. 5 – Fig.
Supplement 2d     . Source Data Table 12     . Corresponding to Fig. 5 – Fig. Supplement 2e     . For this
analysis, the threshold for oScarletHIGH was set to 0.

Additional Supplements.      Supplement 1     . SnapGene map file of expected SP-oScarlet insertion.
Supplement 2     . Compensation matrix from first ex vivo ovalbumin engulfment experiment.
Supplement 3     . Compensation matrix from second ex vivo ovalbumin engulfment experiment.
Supplement 4     . Compensation matrix from ex vivo dextran engulfment experiment.
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Peer reviews
Reviewer #1 (Public review):

Summary:

The manuscript by Nagvekar et al. studies engulfing macrophages in the killifish brain upon
aging. It first describes the development of a transgenic knock-in killifish line overexpressing
a secreted fluorescent protein in neurons. This becomes a tool for isolating myeloid cells that
are capable of endocytosis or phagocytosis of the fluorescent protein, which seem to
comprise the majority of the myeloid cells within the young adult brain. The paper then
demonstrates the similarities of what they call "engulfing macrophages" to brain myeloid cell
types of other species and investigates changes to this population upon aging. Overall, the
study combines multiple complementary technologies to support their data, that are nicely
presented and well described in the legends, while the textual description remains very
concise. The findings are of interest to scientists studying brain aging, and
microglia/macrophages.

Major comments:

(1) Although the authors describe and analyze their data from the viewpoint of engulfing
macrophages, the paper would benefit from a broader perspective and a comparison to other
studies on microglia in different species. Along this line, the title does not really seem to cover
the data presented here very well, and the introduction lacks a proper explanation of
terminology on microglia/brain macrophages and their known roles, cell types versus cell
states and the current state of the art in fish versus other model species in the context of
aging.

(2) The result that nearly all myeloid cells in the killifish brain are of the engulfing
macrophage type is somewhat surprising. This appears to differ from other studies in for
instance zebrafish (e.g. ref 80, that describes the heterogeneity of the myeloid cells in detail).
There are two questions we like to raise: (Q1) What is the evidence towards this
homogeneity? and (Q2) Could there be a technical bias?

Regarding (Q1): What is the evidence towards this homogeneity? The markers used are
overlapping with markers for microglia. It would be helpful to clarify how canonical
microglia populations are represented in the dataset. What is the heterogeneity of the
oScarletHIGH cells? On several plots (Fig1f, Fig2d, Fig4a) this population of cells seems more
heterogeneous than described. Are there different cell states or types? What is the percentage
of myeloid cells that is oScarletLOW? To what extent do these cells compare transcriptionally
to the oScarletHIGH cells?

a. Fig1f-i depict an enriched oScarletHIGH group alongside oScarletLOW cells. This
representation is a bit misleading since it seems to indicate that really all myeloid cells are of
the engulfing macrophage type whereas it is the majority, but not all.

177.
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b. Line 52: The authors describe that the oScarletHIGH cell group is "enriched for signatures
characteristic of macrophage functions". This finding is logical, as the isolation procedure of
this population of cells was based on the endocytic and phagocytic properties of the cells. This
result appears more consistent with a validation of the isolation strategy than with definitive
evidence for myeloid cell identity.

Regarding (Q2): Could there be a technical bias? An alternative explanation that may warrant
discussion is whether aspects of the experimental pipeline (cell dissociation, FACS, scRNA-
seq) could influence myeloid cell states. For instance, it is conceivable that dissociation
induces a reactive program that enhances uptake of fluorescent protein, potentially enriching
for oScarletHIGH cells. As the authors use a similar experimental setup to prove uptake of
dextran and ovalbumin, such a technical artefact may merit consideration. As this would
influence the major conclusions of the paper, the authors might want to address this
comment with additional experimental controls, such as single-nuclei RNA-seq on control
young and aged brains to profile the natural myeloid population when not submitted to a cell
dissociation and FACS procedure.

(3) The authors compare the oScarletHIGH cell transcriptomes to mouse and killifish datasets.
Both the mouse (Barr et al) and killifish (Nagvekar, this paper) dataset are from enriched
immune cells (mouse= CD45+ cells, and the 3 cell types selected from that). Why did the
authors not compare to the whole mouse CD45+ dataset? Including zebrafish (Rovira et al,
2025) here would strengthen the evolutionary comparison. I also feel that the additional
comparison with young killifish (Ayana et al) might not be that solid since this dataset was
initially not enriched and has a significantly lower number of myeloid cells, and thus much
less power. The old age time point in that study contained more myeloid cells and might be
interesting to include for cell type comparison. There are other, perhaps more unbiased ways
of comparing cell types across species, for instance SAMap, developed by co-author Bo Wang.
Did the authors consider using this or other methods?

(4) Regarding the comparison with the aged brain:

a. Figure 4: It would be nice to include the same comparisons as for young fish (cfr Fig.1
panels F-I).

The percentage of oScarletHIGH cells in the aged condition is 8% (Fig1-suppl1) compared to
4% at young age. On the other hand, a lower number of cells was isolated at old age
compared to young age (Figure4a). Can the authors elaborate on this difference? Later on, it
is stated that the engulfing capacity declines with aging, but could this be linked to the lower
or potentially biased recovery of cells?

b. Figure4a: Transcriptional differences are stated between young and old (line 226), can a
relevant selection be shown in e.g. a dot plot or heatmap?

The UMAP clustering does seem to indicate batch effects on panels a and g. Can the authors
provide sub clustering and show that young and old/ FACS sorted high and low cover similar
cell types/states? The PCA plot (panel f) and marker analysis is not fully convincing, as PC1
and 2 alone do not suffice to explain all the variance in these cells, and the markers are
common ones for many microglia/macrophage cell types (and thus likely to be expressed
similarly).

c. Figure 5: It would be informative to include the corresponding aged condition for panels c
and e.

Significance:

General assessment
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Strengths: This manuscript introduces a valuable new transgenic tool to isolate and
characterize myeloid cells in the brain of the fast-aging killifish (Nothobranchius furzeri), an
emerging model organism in aging research. The study combines multiple complementary
approaches, including transgenesis, FACS, histology, and single-cell transcriptomics, to
investigate brain immune populations and their changes upon aging. The cross-species
comparison and aging analyses provide useful datasets and candidate markers for the field of
neuroimmunology and comparative brain aging. Overall, the data are clearly presented, the
experiments are logically structured, and the manuscript provides a useful resource for
future studies on brain immune cells in teleosts.

Limitations/points for improvement: The major limitation of the study concerns a potential
technical bias introduced by the experimental pipeline (cell dissociation, FACS isolation, and
transcriptomic profiling), which may have influenced the observed predominance and
transcriptional state of the oScarletHIGH/engulfing macrophage population. At present, it
remains difficult to fully exclude whether the protocol itself contributes to the apparent
homogeneity of the myeloid compartment or induces a shared reactive state. Because this
issue affects some of the central conclusions, the manuscript would benefit either from
additional controls (e.g., dissociation-independent approaches such as single-nuclei RNA-seq)
or from a more cautious interpretation and discussion of this possibility in the text.

Advance: The fast-aging killifish is becoming an important vertebrate model for studying
aging, yet the brain immune compartment in this species remains relatively underexplored.
This manuscript provides both a novel experimental tool and a transcriptomic resource for
studying myeloid cells in the killifish brain. To my knowledge, the study is among the first to
profile engulfing/endocytic myeloid populations in the context of brain aging in this model
organism and to compare these cells across species. The advance is primarily technical and
descriptive/resource-generating, while also offering conceptual insight into how brain
myeloid populations may change during aging and how they compare evolutionarily across
vertebrates. Although the mechanistic interpretation would benefit from additional
validation, the study clearly extends current knowledge and provides a framework for future
work on neuroimmune aging in fish.

Audience: The manuscript will primarily be of interest to a specialized basic research
audience, including researchers in neuroimmunology, brain aging, microglia/macrophage
biology, and comparative neuroscience. It will also be relevant to scientists using killifish or
other emerging vertebrate models for aging research. Beyond the immediate field, the study
may be of broader interest to researchers investigating immune-brain interactions and the
evolutionary conservation of myeloid cell states across species. The transgenic line and
transcriptomic datasets are likely to serve as a useful resource for future comparative and
functional studies.

https://doi.org/10.7554/eLife.112503.1.sa3

Reviewer #2 (Public review):

Summary:
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The work by Nagvekar et. al., reports the development of a new model in the African Killifish
to study the engulfment of extracellular proteins. Specifically, they expressed oScarlet with a
signaling peptide under the control of a neuronal promoter/gene to induce secretion into the
extracellular space. Using this model, they found that the secreted protein was
predominantly taken up by brain macrophages. Leveraging this finding, they were able to
conduct RNAseq on brain macrophages from young and aged fish, where they reported
differences in translation and vacuolar acidification at the transcriptional level among
others. Finally, they show that the engulfment capacity of brain macrophages from old
killifish is reduced when compared to their young counterparts.

Major comments:

(1) Red fluorescent proteins are notorious for being prone to aggregation. Are oScarlet
proteins being internalized by macrophages aggregates or soluble proteins? This distinction
is important as the clearance of extracellular molecules could be mediated by most cells, yet
aggregates could be removed specifically by macrophages. Can experiments be conducted to
distinguish between these two possibilities? We realize this may be challenging. If not
feasible, the discussion should be tempered to reflect this possibility.

(2) Brain dissociation tends to generate a lot of debris, especially from sheared neurons.
Therefore, the high level of oScarlet inside macrophages could be an artifact of dissociation
rather than a reflection of in vivo clearance. Authors should use internalization inhibitors
during dissociation (CytoD, Dynasore, and pitstop) to exclude this possibility. Alternatively, if
they have a transgenic killifish that expresses another fluorescent reporter in neurons (and
preferably at a similar level to that of oScarlet), authors should dissociate brains together and
quantify how many oScarlet+ cells are now also positive for that other fluorescent reporter.
This could give an idea of how much engulfment is occurring due to the dissociation
processes. It is not ideal, as macrophage eating could be happening during dissociation but
before cells are in single cell suspension. However, given that RNAseq is needed to identify
macrophages, this reviewer would be satisfied by this alternative approach if the
aforementioned pitfall is also presented in the discussion.

(3) Related to the above, it appears based on the scRNAseq that dissociation heavily enriched
for brain macrophages. Therefore, the claim that clearance is mostly macrophage mediated
could be due to an enrichment of this population during dissociation rather than this cell type
being responsible for most of the extracellular waste disposal. Authors should quantify the %
of total oScarlet that is specifically in macrophages in the brain sections they already have
that are stained against oScarlet and CSF1R/ApoEB transcript.

(4) The flow cytometry strategy used does not distinguish between oScarlet protein that has
been internalized versus that which is sticking to the surface of macrophages. Authors should
stain non-premeabilized and permeabilized cell suspensions with a flow antibody against
mCherry/RFP to get a sense of how much oScarlet is inside versus outside of the macrophage.
For most antibodies this can be done on the same sample sequentially if the antibodies have a
different fluorophore.

(5) It is concerning that dextran and oScarlet are almost perfectly colocalized in the image
presented (Figure 3a). It raises the possibility, among others, that dextran is sticking to
potential oScarlet aggregates and then being internalized by macrophages. Therefore, it could
be an artifact of the transgenic line. Authors should repeat the experiment in wildtype fish
and use HCR against CSF1R/ApoEB to address this issue.

Significance:

We believe that this is an important finding as such a model in African Killifish lays the
groundwork to study the pathways that mediate the clearance of extracellular molecules by
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brain macrophages, the impact that this process has on brain homeostasis, and how it
changes in aging. In particular, this reviewer is excited about the future potential of this
model to uncover the molecular processes behind macropinocytosis, a process that occurs
frequently in brain macrophages yet the mechanisms regulating it remain elusive, and how it
contributes to overall brain health.

https://doi.org/10.7554/eLife.112503.1.sa2

Reviewer #3 (Public review):

Summary:

Rahul Nagvekar et al. generated a novel genetic model (SP-oScarlet) to label brain
macrophages via their engulfment activity in the naturally short-lived African turquoise
killifish. They found that these brain phagocytes exhibit transcriptional features resembling
mammalian BAMs/MDMs and provided evidence that their engulfment capacity declines with
age. The model and topic are interesting, but some of the central conclusions require more
precise calibration to match the strength of the supporting evidence.

Major comments:

The SP-oScarlet model enriches cells based on phagocytic capacity - by design, any phagocytic
cell, including microglia, can be labeled. Only 0.5% of oScarletLOW cells were myeloid cells,
confirming that this method captures virtually the entire myeloid population. The
transcriptional resemblance to BAMs/MDMs is therefore a post hoc characterization of brain
phagocytes broadly, rather than evidence for a selectively labeled subset. The authors show
examples of apoeb+ cells near vasculature (Fig. 3b), but do not provide a comprehensive
quantification of the full spatial distribution of oScarletHIGH cells. Importantly, neither the SP-
oScarlet macrophages nor previously published wild-type killifish brain macrophages could
be transcriptionally separated into three subgroups analogous to mammalian microglia,
BAMs, and MDMs by PCA. This suggests that fish brain macrophages may not exist as
subpopulations that correspond with their mammalian counterparts. The authors should
therefore describe these cells as brain myeloid cells that exhibit BAM/MDM-like
transcriptional characteristics, rather than implying they are a population equivalent to
mammalian BAMs/MDMs.

The age-related decline in oScarlet fluorescence in oScarletHIGH cells in vivo could reflect
either reduced phagocytic capacity of macrophages, or reduced oScarlet secretion by
neurons, as the authors have discussed (Fig. 5a). The ex vivo assay addresses this by
standardizing substrate concentration, which is a strength, but an in vivo functional
assessment would provide a more physiologically relevant complement. The authors have
already established the methodology for in vivo substrate injection (Fig. 3a, dextran). A
similar experiment comparing substrate uptake in young and old fish would circumvent
potential artifacts of the ex vivo approach, such as enzymatic dissociation altering surface
receptor availability, and would directly test whether engulfment declines in the native brain
environment.

Significance:

General assessment: This study presents a novel genetic model (SP-oScarlet) for visualizing
chronic engulfment by brain macrophages in a short-lived vertebrate. The finding that
killifish brain phagocytes exhibit BAM/MDM-like transcriptional features is interesting.
Leveraging the killifish's naturally short lifespan, the authors further provide functional
evidence that brain macrophage engulfment capacity declines with age. However, the
authors should exercise caution when defining these cells as a distinct population specialized
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for engulfment of material from the brain extracellular space, since the SP-oScarlet model
labels nearly the entire myeloid population in the brain.

Advance: This study establishes a novel genetic model for chronic, in vivo visualization of
engulfment in a vertebrate brain. The conceptual insight that killifish brain phagocytes
transcriptionally resemble BAMs/MDMs rather than classical microglia is novel and may
reflect evolutionary differences in brain clearance strategies.

Audience: This research will interest a broad audience across developmental biology,
genetics, neuroimmunology, aging research, and evolutionary biology.

https://doi.org/10.7554/eLife.112503.1.sa1

Author response:

General Statements

Please find below a revision plan for our manuscript entitled ‘Engulfment by brain
macrophages in a short-lived vertebrate’ that was reviewed by Review Commons and that we
wish to be considered for publication in eLife.

We were very happy to see that all three Reviewers were interested in our study and we are
sincerely grateful to all of them for their constructive suggestions, which we believe can
largely be addressed and will improve our manuscript.

We would like to inquire whether you would consider publishing our manuscript at eLife in
its current form, along with the reviews. We will then provide an updated version of the
manuscript, based on our revision plan below when we are able.

Thank you so much for your consideration.

Description of the planned revisions

Reviewer #1:

Major comments

Comment 1: Although the authors describe and analyze their data from the viewpoint of
engulfing macrophages, the paper would benefit from a broader perspective and a
comparison to other studies on microglia in different species. Along this line, the title
does not really seem to cover the data presented here very well, and the introduction
lacks a proper explanation of terminology on microglia/brain macrophages and their
known roles, cell types versus cell states and the current state of the art in fish versus
other model species in the context of aging.

We thank the Reviewer for these suggestions. We will expand the introduction to add more
information and references on microglia/brain macrophages across fish and other species.
We will also edit the title to more closely reflect the data in the manuscript.

Comment 2: The result that nearly all myeloid cells in the killifish brain are of the
engulfing macrophage type is somewhat surprising. This appears to differ from other
studies in for instance zebrafish (e.g. ref 80, that describes the heterogeneity of the
myeloid cells in detail). There are two questions we like to raise: (Q1) What is the evidence
towards this homogeneity? and (Q2) Could there be a technical bias?

We agree with the Reviewer, and we were also surprised to find a fairly homogenous myeloid
population even in wildtype (non-transgenic) killifish brains, especially given that all these 3
different populations of myeloid cells (microglia, non-microglial macrophages, and dendritic-
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like cells), could be found in the adult zebrafish brain by Rovira et al. using single-cell RNA
sequencing of cd45+ cells (ref. 80).

We will better describe our evidence towards this homogeneity among killifish brain myeloid
cells in the manuscript by adding a paragraph in the text at the end of the section referring to
Figure 2. We will also provide additional experiments and analyses (see also below, our
detailed responses to Q1 and Q2):

i) In our and Ayana et al.’s single-cell RNA sequencing datasets, we could not find distinct
populations of myeloid cells corresponding to microglia, non-microglial macrophages, and
dendritic-like cells, even in wildtype (non-transgenic) killifish young adult and old brain, and
even when subclustering only the myeloid cells. However, cd45+ cells were not specifically
enriched in these experiments.

ii) When using PCA, we also could not separate killifish brain macrophages into microglia,
border-associated macrophages, and monocyte-derived macrophages (whereas we could
separate mouse brain macrophages into these three groups as a positive control for this
approach).

iii) As noted by the Reviewer below, our analysis of the Ayana et al. wildtype dataset was
limited to the young adult timepoint from this dataset. In the revised version of our
manuscript, we will also include analysis of the old timepoint from this dataset.

iv) As described in our responses to Q1 and Q2 below, we will provide more detailed
subclustering that highlights the heterogeneity we do observe among killifish brain myeloid
cells. We find this heterogeneity to be subtle and likely corresponding to different cell states
rather than functionally distinct cell types. We will also use hybridization chain reaction
(HCR) to test whether cd74, a key marker we use to propose a monocyte-derived macrophage-
like identity for almost all detected killifish brain macrophages, labels apoeb+ cells in young
wildtype brains in situ (as would be predicted based on our single-cell RNA sequencing
analysis). We will additionally use HCR to test whether batf3, a key marker used by Rovira et
al. to identify dendritic-like cells, labels any cells in the killifish brain (based on our single-cell
RNA sequencing analysis, we do not expect to find batf3+ cells in the killifish brain).

We agree that there could be technical confounds that could lead to the observed
homogeneity of the myeloid population and lack of canonical microglia and dendritic-like
cells even in wildtype killifish in our analysis. These could include our/Ayana et al.’s protocol
for brain dissociation, our FACS-sorting step, or the step of loading cells into the 10x
Genomics chip for single-cell RNA sequencing – each of these could be a step where canonical
microglia and/or dendritic-like cells could be lost. In addition, we did not enrich for cd45+
cells, so it is possible that rare populations of immune cells in the killifish brain may not be
represented in our dataset. As described below in our responses to Q1 and Q2, we will
perform additional analyses that we hope will help address some of these key points, and we
will more extensively discuss all possible technical confounds leading to potential cell type
bias in the Discussion section.

In addition to discussing potential technical confounds, we will also better highlight
biological possibilities that could explain the differences between our and Rovira et al.’s
findings. For example, the observed lack of microglia and dendritic-like cells in killifish
brains could reflect a species (killifish vs. zebrafish) difference. Alternatively, even though
both studies analyzed young adult timepoints, there could also be differences in biological
age between the young adult killifish and zebrafish analyzed, which may be additionally
influenced by husbandry conditions (e.g., feeding, pathogen exposure).

Regarding (Q1): What is the evidence towards this homogeneity? The markers used are
overlapping with markers for microglia. It would be helpful to clarify how canonical
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microglia populations are represented in the dataset. What is the heterogeneity of the
oScarletHIGH cells? On several plots (Fig1f, Fig2d, Fig4a) this population of cells seems
more heterogeneous than described. Are there different cell states or types? What is the
percentage of myeloid cells that is oScarletLOW? To what extent do these cells compare
transcriptionally to the oScarletHIGH cells?

The Reviewer makes a series of excellent points. To address them:

i) We will more prominently highlight markers not expressed by canonical microglia (e.g.,
mrc1, cd74) that are expressed by nearly all detectable killifish brain myeloid cells, even in
wildtype datasets. We could not find canonical microglia (e.g., tmem119+, sall1+) in any of our
killifish datasets. We will highlight these results in the text and will move some of the
relevant graphs in the main figure.

ii) We agree that oScarletHIGH cells are somewhat heterogeneous. To better understand the
source of this heterogeneity, we will present UMAPs/Seurat FeaturePlots focusing on cell state
markers (e.g., cycling [mki67+] and activated [iba1+] cells) as well as specific cell type markers
from mammalian/zebrafish literature (canonical microglia, non-microglia macrophages,
dendritic-like cells, etc.). We expect this analysis to show distinct cell states, but fairly uniform
expression of cell type markers across all oScarletHIGH cells in our datasets.

iii) The percentage of detected myeloid cells that are oScarletLOW is very low (<1%). However,
as noted in the next comment from the Reviewer, our sorting protocol de-enriches for
oScarletLOW myeloid cells, so the actual percentage of all myeloid cells that is oScarletLOW

may be higher. We will include additional panels to illustrate this point.

iv) oScarletLOW myeloid cells are largely transcriptionally similar to oScarletHIGH cells (which
are almost all myeloid). The main differentially expressed genes in oScarletLOW vs
oScarletHIGH myeloid cells are markers of non-myeloid genes (e.g., elavl3, mpz). These could
reflect phagocytosis of non-myeloid cells by oScarletLOW myeloid cells but could also reflect
ambient RNA contamination, since oScarletLOW myeloid cells (but not oScarletHIGH cells)
were sequenced alongside non-myeloid cells. We will include the differential expression
analysis and add commentary in the text to discuss these possibilities.

Fig1f-i depict an enriched oScarletHIGH group alongside oScarletLOW cells. This
representation is a bit misleading since it seems to indicate that really all myeloid cells
are of the engulfing macrophage type whereas it is the majority, but not all.

We agree with the Reviewer. We will also include different representations that provide more
accurate estimates of the proportion of all myeloid cells that are oScarletLOW/not engulfing
macrophages.

Line 52: The authors describe that the oScarletHIGH cell group is "enriched for signatures
characteristic of macrophage functions". This finding is logical, as the isolation
procedure of this population of cells was based on the endocytic and phagocytic
properties of the cells. This result appears more consistent with a validation of the
isolation strategy than with definitive evidence for myeloid cell identity.

We agree and we will reframe this result as a validation of the isolation strategy.

Regarding (Q2): Could there be a technical bias? An alternative explanation that may
warrant discussion is whether aspects of the experimental pipeline (cell dissociation,
FACS, scRNA-seq) could influence myeloid cell states. For instance, it is conceivable that
dissociation induces a reactive program that enhances uptake of fluorescent protein,
potentially enriching for oScarletHIGH cells. As the authors use a similar experimental
setup to prove uptake of dextran and ovalbumin, such a technical artefact may merit
consideration. As this would influence the major conclusions of the paper, the authors
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might want to address this comment with additional experimental controls, such as
single-nuclei RNA-seq on control young and aged brains to profile the natural myeloid
population when not submitted to a cell dissociation and FACS procedure.

We agree with the Reviewer that brain dissociation, FACS, and single-cell RNA sequencing
could all represent technical biases that could all influence the representation of different
myeloid cell types in our dataset. We will clearly note this potential confound in the Results
and the Discussion.

We agree that it would be valuable to test some of these issues experimentally. We will
perform non-dissociative HCR (in situ) to test (1) whether in young wildtype brains, apoeb+
cells (macrophages) express cd74 (a key marker for our argument re: MDM-like cell type
identity) and (2) whether we can find cells expressing batf3 (a key marker used by Rovira et
al. to identify dendritic-like cells, which we cannot detect in the killifish brain in our single-
cell RNA sequencing data). We will also acknowledge that these are only individual markers
and would not provide as comprehensive a picture of cell type identity as single-nuclei RNA
sequencing.

Comment 3: The authors compare the oScarletHIGH cell transcriptomes to mouse and
killifish datasets. Both the mouse (Barr et al) and killifish (Nagvekar, this paper) dataset
are from enriched immune cells (mouse= CD45+ cells, and the 3 cell types selected from
that). Why did the authors not compare to the whole mouse CD45+ dataset? Including
zebrafish (Rovira et al, 2025) here would strengthen the evolutionary comparison. I also
feel that the additional comparison with young killifish (Ayana et al) might not be that
solid since this dataset was initially not enriched and has a significantly lower number of
myeloid cells, and thus much less power. The old age time point in that study contained
more myeloid cells, and might be interesting to include for cell type comparison. There
are other, perhaps more unbiased ways of comparing cell types across species, for
instance SAMap, developed by co-author Bo Wang. Did the authors consider using this or
other methods?

We thank the Reviewer for these excellent suggestions. We will do the following in our
revised manuscript:

i) We will include comparisons to all immune (CD45+) cells from mice (Barr et al.).

ii) We will include comparisons to all immune (cd45+) cells in zebrafish (Rovira et al.).

iii) We will also analyze the old age time point from the Ayana et al. wildtype killifish dataset.

The percentage of oScarletHIGH cells in the aged condition is 8% (Fig1-suppl1) compared
to 4% at young age. On the other hand, a lower number of cells was isolated at old age
compared to young age (Figure4a). Can the authors elaborate on this difference? Later
on, it is stated that the engulfing capacity declines with aging, but could this be linked to
the lower or potentially biased recovery of cells?

We appreciate the Reviewer’s point. We will elaborate on the percentage differences in
oScarletHIGH cells recovered in the different experiments, and more clearly indicate what
they could originate from and whether they could influence the engulfment results:

i) We will indicate more clearly that in each single-cell RNA sequencing experiment, we
loaded the entire set of Live oScarletHIGH cells collected from each condition onto the 10x
Genomics chip. In the young vs. old comparison, more Live old oScarletHIGH cells were
loaded than Live young oScarletHIGH cells (66K vs. 42K, based on the FACS sorter counts,
though these numbers are likely overestimates). One possibility is that the lower recovery of
successfully sequenced old oScarletHIGH cells might be explained by differences with age in
oScarletHIGH cells’ ability to remain intact during loading onto the 10x Genomics chip.
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ii) In the ex vivo experiments where we find that engulfment capacity declines with age
(current Fig. 5), the proportion of oScarletHIGH cells among all Live cells slightly increased
with age. We will include the data illustrating this, and indicate more clearly in the text that
the differences in engulfment capacity observed in these experiments are unlikely to be
explained solely by lower recovery of oScarletHIGH cells from old brains.

iii) We will more clearly acknowledge in the Discussion the possibility of potentially biased
cell recovery with age.

Figure4a: Transcriptional differences are stated between young and old (line 226), can a
relevant selection be shown in e.g. a dotplot or heatmap?

This is another great point from the Reviewer. We will show these genes in a dotplot/heatmap
in a Supplemental Figure. We will also clearly indicate in the main text that many of the
genes most strongly enriched in old oScarletHIGH cells in our young vs. old comparison
experiment were not strongly expressed in an independent old oScarletHIGH cells dataset
(which was compared to old wildtype cells, without a young counterpart). 

The UMAP clustering does seem to indicate batch effects on panels a and g. Can the
authors provide subclustering and show that young and old/ FACS sorted high and low
cover similar cell types/states? The PCA plot (panel f) and marker analysis is not fully
convincing, as PC1 and 2 alone do not suffice to explain all the variance in these cells,
and the markers are common ones for many microglia/macrophage cell types (and thus
likely to be expressed similarly).

The Reviewer has another excellent suggestion. We will provide subclustering, which indeed
shows that young and old oScarletHIGH cells generally represent similar cell types and states.
This analysis also shows a subcluster specific to old oScarletHIGH cells, but this subcluster is
far less pronounced in a second old oScarletHIGH dataset (see our previous comment), so we
will clearly indicate in the main text that this subcluster may not be robust. We will also
remove the PCA plot.

Figure 5: It would be informative to include the corresponding aged condition for panels
c and e.

We agree and we will include this.

Minor comments

The authors use the oScarlet fish in a heterozygous state. Is the homozygous line not
viable? Or what is the reason to use the heterozygous state? Too high expression of
OScarlett? Is apoptosis of neurons checked for this line? Compared to wild type?

The homozygous SP-oScarlet line has not been characterized, and we will include this
information in the Results. We did not check apoptosis of neurons in the SP-oScarlet line or in
wildtype killifish, and we will indicate this in the Methods and Discussion.

Is the secretion of OScarlett completely proven? Maybe the signal is engulfed by the
clearance of cell debris from apoptotic neurons?

This is a great point. We have not directly tested the secretion of oScarlet in the SP-oScarlet
line, and it remains possible that engulfed oScarlet also comes from apoptotic neurons that
are being engulfed by myeloid cells. We will acknowledge this possibility in the Discussion.

We will also more clearly highlight references that adding a signal peptide to proteins (as we
did for the SP-oScarlet line) is sufficient to induce their secretion in several contexts in
different species (although this does not prove secretion in this particular case).
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We also do have another line (built for a separate project) in which oScarlet is expressed
cytoplasmically in elavl3+ cells. In this line, in pilot data, we did not observe oScarletHIGH

cells by flow cytometry. While these experiments are not of publishable quality, these
observations also suggest that the presence of a signal peptide on oScarlet is necessary for the
engulfment phenotype.

Line 329. What exact difference between teleosts and mice are you pointing at?

We will edit the text to clarify that we are referring to our inability to find a cell population
with a transcriptional profile like that of canonical adult mouse microglia in the adult killifish
brain.

Suggestions for Figures

General remark IHC/HCR figures: Please add overview figures to guide the reader to ROI
shown.

Fig1.

1.b Please add overview figures to show the overall distribution of the signal in the brain.
Are there any hotspots or low-abundant regions?

1.d/1.e Please add numbers of cells on figure panels.

1.d: overview figure is unclear. Telencephalon seems to be missing? Can annotation be
added to regions of the structure?

Additional in vivo evidence of the homogeny/heterogeneity of oScarlet protein+/RNA-
cells would be informative, e.g. double labeling (HCR) with some of the markers of panel
Fig. 2a). This also would exclude location bias. One could expect myeloid cells that are
not in close proximity to secreting neurons, for instance in dense neurogenic niches

Fig. 2

2.c Please add number of cells on graph

2.d Please add brain regions to graphs of published datasets like was done for the own
dataset.

Subtext: Why is there a different number of cells for Barr in c and d? Please add number
of cells of own killifish dataset in legend.

Supplement fig. 2 Please add additional microglia-specific markers such as for instance
HEXB, GPR34, SELL1, C1Q.

Fig.3

Please add overview pictures.

Fig.4

4.g grey color not very visible

It would be informative to have the markers of 4.h plot on top of the UMAP to show the
distribution/differences, maybe in supplementary information.

We will implement all of these changes. We will add cd74 HCR labeling of oScarletHIGH cells
that do not express oScarlet RNA transcripts in situ. The different numbers of cells from the
Barr et al. dataset in the current panels 2c and 2d do not reflect differences in brain regions
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from which macrophages were isolated (in both cases, the same whole-brain dataset was
used). Instead, in this dataset, there is a small population of interferon-responsive
macrophages that are not microglia, BAMs, or MDMs; these cells were included in the
analysis in 2d but not 2c. We will clarify this and update the analysis in current panel 2d to
include all immune cells from the Barr et all. dataset, as suggested by the Reviewer above.

Reviewer #2:

Red fluorescent proteins are notorious for being prone to aggregation. Are oScarlet
proteins being internalized by macrophages aggregates or soluble proteins? This
distinction is important as the clearance of extracellular molecules could be mediated by
most cells yet aggregates could be removed specifically by macrophages. Can
experiments be conducted to distinguish between these two possibilities? We realize this
may be challenging. If not feasible, the discussion should be tempered to reflect this
possibility.

The Reviewer makes a great point, and we were also interested in this question. mScarlet and
its derivatives (including oScarlet) would generally be expected to remain in the monomeric
state to a greater extent than other red fluorescent proteins like mCherry (Bindels et al.,
Albakri et al.). We will indicate this with references in the Results section.

But this does not preclude the possibility of oScarlet aggregation in SP-oScarlet brains. We did
collect soluble and insoluble fractions from SP-oScarlet brains using a gentle lysis method
that would be expected to preserve aggregates in the insoluble fraction (Avar et al.). However,
we found that the levels of oScarlet in both fractions were below the limit of detection by
western blot and by a plate reader-based fluorescence assay, thereby precluding us from
directly testing how much oScarlet was aggregated. We will address the possibility of oScarlet
aggregation, and its potential impact on engulfing macrophages, in the Results and Discussion
sections.

Brain dissociation tends to generate a lot of debris, especially from sheared neurons.
Therefore, the high level of oScarlet inside macrophages could be an artifact of
dissociation rather than a reflection of in vivo clearance. Authors should use
internalization inhibitors during dissociation (CytoD, Dynasore, and pitstop) to exclude
this possibility. Alternatively, if they have a transgenic killifish that expresses another
fluorescent reporter in neurons (and preferably at a similar level to that of oScarlet),
authors should dissociate brains together and quantify how many oScarlet+ cells are
now also positive for that other fluorescent reporter. This could give an idea of how
much engulfment is occurring due to the dissociation processes. It is not ideal, as
macrophage eating could be happening during dissociation but before cells are in single
cell suspension. However, given that RNAseq is needed to identify macrophages, this
reviewer would be satisfied by this alternative approach if the aforementioned pitfall is
also presented in the discussion.

This is another excellent suggestion, and we have already done the following experiments:

i) We have performed bulk RNA sequencing from FACS-sorted oScarletHIGH cells from middle-
aged SP-oScarlet brains dissociated with five inhibitors (cytochalasin D, dynasore, Pitstop 2,
bafilomycin A, and wortmannin) in addition to transcription/translation inhibitors.
Deconvolution analysis of these bulk RNA sequencing data showed that oScarletHIGH cells in
the presence of cytochalasin D, dynasore, Pitstop 2, bafilomycin A, and wortmannin are also
almost all macrophages. While these data are not at single-cell resolution, they indicate that
engulfment by macrophages is unlikely to solely occur during the dissociation process. We
will include a revised Supplementary Figure with these experiments.

ii) We have also already performed a pilot co-dissociation experiment (in a different genetic
background) as suggested by the Reviewer using a ubb
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:GFP reporter as the second transgenic and observed very few GFP+ oScarletHIGH cells (see
Author response image 1). We will include co-dissociation data in the revised version of the
manuscript.

Author response image 1.

We believe that the results of these experiments are consistent with the notion that
oScarletHIGH cells have engulfed oScarlet in vivo, prior to dissociation step. Nevertheless, we
will also make note in the Discussion of the pitfall mentioned by the Reviewer.

Related to the above, it appears based on the scRNAseq that dissociation heavily
enriched for brain macrophages. Therefore, the claim that clearance is mostly
macrophage mediated could be due to an enrichment of this population during
dissociation rather than this cell type being responsible for most of the extracellular
waste disposal. Authors should quantify the % of total oScarlet that is specifically in
macrophages in the brain sections they already have that are stained against oScarlet
and CSF1R/ApoEB transcript.

The Reviewer’s point is well taken and we agree that experiments in intact brain sections are
important to orthogonally test whether macrophages are responsible for engulfment. As
suggested by the Reviewer, we will quantify the percentage of total oScarlet that is in apoeb+
macrophages in the brain sections we already have (current Fig. 3a). We note that it may not

Cell Biology | Neuroscience

https://doi.org/10.7554/eLife.112503.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology
https://elifesciences.org/subjects/neuroscience


Nagvekar et al., 2026 eLife 15:RP112503.  https://doi.org/10.7554/eLife.112503.1 63 of 66

accurately reflect the actual in vivo percentage, as we have found that it can be challenging to
draw cell boundaries around macrophages due to their irregular shapes.

It is concerning that dextran and oScarlet are almost perfectly colocalized in the image
presented (Figure 3a). It raises the possibility, among others, that dextran is sticking to
potential oScarlet aggregates and then being internalized by macrophages. Therefore, it
could be an artifact of the transgenic line. Authors should repeat the experiment in
wildtype fish and use HCR against CSF1R/ApoEB to address this issue.

We agree with the Reviewer. We have already injected dextran into non-transgenic killifish
brains and observed dextran engulfment by apoeb+ cells. We will include this experiment in
the revised version of the manuscript.

Reviewer #3:

Major comments

The SP-oScarlet model enriches cells based on phagocytic capacity - by design, any
phagocytic cell, including microglia, can be labeled. Only 0.5% of oScarletLOW cells were
myeloid cells, confirming that this method captures virtually the entire myeloid
population. The transcriptional resemblance to BAMs/MDMs is therefore a post hoc
characterization of brain phagocytes broadly, rather than evidence for a selectively
labeled subset. The authors show examples of apoeb+ cells near vasculature (Fig. 3b), but
do not provide a comprehensive quantification of the full spatial distribution of
oScarletHIGH cells. Importantly, neither the SP-oScarlet macrophages nor previously
published wild-type killifish brain macrophages could be transcriptionally separated into
three subgroups analogous to mammalian microglia, BAMs, and MDMs by PCA. This
suggests that fish brain macrophages may not exist as subpopulations that correspond
with their mammalian counterparts. The authors should therefore describe these cells as
brain myeloid cells that exhibit BAM/MDM-like transcriptional characteristics, rather than
implying they are a population equivalent to mammalian BAMs/MDMs.

We agree with the Reviewer and will describe killifish brain macrophages as “brain myeloid
cells that exhibit BAM/MDM-like transcriptional characteristics.”

As described in our responses to Reviewer 1’s comments, we will also provide/more
prominently highlight analysis of killifish brain myeloid cell datasets showing:

i) Markers (e.g., mrc1, cd74) that are shared between mammalian BAM/MDMs and killifish
brain myeloid cells.

ii) The heterogeneity we observe among killifish brain myeloid cells, which we believe
corresponds to different cell states, but is not likely pronounced enough to correspond to
functionally distinct cell types.

iii) The presence of oScarletLOW killifish brain myeloid cells, which are de-enriched by our
sorting strategy.

Minor comments

The authors acknowledge that oScarlet is relatively resistant to degradation and could
affect the state of cells that engulf it. The independent single-cell experiment comparing
old SP-oScarlet and old wild-type macrophages addresses this concern at the
transcriptional level. However, it remains possible that chronic accumulation of
degradation-resistant protein in lysosomes could itself impair phagocytic capacity. If so,
the age-related decline in ex vivo engulfment might be partially attributable to oScarlet
burden accumulated over a lifetime, rather than to aging per se. While a direct
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functional comparison with old wild-type macrophages is experimentally challenging,
the authors should at least acknowledge this interpretive caveat in the Discussion.

The Reviewer makes a great point, and we will acknowledge this caveat in the Discussion.

The transcriptional data show only modest changes in engulfment- and lysosome-related
pathways with age. The authors should offer one or more specific, testable hypotheses
(e.g., which phagocytic receptors or lysosomal components might be affected) to guide
future investigation.

We will provide a list of top engulfment-relevant genes that change the most with age, which
also show only modest changes. We will better acknowledge that the age-related
transcriptional changes in engulfment-relevant genes observed in our single-cell RNA
sequencing experiment are modest and are unlikely to directly serve as a resource for
testable hypotheses. We will also move our single-cell RNA sequencing data to the
Supplementary Figures.

In the text, gene names such as APOEB are capitalized, whereas the convention for fish
gene nomenclature is lowercase italics (e.g., apoeb). The authors should ensure gene
formatting follows species-appropriate conventions throughout the manuscript.

We thank the Reviewer for this suggestion, and we will change killifish gene names to be
lower-case italicized throughout the manuscript.

Description of analyses that authors prefer not to carry out

Reviewer #1:

Regarding (Q2): Could there be a technical bias? An alternative explanation that may
warrant discussion is whether aspects of the experimental pipeline (cell dissociation,
FACS, scRNA-seq) could influence myeloid cell states. For instance, it is conceivable that
dissociation induces a reactive program that enhances uptake of fluorescent protein,
potentially enriching for oScarletHIGH cells. As the authors use a similar experimental
setup to prove uptake of dextran and ovalbumin, such a technical artefact may merit
consideration. As this would influence the major conclusions of the paper, the authors
might want to address this comment with additional experimental controls, such as
single-nuclei RNA-seq on control young and aged brains to profile the natural myeloid
population when not submitted to a cell dissociation and FACS procedure.

We believe that generating our own single-nuclei RNA sequencing dataset would be beyond
the scope of this study. However, a preprint by Williams et al. from the Benayoun Lab
(https://doi.org/10.64898/2026.04.09.717549     ) includes single-nuclei RNA sequencing data
from wildtype killifish brains and could provide an excellent test of our findings. We will
point readers to this preprint in the Discussion.

Comment 3: The authors compare the oScarletHIGH cell transcriptomes to mouse and
killifish datasets. Both the mouse (Barr et al) and killifish (Nagvekar, this paper) dataset
are from enriched immune cells (mouse= CD45+ cells, and the 3 cell types selected from
that). Why did the authors not compare to the whole mouse CD45+ dataset? Including
zebrafish (Rovira et al, 2025) here would strengthen the evolutionary comparison. I also
feel that the additional comparison with young killifish (Ayana et al) might not be that
solid since this dataset was initially not enriched and has a significantly lower number of
myeloid cells, and thus much less power. The old age time point in that study contained
more myeloid cells, and might be interesting to include for cell type comparison. There
are other, perhaps more unbiased ways of comparing cell types across species, for
instance SAMap, developed by co-author Bo Wang. Did the authors consider using this or
other methods?
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We thank the Reviewer for the SAMap suggestion. We did perform SAMap with a mouse
reference from the Allen Brain Atlas. Our SAMap analysis identifed distinct microglia-, BAM-,
and dendritic-like myeloid populations. However, we were not confident in these SAMap
results because the differences between the populations were subtle and we thought they
would be unlikely to represent differences between functionally distinct cell types. Of note,
the dendritic-like cells we identified by SAMap in the killifish brain did not express canonical
markers of dendritic/dendritic-like cells from mammalian and zebrafish literature (e.g.,
batf3). Additionally, other SAMap studies from the Wang Lab analyzing non-neural cell types
in other vertebrates do not separate microglia from non-microglial macrophages (Kalakuntla
et al., in preparation).

Comment 4: Regarding the comparison with the aged brain:

Figure 4: It would be nice to include the same comparisons as for young fish (cfr Fig.1
panels F-I).

We agree with the Reviewer. Unfortunately, we did not sequence oScarletLOW cells from old
brains, for cost reasons, and this precludes the comparison requested by the Reviewer. We
will more clearly indicate that we do not have the oScarletLOW cells from old brain in the
Results section.

Reviewer #2:

The flow cytometry strategy used does not distinguish between oScarlet protein that has
been internalized versus that which is sticking to the surface of macrophages. Authors
should stain non-premeabilized and permeabilized cell suspensions with a flow antibody
against mCherry/RFP to get a sense of how much oScarlet is inside versus outside of the
macrophage. For most antibodies this can be done on the same sample sequentially if
the antibodies have a different fluorophore.

The Reviewer makes an important point, and we will address this caveat in the Methods. We
have performed a pilot of the flow cytometry experiment suggested by the Reviewer and,
encouragingly, observed a higher proportion of cells labeled by the antibody (the same anti-
mCherry antibody we used to label oScarlet in situ) in the permeabilized condition. However,
we do not wish to publish these results as even in the permeabilized condition, the antibody
labeled <0.2% of cells – meaning it likely did not label most oScarletHIGH cells, making it
difficult to draw strong conclusions about internalized vs. surface oScarlet in these cells.

Reviewer #3:

The age-related decline in oScarlet fluorescence in oScarletHIGH cells in vivo could reflect
either reduced phagocytic capacity of macrophages, or reduced oScarlet secretion by
neurons, as the authors have discussed (Fig. 5a). The ex vivo assay addresses this by
standardizing substrate concentration, which is a strength, but an in vivo functional
assessment would provide a more physiologically relevant complement. The authors
have already established the methodology for in vivo substrate injection (Fig. 3a,
dextran). A similar experiment comparing substrate uptake in young and old fish would
circumvent potential artifacts of the ex vivo approach, such as enzymatic dissociation
altering surface receptor availability, and would directly test whether engulfment
declines in the native brain environment.

We agree with the Reviewer and performed a pilot of the suggested experiment, which did
not show age-related differences in in vivo engulfment of injected dextran. However, in
developing the brain injection procedure, we concluded that this procedure works well for
comparisons within a sample, but not for comparisons across samples and conditions (e.g.,
young vs. old). This is because the injection site is determined by sight (aiming for the most
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medial point on the telencephalon/optic tectum border, with no standardized way to control
injection depth), and not stereotactically with coordinates. With our current procedure, it is
challenging to perform reproducible injections across ages due to known age-related
differences in fish/brain size and skull thickness.

We are interested in developing stereotactic injection approaches that would be compatible
with comparisons across ages and other conditions, but we believe that this is beyond the
scope of this manuscript. We will discuss this possibility as a future direction in the
manuscript.

https://doi.org/10.7554/eLife.112503.1.sa0
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