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ABSTRACT 

 

 During early development, the central and peripheral nervous systems are characterized by exuberant cells, 

projections, and synapses that are later pruned away to homeostatic levels. This pruning allows for tissue 

morphogenesis, regulation of cell populations, error correction, and optimization of neural connectivity. For neural 

circuits, this facilitates the establishment of rudimentary circuits which necessitate early organism survival and 

allow for later refinement. However, little is known about how these fundamental, developmental mechanisms 

lead to a nervous system precisely tuned for efficient behaviors, survival, and learning. In this dissertation, I first 

review these developmental concepts in relation to the importance of cell clearance. Then, I present my 

investigation into circuit refinement in the context of an early-formed touch-response circuit in zebrafish. I 

demonstrate surprising and strong evidence that contradicts previous studies: an essential component of the 

touch-response circuit, Rohon-Beard neurons, does not succumb to developmental programmed cell death. This 

work unveils new questions on the function of these surviving Rohon-Beard neurons and their effects on the 

dynamics and physiology of somatosensory processing. 
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1.0 PREFACE 

The contents of this chapter are largely from a published 2022 review in Annual Review of Neuroscience 

titled “Clearing Your Mind: Mechanisms of Debris Clearance After Cell Death During Neurodevelopment”1. The 

publication is co-first authored by Michael H. Raymond and I. The sections I contributed to are based on my area 

paper from 2021. I have updated the contents of this chapter to include relevant scientific findings published after 

the final submission of the article in December 2021 and added sections that were originally removed due to 

space.  

 

https://doi.org/10.1146/annurev-neuro-110920-022431
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1.1 ABSTRACT 

Neurodevelopment and efferocytosis have fascinated scientists for decades. How an organism builds a 

nervous system that is precisely tuned for efficient behaviors and survival and how it simultaneously manages 

constant somatic cell turnover are complex questions that have resulted in distinct fields of study. Although 

neurodevelopment requires the overproduction of cells that are subsequently pruned back, very few studies 

marry these fields to elucidate the cellular and molecular mechanisms that drive nervous system development 

through the lens of cell clearance. In this review, we discuss these fields to highlight exciting areas of future 

synergy. We first review neurodevelopment from the perspective of overproduction and subsequent refinement 

and then discuss who clears this developmental debris and the mechanisms that control these events. We then 

end with how a more deliberate merger of neurodevelopment and efferocytosis could reframe our understanding 

of homeostasis and disease and discuss areas of future study. 

 

1.2 NEURODEVELOPMENT 

Efficient nervous system development involves intricately controlled cell-cell signaling, proliferation, cell 

death, and circuit pruning, all of which support organismal survival and reproduction. Timely debris clearance 

and the pruning and sculpting of cells and their connections are also integral parts of neurodevelopment. While 

neurodevelopment has been studied for decades, our knowledge on cell clearance during early neurogenesis is 

still limited. Recognition and clearance of apoptotic cells has largely been studied by immunologists, while 

neuroscientists have explored cell clearance in specific contexts (e.g., synaptic pruning). Thus, an effort to 

decipher debris and apoptotic cell clearance in the context of nervous system development is required. In this 

review, we introduce fundamental neurodevelopmental events shared among species and then explore the role 

of phagocytosis in shaping this development. 
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Figure 1-1: Key developmental trajectories across species. Developmental trajectories of Drosophila, zebrafish, mouse, and human are shown, with 

approximate timing and relative intensity reflected. Axonal myelination (vertebrates) and ensheathment (Drosophila) perform similar functions by creating a 

microenvironment capable of propagating action potentials along axons. Here (for simplicity) this process is referred to as myelination. Organisms are not to 

scale. Abbreviations: dpf, days post fertilization; E, embryonic day; hpf, hours post fertilization; M, month; P, postnatal day; S, stage; W, gestational week; Y, 

year. Figure adapted from image created with BioRender.com. Based on data from: Bai & Suzuki (2020), Baines & Bate (1998), Bin & Lyons (2016), Blauth et al. (2010), Boulanger-Weill 

& Sumbre (2019), Cantera et al. (2014), Chen et al. (2016), J. Chen et al. (2020), Cole & Ross (2001), Harris & Whitington (2001), Jacobson et al. (2018), Kim et al. (2008), Miyares & Lee (2019), Muthukumar 

et al. (2014), Pereanu et al. (2005), Pinto-Teixeira et al. (2016), Pop et al. (2020), Pressler & Auvin (2013), Rocha et al. (2020), Schepanski et al. (2018), Schmidt et al. (2013), Silbereis et al., 2016, Singh 

& Singh 1999, Tebbenkamp 2014, Xie 2019 
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1.2.1 Neurodevelopmental Timing and Trajectories 

The developmental over-proliferation of neural cells and synaptic connections (called neural exuberance) 

was first described in the visual cortex, where exuberant projections into the corpus callosum were identified in 

kittens but not in adult cats2. Neural exuberance occurs at extraneous or transient axons (macroscopic) and at 

temporary branches or synapses within a confined cortical territory (microscopic). In multiple vertebrate species, 

both macro- and micro-exuberance are seen throughout the brain2. After neurogenesis begins, neurons quickly 

start making synaptic connections3 (Figure 1-1). In teleost fishes, synaptic density increases sharply after 

hatching and correlates with early behavior (e.g., hatching, free swimming, acquiring visual acuity)4. In primates, 

synaptogenesis and synaptic density vary depending on brain region and age, suggesting that developmental 

trajectories are region specific5,6. 

 

Recent studies highlight the importance of glia in synapse formation, pruning, and elimination. In Drosophila 

melanogaster, astrocyte-like glial infiltration of the neuropil is pro-synaptogenic7; in Caenorhabditis elegans, glia 

promote synapse formation between interneurons and control synaptogenesis during post-developmental 

growth8,9. Microglial contact induces pyramidal neuron dendrites to form filopodia and subsequently synapses10, 

and learning-dependent synapse formation is promoted through microglial brain-derived neurotrophic factor 

(BDNF)11, with a critical relationship between glia and synapse formation12,13. 

 

The neural and synaptic exuberance observed in early development is regulated, as the number of cells and 

synapses decreases until reaching a homeostasis that is maintained throughout adulthood2 (Figure 1-1). Death 

of exuberant cells can arise from both availability and competition for neurotrophic factors, growth factors, and 

neural activity14. This elimination occurs throughout the central and peripheral nervous systems (CNS and PNS) 

and is vital for neurodevelopment and circuit maturation and refinement15. In mouse models lacking key 

proapoptotic genes, pups were infertile or died perinatally16 whereas a cell-specific knockout of pro-apoptotic 

factor Bax in Cajal-Retzius cells resulted in increases in dendrite complexity, spine density, memory deficits, and 

seizure susceptibility17–19. In contrast, other studies indicate that the survival of exuberant cells results in grossly 

normal development16. Some of these inconsistencies likely arise from species- and strain-specific differences20 
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and/or a threshold for tolerance and plasticity. In fact, many neural diseases (e.g., lissencephaly, Nasu-Hakola 

disease) and psychiatric disorders (e.g., autism spectrum disorder [ASD], schizophrenia) are linked to 

imbalances in key neurodevelopmental trajectories (e.g., neurogenesis, migration, myelination, synaptogenesis 

and pruning), yet many patients survive21–23. These observations demonstrate the importance of regulated early 

developmental trajectories during neurodevelopment. 

 

1.2.2 Cell Death in Neurodevelopment 

Neurodevelopmental exuberance is corrected through the conserved process of programmed cell death 

(PCD)24. The most common form of PCD is caspase-dependent apoptosis, which is immunologically silent 

compared to other forms of cell death that are proinflammatory such as pyroptosis25. PCD has been detailed in 

multiple model organisms, with important studies in Drosophila and C. elegans. However, many questions 

remain. 

 

1.2.2.1 How is cell survival or death determined, and what triggers programmed cell death? 

In most models, PCD within neural populations starts during embryogenesis16,26,27 (Figure 1-1). 

Developmental apoptosis is a mechanism for regulating population size, removing cells for transient 

developmental functions, correcting errors, optimizing synaptic connections, and facilitating morphogenesis and 

is triggered by intrinsic or extrinsic signals (e.g., DNA damage, endoplasmic reticulum stress, decrease in survival 

factors or death ligands and receptors)28. During neurodevelopment, regressive events are facilitated in part by 

long-distance signaling through death receptors29. Phagocytosis itself can also trigger neurite degeneration and 

neuronal apoptosis30,31. Huge waves of apoptosis occur in cell populations to facilitate morphogenesis and tissue 

and organ sculpting, and in Drosophila apoptosis can induce nonautonomous apoptosis that relies on the TNF 

pathway32. Thus, continual, efficient clearance of apoptotic cells and debris is needed to avoid inflammation, 

autoimmunity, and uncontrolled spreading of apoptosis33,34. 
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1.2.2.2 Why are some cell populations generated only to die? 

Interestingly, studies suggest an internal clock, where cells that were scheduled to die during development 

still died when grown in vitro or transplanted elsewhere in the brain35,36. To address whether the survival of cells 

destined to die affects development in C. elegans, loss-of-function mutants for proapoptotic genes ced-3, ced-

4,and egl-1 were generated, but there were no apparent defects. However, loss of ced-9 (murine BCL2) resulted 

in embryonic lethality due to widespread ectopic cell death16. In Drosophila and mice, blocking proapoptotic 

genes during neurodevelopment produces variable results ranging from no observable phenotypes to 

multisystem defects and lethality20,37. While PCD is highly conserved, there are populations of cells that undergo 

PCD in one model but not another; spinal interneurons and retinal photoreceptors undergo PCD in mammals 

but not in birds16. Remarkably, the importance of PCD in neural tube closure varies between species, as PCD is 

required in chick embryos38 but dispensable in mice39. Even within one species (mice), global knockouts of 

proapoptotic genes show strain-specific results ranging from no observable effects to perinatal lethality20. 

Although region-specific temporal patterns of PCD are observed, there is no consensus on whether PCD is 

necessary for neurodevelopment. 

 

Several recent studies have addressed this question by examining the atypical survival of specific cell 

populations known to undergo PCD. In C. elegans, persisting RIM sister neurons structurally and functionally 

synapse onto wild-type circuits, resulting in changes in locomotor behavior40. In Drosophila, “undead” olfactory 

sensory neurons electrically respond to odorants and integrate into upstream glomerular organizing centers. 

Differences in the PCD of olfactory sensory neurons may explain the evolutionary variations observed in carbon 

dioxide-sensing41. One of the more convincing lines of evidence that PCD of specific cell populations is required 

for normal development stems from studies on Cajal-Retzius cells. In mammals, Cajal-Retzius cells are amongst 

the earliest born cortical neurons (appearing as early as embryonic day [E] 10.5 in mice42,43) and undergo 

extensive activity-dependent PCD during the second postnatal week17. Inhibiting PCD in Cajal-Retzius neurons 

results in the atypical survival of electrophysiologically immature Cajal-Retzius neurons up to postnatal day 2417. 

These surviving Cajal-Retzius neurons result in cellular  (increased dendrite complexity, spine density, and 

interneuron number), functional (imbalanced excitation/inhibition, attenuated theta oscillations, and enhanced 
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gamma activity), and behavioral changes (impaired hippocampus-dependent memory and increased 

susceptibility to seizures in adulthood). Although some changes were only transiently observed during the 

establishment of juvenile circuitry (e.g. interneuron number returned to control levels in adulthood), the abnormal 

persistence of Cajal-Retzius neurons leads to functional and behavioral consequences observed in 

adulthood.18,19 These recent findings make a convincing argument that PCD of certain cell populations is required 

for normal neurodevelopment, but other studies are needed to further explore the necessity and importance of 

PCD. Altogether, there is limited consensus on whether PCD (at a regional or cellular level) is required for normal 

neurodevelopment. 

 

This is in part due to the difficulty of observing debris clearance, as apoptotic cells are efficiently cleared by 

phagocytes34. Additionally, disruptions in proapoptotic genes are classically studied in the context of whole-

organism mutations, even though PCD is tightly regulated both spatially and temporally44. Improvements in 

genetic tools using cell population specific markers have been integral in furthering our understanding of PCD in 

development. Advances in imaging techniques have enabled visualization of apoptosis and engulfment, but 

these examinations are not frequently studied in the context of early neurodevelopment. Finally, there are 

different types of cell death (ferroptosis, necroptosis, pyroptosis) distinct from PCD45, and neurodevelopmental 

refinement may involve additional types of cell death46. 

 

1.2.3 Synaptic Refinement and Elimination 

In addition to neurodevelopmental PCD, synapses undergo a process of elimination and pruning, which was 

first observed in geniculocortical visual afferents47. Synaptic pruning is not restricted to development and is a 

crucial process for learning, memory, and circuit refinement throughout life23,48 (Figure 1-1). Key receptors for 

glial engulfment of debris (draper and CED-3) are necessary for pruning in Drosophila49 and C. elegans50. In 

mice, signaling through microglial CX3CR1 contributes to postnatal thalamocortical synapse development51, 

experience-dependent refinement in visual cortices52, and hippocampal synapse development48. In the dorsal 

lateral geniculate nucleus, microglia exhibit activity- and complement-dependent engulfment of synapses53 and 

can alter retinogeniculate connectivity54. Type 1 interferon (IFN-1)-responsive microglia engulf neurons in the 
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developing somatosensory cortex and can affect excitatory/inhibitory balance and tactile sensitivity55. The 

astrocyte phagocytic receptors MEGF10 and MERTK are also linked to synapse elimination of retinal ganglion 

cell synapses56. 

 

1.3 MAJOR PHAGOCYTES DURING NERVOUS SYSTEM DEVELOPMENT 

We are beginning to appreciate the variety of phagocytes that clear cellular debris or whole cells during the 

development of neuronal circuitry and maintenance of homeostasis within the CNS and PNS. While phagocytes 

share properties, they are also unique in their location and function. Phagocytes come in three broad flavors: 

professional, which clear cells and debris routinely and voraciously (macrophages, microglia); nonprofessional, 

which can engulf but are limited in their capacity and efficiency (fibroblasts and mesenchymal cells)57,58; and 

specialized, which perform unique types of phagocytosis (retinal pigmented epithelial cells [RPEs]). 

 

1.3.1 Microglia 

Microglia, which arise from yolk sac progenitors and colonize the CNS beginning at E9.5–10.5 in mice and 

approximately 35 hours postfertilization (hpf) in zebrafish59,60, are the tissue-resident phagocytes who sense, 

respond to, and influence neurodevelopment61,62. These professional phagocytes arrive within the developing 

CNS before the onset of rapid neurogenesis within the cortex and adopt a high degree of heterogeneity63,64. 

Microglia are critical for clearing neuronal cells during development and postnatal neurogenesis65–68. In zebrafish, 

colonization of the CNS coincides with waves of neural precursor apoptosis69, and removal of microglia results 

in aberrant neuronal connectivity70,71. During development, microglia also prune non-neuronal cells, including 

oligodendrocyte progenitor cells72 and astrocytes73 (Figure 1-2). Axon-tract-associated microglia accumulate at 

cortical boundaries, are highly phagocytic, and maintain structural integrity during brain morphogenesis74. Thus, 

microglia act as both sentinels and sculptors of the CNS. 

 

To facilitate efferocytosis, microglia express a variety of receptors and downstream signaling cascades. 

Transcriptional analysis of the cerebellum and developing white matter identified subsets of phagocytic microglia 
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that exist in a primed state to respond to high levels of cell turnover75. Microglia use phosphatidylserine (PtdSer) 

receptors to bind to and internalize apoptotic cells76 (Supplemental Tables 1-1–1-3). In particular, TAM family 

members (Tyro3, Axl, MerTK) are implicated in microglia-mediated clearance of apoptotic cells77. A recent study 

also implicates Jedi-1/MEGF12 in microglial phagocytosis in the mouse ventricular-subventricular zone67. 

Additionally, microglia can also promote cell death and clearance, both initiating death and clearing the dead78. 

How microglia use different PtdSer receptors for efferocytosis or trogocytosis, a type of partial engulfment79, is 

unknown. Lastly, microglia can also alter synapses and neural connectivity through non-phagocytic 

mechanisms54,80. 

 

Microglia also shape neuronal development beyond the physical removal of cells. Interestingly, secreted 

factors from microglia modulate the rate of neurogenesis and neuron survival81,82. These studies suggest that 

microglia serve as an important relay between the removal and maintenance of neurons. When this process is 

disturbed by the elimination of Slc37a2, microglia display enlarged phagosomes and reduced corpse 

resolution83. In conclusion, microglia function as primary phagocytes within the CNS and shape 

neurodevelopment. 
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Figure 1-2: The central nervous system (CNS) food network. The CNS is host to a diverse network of cells, many of 

which regulate the form and function of the CNS through cell clearance. To date, several phagocyte and target cell 

relationships have been identified in vivo. Beginning with neural precursor cells, they have been identified to 

phagocytose their neighbors (1) (Lu et al. 2011), in addition to serving as a target for microglia (2) (Sierra et al. 2010). 

Microglia can regulate the abundance of astrocytes (3) (VanRyzin et al. 2019). Astrocytes have been demonstrated 

to remove microglia (6) (Konishi et al. 2020) and sculpt neurons (4) (Cunningham et al. 2013), and oligodendrocytes 

(5) (Hagemeyer et al. 2017, Nemes-Baran (8) (Buchanan et al. 2021). Neural crest cells (NCCs) have been 

demonstrated to remove other NCCs (9) neurons (7) (Chung et al. 2013, Lee et al. 2021). Oligodendrocytes have 

been found to internalize neurons (Zhu et al. 2019). These examples underscore the breadth of the phagocytic 

network within the CNS and draw attention to the unknown, missing links between phagocyte nodes. Figure adapted 

from image created with BioRender.com. 
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1.3.2 Macrophages 

The function and ontogeny of CNS macrophages, which comprise a small fraction of total cells, is an area of 

intense investigation. CNS macrophages consist of meningeal, choroid plexus, perivascular, and border-

associated macrophages84. Reservoirs of monocyte- derived precursors can supply the CNS during 

experimental conditions and certain periods of development, adding layers of spatial and functional 

heterogeneity to the CNS macrophage compartment85,86. The meninges are also an active site of monocyte 

development with well-defined roles in disease, furthering the breadth of monocyte involvement in the CNS87, 

albeit development is relatively less explored. 

 

During Drosophila embryonic development, macrophages serve to remove developmentally generated 

apoptotic cells within the CNS88. This is important for proper organismal homeostasis and for mounting immune 

responses89,90. These macrophages use multiple phagocytic mechanisms to efficiently clear dying cells in the 

CNS91. Harnessing the genetic tractability of Drosophila to explore the efferocytic role of macrophages during 

embryonic CNS development could provide crucial new insights. 

 

1.3.3 Astrocytes 

Astrocytes are well known for their roles in development and disease, and immunological roles for them in 

the CNS are emerging. In mice, regional disruption of astrocytes alters the number of excitatory synapses, 

suggesting a link to the maintenance of circuitry92. Interestingly, when compared to microglia, astrocytes can 

surpass microglia during later stages of lateral geniculate nucleus developmental clearance and require MEGF10 

and MerTK56 (Supplemental Tables 1.1–1.3). MEGF10 is also important for the clearance of apoptotic neurons 

within the developing cerebellum93. Astrocyte phagocytosis of synapses by MEGF10 is implicated in ocular 

dominance plasticity during development94. Astrocytes also shape adult hippocampal circuitry, with MEGF10 

deficiency resulting in altered hippocampal memory formation95. Drosophila astrocytes also exhibit a high rate of 

efferocytosis in the developing CNS. In the pupal neuropil, the astrocytes transition into phagocytes and engulf 

neural debris and synaptic material31. This engulfment requires the receptor Draper and downstream proteins 



12 
 

Mbc and dCed-12 (mammalian Dock1 and Elmo, respectively). The extent to which astrocytes can survey and 

sculpt both neuronal circuitry and apoptotic cells as key phagocytes remains to be clarified. 

 

1.3.4 Retinal Pigment Epithelial Cells 

Lining the rear of the retina is a specialized phagocyte, the RPE, which is responsible for engulfing 

photoreceptor outer segments (POSs) daily96. This clearance rhythm is necessary for retinal health, and defects 

in the PtdSer receptor MerTK result in a progressive form of blindness97. RPEs engage POSs akin to phagocyte 

and apoptotic cell interactions98 and use several distinct receptors, including MerTK, integrins, and scavenger 

receptors99,100. Furthermore, POSs display PtdSer in a diurnal pattern, signaling the RPEs to engulf them in an 

orderly fashion98. In addition, RPEs are postmitotic and are not replaced through the life of an organism; thus, 

mechanisms by which RPEs handle the significant metabolic burden and repeat this exercise throughout life are 

fascinating and relevant for retinal diseases. 

 

1.3.5 Oligodendrocyte Progenitor Cells 

Oligodendrocyte progenitor cells (OPCs) are a glial population arising from the neuroepithelium and 

populating the developing CNS from E12.5 to E15 in mice and 36 to 55 hpf in zebrafish101,102. OPCs have been 

recently recognized as non-professional phagocytes. OPCs express genes associated with phagocytosis103,104 

(e.g. LRP1, Mertk, Ptprj, Rap1gap, Xrkr4/6) and OPCs within the visual cortex harbor neuronal material104,105 

and synapses103, demonstrating their engulfment ability in vivo. Sophisticated imaging and focal-ablation 

techniques in both zebrafish and mice have also revealed that OPCs regulate axon remodeling105 and polarize 

toward the site of neuronal apoptosis and extend processes into the spatial void106. This presents an intriguing 

hypothesis that OPCs can sense and respond to cell death, and their role in homeostatic clearance and synaptic 

engulfment remains to be evaluated. 
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1.3.6 Schwann Cells 

In the PNS, the role of myelinating glia in debris clearance contrasts starkly with what is known in the CNS. 

During development, perisynaptic Schwann cells (PSCs) engulf axosome debris and eliminate exuberant 

synapses at the neuromuscular junction (NMJ)107–110. Deletion of Schwann cells causes a decrease in NMJ 

synapses and motor neuron death111 while ablation of PSCs specifically results in reduced NMJ growth112. While 

phagocytic PSCs play a critical role in NMJ development, studies have also explored the role of Schwann cells 

in peripheral nerve injury and Wallerian degeneration. Upon peripheral axon injury, Schwann cells are observed 

to break down and engulf myelin113. Schwann cells are joined by MΦ in the later stages of Wallerian degeneration 

which aid in myelin phagocytosis114,115. We now know that Schwann cells clear myelin by TAM receptor-mediated 

phagocytosis and selective autophagy116–118. After injury, responding Schwann cells upregulate phagocytic 

receptors Axl and Mertk, which are also used by phagocytes in other tissues (e.g. astrocytes in the brain56 and 

retinal pigment epithelial cells in the retina119). Another type of glia to respond in peripheral nerve injury are 

perineurial glia, which are recruited to sites of injury by Schwann cells to phagocytose myelin and form bridges 

across the damaged axon to stimulate regrowth120. Although the full impact of phagocytic Schwann cells on the 

PNS is not yet understood, studies have established the importance of Schwann cell phagocytosis in peripheral 

nerve growth, maintenance, and injury.  

 

1.3.7 Satellite Glial Cell Precursors 

. Satellite glial cells (SGC) are neural crest-derived glia that enwrap neuronal cell bodies in peripheral 

ganglia121. SGC precursors are the primary responding phagocyte for apoptotic cell clearance in the developing 

murine dorsal root ganglia122 and human trigeminal ganglia123. These precursors phagocytose dying DRG 

neurons by engulfment receptors Jedi-1 and MEGF10 (mammalian homologues to C. elegans CED-1)122. SGC 

precursors utilize internal mechanisms similar to professional phagocytes; apoptotic cells and debris 

accumulated in LAMP-1+ lysosomes122. Jedi-1 null mice exhibit aberrant neuronal DRG activity124, suggesting 

that phagocytic activity through Jedi-1 is necessary for appropriate neural function. 
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1.3.7 Neural Precursor Cells 

Neural precursor cells (NPCs) give rise to both neurons and glia during development. Additionally, they 

execute efferocytosis during mouse development within neurogenic niches. Their phagocytic activity depends 

on the engulfment protein ELMO1 and disrupted phagocytosis of NPCs in Elmo1 null mice resulted in impaired 

hippocampal neurogenesis125. As this population of cells resides within neurogenic niches, their proximity to 

developmentally generated apoptotic cells positions them for rapid response. Whether NPCs exist as a unique 

population compared to their neighbors is currently unexplored. 

 

1.3.8 Neural Crest Cells 

Neural crest cells (NCCs) play a central role during development, giving rise to functionally distinct cell types. 

Remarkably, NCCs are phagocytic during early stages of zebrafish development (∼24–36 hpf, before the 

presence of macrophages or microglia), exhibiting high levels of clearance and surveillance within the CNS and 

PNS126. Defining the targets of NCC phagocytosis, the response of NCCs during efferocytosis, and how 

phagocytic NCCs interact with incoming macrophages and microglia will be important to pursue. In considering 

the roles of these different phagocytes, with constantly improving in vivo approaches, our characterization of 

CNS phagocytes and their functional interplay will undoubtedly advance (Figure 1-2). 

 

1.4 PATHWAYS OF CELL CLEARANCE 

Recent works from multiple laboratories, in the context of mice, Drosophila, zebrafish, C. elegans, and 

humans, have given us a better appreciation for the phagocyte in its ability to balance numerous concurrent 

steps during the process of efferocytosis. Efferocytosis can be divided into three distinguishable steps that occur 

as a continuum. First, the phagocyte must identify and migrate toward the dying cell via sensing of soluble factors 

or “find me” signals released from dying cells127. Second, via surface receptors, the phagocyte engages apoptotic 

cells to initiate the clearance process34. Third, digestion occurs when the ingested corpse transitions through a 

series of intracellular phagosomal steps to degrade128. The digestion phase also includes the production and 
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release of anti-inflammatory mediators from the phagocytes that are important for making efferocytosis 

immunologically quiet. 

 

1.4.1 “Find Me” Signals within the Central Nervous System 

During development and homeostasis, there is a high degree of cell turnover in tissues, yet apoptotic cells 

are rarely detectable experimentally. This is due to the rapid and efficient engulfment by phagocytes, which locate 

dying cells through “find me” signals. These signals are released during early stages of cell death (when the 

apoptotic cells are still intact) and facilitate the rapid and efficient recruitment of phagocytes. Only two “find me” 

signals are discussed here, but they have been reviewed extensively127. 

 

1.4.1.1 ATP and Pannexin-1 

During apoptosis, dying cells alert the environment via secreted and surface-displayed molecules. Of these, 

the release of ATP through the Pannexin-1 channel occurs in a regulated, caspase-dependent fashion129,130. 

Signals released from apoptotic cells are important for microglial colonization within the developing CNS69. Within 

active neurogenic niches and the subventricular (SVZ) and subgranular zones, Pannexin-1 also plays an 

important role in maintenance of the NPC pool, as removing Pannexin-1 from the NPC pool within the SVZ 

decreases the number of NPCs131. In zebrafish, NCCs are recruited to areas of cell death via IL-1β signaling126. 

Whether this is mediated by Pannexin-1 remains to be determined. Finally, recent work shows that a large 

collection of metabolites is secreted from apoptotic cells in a Pannexin-1-dependent manner132. Since 

metabolites have pleiotropic effects on surrounding cells, the role of these apoptotic metabolites during 

neurodevelopmental clearance could broaden the scope of find-me signaling in the CNS. 

 

1.4.1.2 Fractalkine 

Apoptotic cells can also undergo fragmentation and produce small extracellular vesicles and apoptopodia133. 

Within these vesicles is fractalkine, which is processed during apoptosis and helps to recruit macrophages via 

CX3CR1134. Fractalkine can also modulate microglial phenotype, including upregulation of machinery for PtdSer 
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recognition and microglial phagocytosis135. This signaling module could provide a local neuron to microglia axis 

to ensure efficient microglial removal of dying neurons. 

 

1.4.2 “Eat Me” Signaling within the Central Nervous System 

After responding phagocytes locate a dying cell, a different set of cues (“eat me” signals) help mediate the 

engagement between the phagocyte and apoptotic cell surfaces to begin engulfment. These signals begin to be 

exposed on the cell membrane of apoptotic cells and can either directly bind to receptors on phagocytes or bind 

bridging molecules that then engage receptors on phagocytes. A few of the “eat me” signals and their recognition 

are discussed below. 

 

1.4.2.1 Phosphatidylserine 

A canonical apoptotic cell ligand is PtdSer136. Typically found asymmetrically on the inner leaflet of the plasma 

membrane in healthy cells, PtdSer is flipped to the outer leaflet during apoptosis in a caspase-activated manner 

through the inactivation of flippases137,138. Once exposed, PtdSer recognition receptors on phagocytes bind to 

PtdSer either directly or via bridging molecules139 (Supplemental Tables 1.1–1.3). PtdSer plays an important role 

in initiating efferocytosis in the CNS during development140,141. 

 

The TAM family of phagocytic receptors (composed of the members Tyro3, Axl, and MerTK) uses bridging 

molecules Gas6 and Protein S to engage the apoptotic cell119. Mice lacking Axl and MerTK in microglia show 

elevated levels of apoptotic cells within the SVZ, implicating their importance77. Additional PtdSer receptors BAI1 

and TIM4 play important roles for engulfment in vivo through their regulation of phagosome formation and 

stability, respectively76. Additionally, astrocytes use MEGF10 to bind C1q, a PtdSer binding molecule, to remove 

apoptotic neurons93. The context and consequences of PtdSer exposure will be important to decipher, as viable 

neurons aberrantly expose PtdSer upon accumulation of pathological proteins142. 
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1.4.2.2 Calreticulin 

Calreticulin (CRT) is an additional cell surface molecule, which is sensed by the phagocyte to initiate 

engulfment. Typically found in the endoplasmic reticulum, CRT translocates to the membrane during instances 

of cellular stress or death143. Phagocytes identify CRT through LRP1, which licenses engulfment signaling. 

However, CRT requires attenuation of “don’t eat me” signal CD47 at the cell surface144. Induced pluripotent stem 

cells carrying an autism-linked mutation had higher levels of CRT and inhibitory CD47, leading to excessive 

neuronal growth145. 

 

1.4.2.3 Complement 

Often associated with immunological responses to pathogen- and damage- associated molecular patterns, 

the complement system assists in the removal of dendrites, synapses, and entire cells53,146,147. After deposition 

of complement onto the surface of a neuron, complement receptors engage with the cell for engulfment. Inhibition 

of complement deposition or blocking complement activity in vivo results in decreased neuronal pruning148–150. 

This plays a role in memory formation, as disruption of the complement system through CD55 resulted in 

preservation of memory and engram cells151. Thus, complement is a prime candidate for initiating neuronal 

sculpting during development and disease. 

 

1.5 PROCESSING OF CLEARED CARGO BY CENTRAL NERVOUS SYSTEM 

PHAGOCYTES 

Once a phagocyte has engaged an apoptotic cell through surface receptors, downstream signaling pathways 

are initiated, which ensure ingestion and digestion of the corpse. There are several pathways that converge on 

the activation of the GTPase Rac1, facilitating cytoskeletal rearrangement around the corpse89,152.A well-studied 

pathway is through the ELMO-Dock-Rac complex, which upon upstream activation leads to Rac activation and 

corpse internalization153,154. Upon sequestration of the apoptotic cell, the phagosome must be sealed through 

Dynamin-2128. 
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Following successful internalization, the corpse must be processed through a series of orchestrated steps to 

ensure corpse degradation128. The digestion process is thought to involve several sequential steps that include 

maturation of the phagosome and fusion with the lysosome. One pathway is via LC3 conjugation to the 

phagosome through Rubicon, PtdIns(3)P deposition, and NOX2 recruitment155. The LC3 digestive process 

results in macrophage skewing toward an M2-like state and suppression of interferon signaling156. To facilitate 

continual digestion, mitochondrial function plays an important role, with uncoupling protein 2 (Ucp2) being 

required in phagocytes for continual uptake as well as mitochondrial fission157,158. Furthermore, signals derived 

from the digested apoptotic cells promote increased uptake and lipid homeostasis, and are important for 

maintenance of an anti-inflammatory state159. Insight into these pathways during microglial efferocytosis 

implicated Annexin A1 in controlling PPARγ activation during neuronal engulfment160. In addition, signals de- 

rived from apoptotic cells are important for efficient phagocyte polarization, engulfment capacity, and digestion 

of cargo161,162. This final step of corpse resolution has been elegantly demonstrated in vivo where the solute 

carrier transporter Slc37a2 was identified as a key regulator of microglial phagosome function83. Mutations within 

these conserved pathways are implicated in CNS development and disease, adding to our understanding of this 

critical downstream process. Perturbations to any step within the orchestrated clearance process result in 

functional deficiencies, highlighting the multifaceted nature of efferocytosis. 

 

1.6 CELL AND DEBRIS CLEARANCE IN DISEASE 

As discussed above, it is clear that cell death and cell clearance in the CNS are important during 

neurodevelopment. Further work has pointed to the assembly and refinement of neural circuitry in 

neurodevelopment as pivotal in the development of later-presenting neurodevelopmental and neuropsychiatric 

disorders. Also, many of the cellular processes key for neurodevelopment are found to be altered in 

neurodegenerative disorders. This section details a few of these disease contexts. 
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1.6.1 Neurodevelopmental and Neuropsychiatric Disorders 

The linkage of phagocytosis in neurodevelopment to many disorders comes from mutations in genes 

associated with phagocytosis or genes integral to phagocyte function. Dendritic abnormalities, synaptic pruning, 

increased cellular debris, and neural excitatory/inhibitory imbalances are linked to multiple neural disorders23,163. 

While the implications of homeostatic phagocytic activity on the nervous system are just emerging, there are 

multiple disorders where abnormal phagocytosis is observed164. 

 

ASD is a behavioral disorder characterized by varying severity of deficits in social behavior and linguistic 

abilities165. Multiple studies implicate abnormal microglial regulation of neuronal activity in ASD54,71, and 

postmortem ASD brains contain increased dendritic spine densities and increased microglial density and 

reactivity166,167. These microstructural differences result in aberrant callosal fiber length and cortex 

connectivity168,169. Mice lacking ATG7 (an enzyme critical for autophagy and vacuolar transport) recapitulate 

many of the micro- and macroscopic impairments observed in human ASD patients170,171. Loss of microglial 

MCT4 affects degradation of internalized cargo, resulting in defects in synaptic pruning, increased neuronal 

excitation, and anxiety-like behavior in mice172. Altogether, these experiments point to the dysregulation of 

synaptic pruning and neural connectivity refinement as a significant contributor to ASD severity. This is akin to 

patients with schizophrenia, a psychiatric disorder that commonly presents in patients 15–23 years old, when 

drastic changes in synaptic connectivity are occurring within the prefrontal cortex (PFC)173. Schizophrenia is 

thought to partly arise from developmental defects in synapse density and pruning, with postmortem studies 

revealing a decrease in PFC dendritic spine density174,175. Patients display decreased PFC gray matter volume, 

weakened connectivity across the brain, and abnormal protein expression levels associated with the Rac1 

phagocytic pathway, suggesting exaggerated pruning in schizophrenia173,176. Thus, current hypotheses highlight 

the importance of synaptic pruning in maintaining the balance of excitatory and inhibitory neural connections, 

where aberrations can lead to disorders such as ASD or schizophrenia. 
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1.6.2 Neurodegenerative Disorders 

Significant knowledge has been gained on debris clearance and phagocytosis in neurodegenerative 

disorders, particularly proteinopathies. Microglia in both Alzheimer’s disease (AD) and Parkinson’s disease (PD) 

associate with and engulf amyloid beta and Lewy bodies, respectively177,178. In genome-wide association studies, 

variants in genes associated with phagocyte function and migration, phagocytic receptors and adaptor proteins, 

and digestion of internalized debris are associated with increased risk of disease179. An early-onset progressive 

dementia called Nasu-Hakola arises from mutations in DAP12 (also called TYROBP) or TREM2180, which are 

linked to impaired microglial phagocytosis and accumulation of apoptotic neurons181. Coincidentally, 

dysfunctional DAP12 or TREM2 are also implicated in early AD and PD182. 

 

Multiple sclerosis (MS), a CNS autoimmune and neurodegenerative disease, is characterized by an 

autoimmune attack on myelin sheaths, leading to myelin degeneration and eventual nerve damage. While the 

removal of myelin debris by microglia and macrophages is integral to promote repair183, these phagocytes also 

contribute to MS progression by presenting CNS-derived autoantigens and adopting an inflammatory 

phenotype184,185. In vitro studies suggest that MerTK is an essential receptor in myelin phagocytosis, and MS 

patient monocyte-derived macrophages express significantly lower levels of MerTK186. Thus, microglia and 

macrophages can act as double-edged swords: On the one hand, inhibiting their activities could potentially 

reduce presentation of autoantigens and the secretion of inflammatory mediators, yet on the other hand, 

enhancing their phagocytic activity to remove toxic debris could facilitate myelin repair182. This again highlights 

the importance of finely balanced phagocytosis in disease progression and that phagocyte functions are not 

unidimensional or static. 

 

1.7 WHERE DO WE GO FROM HERE? CHALLENGES AND OPPORTUNITIES 

1.7.1 Neurodevelopment: Immunologically Silent or Not? 

The structural and cellular abundance during early development sets the stage for an intricate interplay 

between corpse and phagocyte, one which must be executed efficiently to ensure homeostasis. Overwhelming 
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evidence from a variety of non-CNS contexts suggests that developmental cell death and subsequent 

efferocytosis are largely anti-inflammatory. Yet, recent evidence suggests the presence of classical 

immunostimulatory cell death during CNS development46, adding yet another layer of complexity. Additionally, 

NCC recruitment to apoptotic cells is dependent on IL-1β126, a traditionally proinflammatory molecule. Evidence 

for induction of an inflammatory state within phagocytes is well-characterized, raising the question as to whether 

this inflammation-associated identity is a typical trajectory for all CNS phagocytes187,188. Considering these lines 

of evidence, a detailed analysis of phagocyte states during CNS development would further our understanding 

of how inflammatory cues might shape organismal growth and patterning. Furthermore, important future 

directions include the identity of the phagocytes that respond to these cues, whether their absence results in 

developmental deficits, and whether these mechanisms are region specific. 

 

1.7.2 Phagocyte State versus Fate 

Phagocytosis has been long defined by immunologists and often studied via in vitro assays, with recent tools 

allowing for the visualization and quantification of phagocytosis in vivo. While our knowledge of phagocytes in 

the periphery informs our understanding of their function in the brain, the CNS is unique. The brain has been 

classically defined as an immune-privileged site; however, several discoveries such as meningeal lymphatic 

vessels189,190 have revolutionized our understanding of the interface between the immune and nervous systems. 

Even more recently, data show that the meninges harbor a lymphopoietic niche capable of producing meningeal 

B cells, which could be important for maintaining tolerance against CNS-derived antigens191,192. With growing 

evidence that the brain and immune systems are linked, it would be interesting to think about how these systems 

may affect phagocytes in both the brain and periphery. Do phagocytes that are active in peripheral tissues act 

similarly in the brain? How does signaling from the immune system change the environment of the brain, and 

how does that affect brain-resident phagocytes? It is also unclear how different types of phagocytes respond to 

and process internalized debris, and there may be differing consequences. Emerging data point to phagocytosis 

as an active modulator of cell function rather than a passive process, as the secretome of phagocytic microglia 

was found to limit neurogenesis by driving neural progenitor cells toward a different fate compared to naïve 
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microglia in vitro82,193. Thus, phagocyte state and fate particularly may change and, in turn, affect responses 

within the CNS neighborhood. 

 

1.7.3 Visualizing Cell Death and Phagocytosis In Vivo 

Many of the biological processes discussed in this review occur at the cellular level and over timescales that 

would benefit from in vivo imaging paradigms. Central to in vivo imaging are fluorescent probes, both 

chemigenetic and fluorescent protein based, which permit cell- and tissue- specific labeling. Advancement of 

genetic tools to track caspase activity194, Annexin V195, calcium196, and acidification197 has been instrumental in 

imaging cell death, removal, and tissue sculpting. Recently developed fluorescent reporters CharON and 

CharOFF allow for simultaneous visualization of both caspase activity and acidification198,199. An exciting 

development is the creation of chimeric phagocytic receptors which allow for unprecedented manipulation of 

phagocytic activity in vitro and in vivo200. Using these advanced genetic tools in combination with in vivo imaging 

will help answer questions related to cell death, removal, and tissue sculpting within the CNS during development 

and disease. 

 

Zebrafish and Drosophila offer advantages to imaging, and these organisms would be good first choices for 

in vivo study of cell clearance before tackling more complex systems. Foundational work in these organisms will 

help build understanding of developmental cell clearance, providing insights on outstanding questions such as 

quantification of CNS cell death and clearance, identity of phagocytes during development, location of 

phagocytes during cell clearance, and mechanisms of cell clearance198. Previous work in zebrafish has identified 

locations of cell death machinery, periods of high cell turnover within the developing CNS, and the role of 

microglia and monocytes in clearing neuronal corpses during development69,201,202. In addition, several studies 

have employed live imaging to address phagocyte behavior during development, as well as identification of novel 

phagocyte populations76,126. 

 

Mice are essential for understanding mammalian developmental cell clearance in homeostasis and disease. 

Imaging in mice has improved, and we highlight two techniques that permit long duration, live imaging. First, 
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advances in light-sheet imaging and computational analysis can be used to study in toto mouse gastrulation and 

early organogenesis203. Second, mouse embryonic development can be imaged from E9.5 to birth while tracking 

neural crest cell division by using sophisticated surgical and in vivo uterine window imaging techniques204. These 

exciting advances push the boundaries on what can be studied during mouse development and could provide a 

platform for the evaluation of cell death and cell clearance during mammalian neurodevelopment. 

 

In conclusion, intimate and surprising links between the immune system and CNS development have 

emerged205. As maintenance of homeostasis is the most ancient and well-conserved role of the immune system, 

we must consider both regulated and coordinated cell death and efferocytosis as key contributors for 

developmental homeostasis of the CNS. Cell death and clearance is not a simple turnover process, as dying 

cells communicate with the surrounding microenvironment. The phagocytes that eat the dying cells then engage 

neighboring phagocytes and other cells in the environment, and finally, these shape the developing tissue as 

well as its subsequent homeostatic steady state. Emerging studies defining the key molecular players and 

pathways that control cell numbers within the CNS, maintain an anti-inflammatory state, and provide the right 

type of environment during development and disease are truly exciting. It is safe to say the research into these 

areas will provide plenty of food for thought. 
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1.8 SUPPLEMENTAL INFORMATION 

 

Supplemental Table 1-1: Drosophila PtdSer Receptors. *UMI count data reported by Davie et al., 2018206. 

 Cell Type 

Gene Name Hemocytes* Ensheathing Glia* 

Crq, Croquemort  

(CD36) 
2.9 0.5 

SIMU, Six-Microns-Under 

(Stab2) 
12 0 

Draper  

(Megf10) 
1.6 1.08 

 

 

Supplemental Table 1-2: Mouse PtdSer Receptors. *FPKM data reported by Zhang et al., 2014207. 

 
Cell Type 

Gene Name Microglia* Astrocyte* Endothelium* OPC* Oligodendrocyte* 

MerTK 24.2 33.8 3.9 9.6 0.6 

Tyro3 1.7 9.2 3 14.9 90.3 

Axl 5.5 37.3 4.2 11.2 1.3 

Bai1 3.4 43.9 0.2 61.4 13 

Tim4 1.2 0.1 0.1 0.1 0.1 

Stablin1 131.6 0.4 34.5 4.3 0.5 

CD300b 1.9 0.1 0.1 0.1 0.1 

αv 10 37 5.9 81 6 

CD36 4 0.1 0.1 0.8 0.1 

MEGF10 0.1 25.2 0.1 2.4 2.2 

CD11b 371.6 0.2 0.1 29.4 4.5 
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Supplemental Table 1-3: Human PtdSer Receptors. *FPKM data reported by Zhang et al., 2016208. 

Cell Type 

Gene Name Microglia* Astrocyte* Endothelium* Oligodendrocyte* 

MerTK 35.9 32.8 4.7 3.1 

Tyro3 0.1 2.8 0.7 3 

Axl 30 25.5 3.1 3.4 

Bai1 0.1 0.8 0.1 0.1 

Tim4 0.9 0.1 0.1 0.1 

Stablin1 1.5 0.1 0.1 0.1 

CD300b 2 0.1 0.1 0.2 

αv 11.5 30 2.7 9.7 

CD36 39.6 1.7 0.4 6.9 

MEGF10 0.1 13.1 0.2 5.5 

CD11b 19.4 0.3 0.1 1.4 
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Chapter 2 MATERIALS & METHODS 

 

2.1 FISH HUSBANDRY 

 All animal studies were approved by the University of Virginia Institutional Animal Care and Use Committee. 

Adult zebrafish were housed in tanks of 8–10 fish/L in 28.5°C system water. Pairwise mating of adult zebrafish 

generated zebrafish embryos for all experiments. The embryos were raised in egg water (0.3 g instant ocean 

sea salt per 1L of reverse osmosis water) in 100 mm Petri dishes (Fisher, cat. 08-757- 100B) and incubated 

between 28.5 and 30°C. Embryos used for experiments were staged by hours or days post fertilization (hpf or 

dpf, respectively) and by morphological features209. To minimize visual obstruction by pigmentation, egg water 

was replaced with 0.004% 1-phenyl-2-thiourea (PTU; Sigma cat. P7629) in egg water at 24 hpf for all imaging 

experiments. Tricaine-S (also called MS-222; The Pond Outlet MPN 15650) was utilized as an anesthetic for 

embryos and larvae used in live imaging and euthanasia. For all experiments, embryo and larvae sex were 

undetermined because sex cannot be defined until sexual maturity210. 

 

2.2 ZEBRAFISH TRANSGENIC LINES 

 All details on the zebrafish strains and transgenic lines used in this study are summarized in Table 2-1. All 

transgenic lines described are stable and incorporated into the germline. 

 

Table 2-1: Descriptions and abbreviations of zebrafish lines used 

Full name Abbreviation Purpose 
Reference 
Number 

AB* AB* Wild-type background ZIRC 

csf1raj4e1 csf1ra-/- 
Mutant displaying loss of 
embryonic microglia 

Parichy et al., 
2000 

slc37a2t30301 blb-/- 
Mutant displaying impaired 
phagocytosis and digestion 
by microglia 

Villani et al., 
2019 
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Et(e1b:GAL4-VP16)s1101 Et(e1b:GAL4) Ubiquitous neuronal driver Szobota et al., 
2007 

gSAIzGFFD37A Et(erbb3b:GAL4) 
Tg(UAS:EGFP) 

NCC marker Brown et al., 
2022 

Tg(GFAP:NTR-mCherry)scz129 Tg(GFAP:NTR-mCherry) CNS parenchymal marker  Johnson et al., 
2016 

Tg(mpeg1:EGFP)gl22 Tg(mpeg1:EGFP) Macrophage & microglia 
marker 

Ellett et al., 
2011 

Tg(mpeg1:TagRFP)uva68 Tg(mpeg1:TagRFP) Macrophage & microglia 
marker 

Created here 

Tg(neuroD1:GAL4; 
cmlc2:EGFP)uva22 

Tg(neuroD:GAL4) Neuronal marker Fontenas et al., 
2019 

Tg(-3.1neurog1:GFP)sb2 Tg(ngn1:GFP) Rohon-Beard marker Blader et al., 
2003 

Tg(-3.1neurog1:TagRFP)uva69 Tg(ngn1:TagRFP) Rohon-Beard marker Brown et al., 
2024 

Tg(olig2:dsRed2)vu19 Tg(olig2:dsRed) Oligodendrocyte marker Kucenas et al., 
2008 Nat Neuro 

Tg(sox10:eos)w9 Tg(sox10:eos) NCC marker Prendergast et 
al., 2012 

Tg(sox10:GAL4-VP16)sq9 Tg(sox10:GAL4) NCC driver Lee et al., 2013 

Tg(-4.9-sox10:TagRFP)uva5 Tg(sox10:TagRFP) NCC marker Zhu et al., 2019 

Tg(4xUAS:EGFP-FYVE)la214 Tg(UAS:GFP-FYVE) 
PI(3)P lipid marker, enriched 
on endosomes and 
phagosomes 

Rasmussen et 
al., 2015 

Tg(UAS:SEC-Hsa.ANXA5-
YFP, myl7:RFP)f12 

Tg(UAS:secA5-YFP) Reporter for 
phosphatidylserine-
expressing cells 

Van Ham et al., 
2010 

 

2.3 GENERATION OF TRANSGENIC LINES 

 All constructs were created using the Tol2kit Gateway-based cloning system211. The following constructs 

were created through LR reactions (Table 2-2): Tg(elavl3:CharON; cmlc2:EGFP), Tg(mpeg1:CharON), 

Tg(mpeg1:EGFP-CAAX; cmlc2:EGFP), Tg(mpeg1:GAL4; cmlc2:EGFP), and Tg(mpeg1:TagRFP-CAAX). The 

Tg(mpeg1:TagRFP) construct was previously created by Yunlu Zhu. Some of the resulting constructs were 
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amplified and validated by Sanger sequencing to confirm correct insertion. All Sanger sequencing described in 

this dissertation was conducted through GENEWIZ (Azenta Life Sciences; https://www.genewiz.com/en). To 

generate stable transgenic lines, constructs were microinjected at 20 ng/µL in combination with 100 ng/µL Tol2 

transposase mRNA into AB* embryos at the one-cell stage. The injected embryos were then screened for 

founders212.  

 

For creating the Tg(mpeg1:TagRFP) line, the F1 generation was crossed to Tg(mpeg1:EGFP)213 (an already 

established line) and the resulting F2 embryos were mounted for confocal imaging. These F2 embryos displayed 

EGFP+, TagRFP+, and EGFP+/TagRFP+ microglia and macrophages. The F1 tank chosen to continue creating a 

stable line had F2 embryos where there was near 100% EGFP+/TagRFP+ microglia and macrophages with no 

ectopic expression. 

 

Table 2-2: Constructs and vectors used 

Construct pDest p5E pME p3E Injected? 
Stable 
Line? 

Tg(elavl3:CharON; 
cmlc2:EGFP) 

pDestTol2CG2211 
p5E-

elavl3214 
pME-

CharON198 
p3E-

polyA211 
  

Tg(mpeg1:CharON) pDestTol2CG2211 
p5E-

mpeg1.1213 
pME-

CharON198 
p3E-

polyA211 
  

Tg(mpeg1:EGFP-
CAAX; cmlc2:EGFP) 

pDestTol2CG2211 
p5E-

mpeg1.1213 
pME-EGFP-

CAAX211 
p3E-

polyA211 
  

Tg(mpeg1:GAL4; 
cmlc2:EGFP) 

pDestTol2CG2211 
p5E-

mpeg1.1213 
pME-EGFP-

CAAX211 
p3E-

polyA211 
  

Tg(mpeg1:TagRFP) pDestTol2pA2211 
p5E-

mpeg1.1213 
pME-

TagRFP214 
p3E-

polyA211 
  

Tg(mpeg1:TagRFP-
CAAX; cmlc2:EGFP) 

pDestTol2CG2211 
p5E-

mpeg1.1213 
pME-TagRFP-

CAAX215 
p3E-

polyA211 
  

 

https://www.genewiz.com/en
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2.4 csf1ra-/- IDENTIFICATION 

 Crosses containing csf1ra+/+, csf1ra+/-, and csf1ra-/- embryos were genotyped to identify csf1ra-/- embryos 

after imaging. Embryos were carefully removed from mounting agarose and digested using HotSHOT DNA 

preparation216 to isolate genomic DNA . Genomic DNA was used in PCR to synthesize a 203 base pair (bp) 

amplicon using a forward primer 5’-GTAGGGAAGACTCTTGGTGCTGG-3’ and a reverse primer 5’-

GCAAACCTTGCAGAGCTGTG-3’ targeted to csf1ra genomic sequence (Ta = 56°C). A restriction digest was run 

on the 203 bp amplicon using the BssSI-V2 enzyme (NEB, cat. R0680S). The restriction digest was incubated 

for 75 to 90 minutes at 37°C before running on a 2% agarose (Sigma-Aldrich, cat. A9539) gel at 100 volts. 

csf1ra+/+ and csf1ra+/- embryos retain the BssSI cut site and after successful digestion the 203 bp amplicon is cut 

into 83 and 120 bp segments. csf1ra-/- embryos lose the BssSI cut site due to a V614M substitution217 and 

maintain the 203 bp amplicon. 

 

2.5 blb-/- IDENTIFICATION 

 Starting at 4 dpf, blb-/- embryos are identifiable by “bubble” microglia in the brain83 and visible by eye with 

white light through a Zeiss Stemi 2000 stereomicroscope with a transmitted light mirror base. Embryos where 

bubble microglia were not easily identified were not identified as blb-/-. In the studies reported here, WT and blb+/- 

embryos were combined as there is no reported and observed heterozygous phenotype. In some experiments 

(not shown here), WT and blb+/- embryos were distinguished by sequencing.  

 

2.6 MOSAIC LABELING BY MICROINJECTION 

Expression vector ngn1:TagRFP was microinjected (20 ng/µL) with Tol2 transposase mRNA (20 ng/µL; 

mRNA synthesis described in ‘Generation of synthetic mRNA’) at the one-cell stage212. Red dye was also added 

to aid in injection visualization. Injected embryos were screened for RFP expression in the dorsal spinal cord at 

24 hpf.  
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2.7 IN VIVO CONFOCAL IMAGING 

 All embryos imaged between 24 hpf and 5 dpf were immersed in 0.004% PTU in egg water starting at 24 hpf 

to mitigate pigmentation. Prior to mounting, embryos/larvae were anesthetized with Tricaine-S, immersed in 0.8% 

low-melting point agarose (Sigma, cat. A9414) and mounted in glass-bottomed 35 mm dishes (Greiner Bio-One, 

cat. 627871). After mounting, the dish was filled with egg water containing PTU and Tricaine to continually 

suppress pigment production and keep the embryos/larvae anesthetized during imaging. Immediately after 

imaging, embryos/larvae were carefully removed from the low-melting point agarose and revived in egg water.  

 

For larvae imaged after 5 dpf, embryos were sterilized by 0.125% povidone-iodine (also called ovadine; 

Syndel) in egg water at 24 hpf for 2 minutes and washed three times with egg water218. Embryos were also kept 

in egg water without PTU. At 5 dpf, larvae were entered into our quarantine facility and allowed to grow until 

needed for imaging. For sequential imaging, larvae were removed from the system and mounted for imaging as 

described above, using similar glass-bottomed dishes (WillCo-Dish, cat. GWST-3512). After imaging, larvae 

were carefully removed from the low-melting point agarose and revived by gently flushing system water over 

their gills. For larvae older than 8 dpf, larvae were gently guided through system water with a dissection needle 

to simulate movement in addition to gently flushing system water over their gills. Depending on the age of the 

larva and the duration the larva was anesthetized, revival could take up to 30 minutes. To limit the amount of 

time a larva was anesthetized, larvae were mounted, imaged, and revived one at a time. Larvae were re-entered 

into the quarantine facility and allowed to grow until the next imaging timepoint. 

 

Images of embryos/larvae younger than 8 dpf were acquired with a 40X water immersion objective (NA = 

1.1) or 63X water immersion objective (NA = 1.2) mounted on a motorized Zeiss AxioObserver Z1 microscope 

equipped with a Quorum WaveFX-XI (Quorum Technologies) or Andor CSU-W1 (Andor Oxford Instruments) 

spinning disc confocal system. For larvae older than 9 dpf,  images were acquired with a 20X objective (NA = 

0.75) or a 40X oil immersion objective (NA = 1.3) mounted on a Leica Stellaris 5 laser scanning confocal system. 

Images and videos were processed with either Metamorph (Molecular Devices), IQ3 (Oxford Instruments), or 
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LAS X (Leica Microsystems) software. FIJI v1.54f (ImageJ) and Imaris v10.1 (Oxford Instruments) were used for 

post-hoc viewing, processing (cropping, adjusting brightness/contrast), and quantification. 

 

2.8 LASER INJURY AND ABLATION 

 All injury and ablation experiments were performed using a galvo-controlled nitrogen-dye (435 nm) pulsed 

MicroPoint laser (Andor Technology) connected to a spinning disk confocal system (Quorum Technologies). 

Injuries and/or ablation experiments were conducted using either a 40X water (NA = 1.1) or 63X (NA = 0.8) 

objective. Ablation power ranged from 40 to 60 depending on what was targeted for injury and/or ablation, the 

age of the embryos, the mounting of the embryos, and the age of the nitrogen dye. The laser was pulsed within 

the designated region of interest (ROI) until injury and/or ablation was complete. Successful injuries and/or 

ablations were confirmed by the presence of cellular debris, the lack of fluorescence, and the lack of fluorescence 

resurgence for 10 minutes post-injury (a distinguishing feature compared to photobleaching)120.   

 

For injury experiments of the brain parenchyma visualized by Tg(GFAP:NTR-mCherry), a circular ROI 

between 15 – 20 µm in diameter was drawn in the dorsomedial neuropil of the optic tectum. The ROI was 

positioned ~40 – 50 µm away from NCCs (visualized by Gt(erbb3b:GAL4) Tg(UAS:EGFP)). 

 

2.9 D-TUBOCURARINE 

For experiments using d-tubocurarine (Sigma, cat. 93750), embryos were manually de-chorionated using 

fine-tip forceps. 24 hpf embryos were immersed in either 10 mM d-tubocurarine in PTU egg water or PTU egg 

water with tricaine and incubated for 1 hour at room temperature (RT). Embryos were then mounted for in vivo 

confocal imaging as described above and the drugs were refreshed. Mounted embryos treated with 10 mM d-

tubocurarine were immersed in 5 mM d-tubocurarine in PTU egg water for the duration of the timelapse imaging.  
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2.10 CRYOSECTIONING 

Fixed larvae (24 hpf to 3 dpf) were mounted in sectioning agar (1.5% agar [Sigma, cat. A9539] 5% sucrose 

[Sigma, cat. S5016] in DEPC-treated [Sigma, cat. D5758] water). Blocks were trimmed with a razor blade to 

remove excess sectioning agar and cryopreserved in 30% sucrose in PBS overnight at 4°C. Agar blocks were 

frozen by placing them in a small weigh boat floating in 2-methylbutane (Sigma, cat. MX0760), the container of 

which was submerged in a bath of liquid nitrogen. Frozen agar blocks were sectioned at 20 µm with a cryostat 

microtome and mounted on microscope slides (VWR, cat. 48311). Slides were stored at -20°C in the dark until 

processed for immunofluorescence or imaged directly. Slides were coverslipped with DAPI Fluoromount-G 

(SouthernBiotech, cat. 010020) and stored at 4°C in the dark until imaging. Images were stitched together via 

the Stitching v.3.1.9 plugin219 with FIJI v1.54f (ImageJ).  

 

2.11 ACRIDINE ORANGE STAINING 

 The vital dye acridine orange (Santa Cruz Biotechnology, cat. sc-214488) was used to stain apoptotic cells 

as described previously220. Embryos were treated with 5 µM acridine orange in egg water or PTU egg water if 

younger or older than 24 hpf, respectively. Embryos were incubated for 20 minutes in the dark before being 

washed three times with egg water or PTU egg water. Embryos were immediately mounted in a dark room for 

imaging. 

 

2.12 TUNEL STAINING 

A modified protocol was used with the ApopTag Red In Situ Apoptosis Detection Kit (Sigma, cat. S7165). 

After embryos/larvae were fixed and processed for cryosectioning (see “2.10 Cryosectioning” for detailed 

methods), slides were re-fixed with 1% paraformaldehyde for 10 minutes at RT and then washed twice with PBS 

for 5 minutes each. Slides were then incubated in a 2:1 ratio of ethanol:acetic acid for 5 minutes at -20°C. Slides 

were washed twice with PBS for 5 minutes each before incubating in equilibration buffer covered with a coverslip 

for 10 to 60 minutes at RT. Excess equilibration buffer was removed before incubating in terminal 

deoxynucleotidyl transferase (TdT) enzyme mix for 60 minutes at 37°C in a humidified chamber. The reaction 
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was stopped by incubating slides in STOP/WASH buffer for 10 minutes at RT. Slides were rapidly washed three 

times with PBS. Slides were then incubated in anti-DIG antibody and solution overnight at 4°C in the dark. The 

next day, slides were washed with PBS and coverslipped with DAPI Fluoromount-G (SouthernBiotech, cat. 

010020). Slides were stored at 4°C in the dark until imaging. 

 

2.13 QUANTIFICATIONS AND STATISTICAL ANALYSES 

2.13.1 Identifying RBs 

For Figure 3-1, we defined RBs by their earliest morphological characterization, detailed in Chapter 3.2. In 

brief, RBs are identifiable by their stereotyped morphology starting at the 5 to 9 somite stage (~11.5 hours post-

fertilization). This stereotyped morphology includes a large soma positioned in the dorsal spinal cord221,222, a 

rostrally projecting axon, a caudally projecting axon, and a peripheral axon that exits the spinal cord to innervate 

the skin223. Since neurogenin1 (ngn1) expression is required for RB specification, we utilize Tg(ngn1:GFP) as a 

tool to fluorescently visualize RBs. At 24 hpf RBs are easily visible and identifiable by their stereotyped RB 

morphology in GFP+ embryos. To aid in identification of RBs post-24 hpf, we also injected ngn1:TagRFP224 into 

Tg(ngn1:GFP) embryos (see Chapter 2.6 Mosaic labeling by microinjection for details). At 24 hpf, we screened 

for GFP+/RFP+ embryos before imaging, carefully selecting embryos where RFP+ cells were RBs. 

 

In post-hoc analyses, RBs were first marked and identified in all images from 24 hpf embryo. For identifying 

RBs post-24 hpf, images from all days of imaging were viewed simultaneously for a single embryo. We first 

identified the same RFP+ RBs in all images over time to act as landmarks. This allowed us to more easily identify 

and track groups of GFP+ RBs in between RFP+ landmarks. RBs were identified by soma shape and location 

relative to RFP+ landmarks and other RBs identified at 24 hpf. We also identified RBs by their laterally extending 

process, noting which side of the spinal cord the process exited and the branch morphology. If a ngn1+ cell did 

not meet any of the above criteria at any timepoint it was not identified or counted as an RB.  
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2.13.2 Identifying other ngn1+ cells 

The Tg(ngn1:GFP) transgenic line used in this paper to visualize RBs also labels other spinal neurons225,226. 

Among these are dorsal longitudinal ascending interneurons (DoLAs) and ascending commissural neurons. 

While these cell types can be distinguished by their soma size and morphology, their close association with the 

DLF makes identification difficult without cell type specific markers or mosaic labeling. Here, we refer to these 

cell types as “other ngn1+ cells”. Other ngn1+ cells were identified by their lower GFP+ fluorescence and more 

ventral soma location compared to RBs. Cell counts of other ngn1+ cells were limited to the dorsal spinal cord 

with the ventral boundary defined by the DLF. If a ngn1+ cell did not meet any of the above criteria at any timepoint 

it was not quantified. Other ngn1+ cells were manually quantified using the FIJI v1.54f Cell Counter plug-in 

(https://imagej.net/ij/plugins/cell-counter.html).  

 

2.13.3 Acridine Orange Puncta Number 

 Before quantifying acridine orange (AO) puncta, images underwent pre-processing via a custom FIJI macro. 

For each imaging position z-stack images were concatenated to create a maximum projection image. Since FIJI 

sometimes automatically optimizes brightness-contrast values, the brightness-contrast values were reset for 

each maximum projection image. Maximum projection images for an entire experiment were further 

concatenated to form a master stack. This master stack was subjected to thresholding according to the 

approximate mean brightness of particles. A size exclusion filter of 3 µm was used to reduce the amount of AO+ 

cellular debris that was included in the quantification227,228. Particles were counted using the analyze particles 

feature in FIJI v1.54f with the following settings: size (cm2): 15-Infinity, Circularity: 0.30-1.00, Exclude on edges: 

TRUE, Show: Outlines. For 36 hpf embryos, 6 embryos were imaged with 5 slightly overlapping positions set per 

fish spanning somites ~1 – x. Imaging and quantification were blinded as embryos were genotyped or 

phenotyped post-hoc and not matched to images until after quantification was complete. 

 

 For the number of AO+ puncta in csf1ra-/- embryos versus wild-type/csf1ra+/- embryos at 34 hpf, an unpaired 

t-test with Welch’s correction was performed. For the 55 hpf time point, an unpaired t-test with Welch’s correction 

was performed on log-transformed data. 

https://imagej.net/ij/plugins/cell-counter.html
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2.13.4 Annexin V Quantification 

The number of Annexin V+ (secA5+) puncta was quantified by creating a surface rendering using the Surfaces 

tool in Imaris. In brief, the surface rendering was created with the parameters detailed in Table 2-3. Surfaces 

were filtered by volume (> 25 µm3) based on previously published methods229. SecA5+ surfaces were not included 

in quantifications if they were located within the yolk sac or yolk sac projection. For all embryos, secA5+ surfaces 

were generated from all imaging regions (somites 1-12).  

 

Table 2-3: secA5+ puncta Imaris surface algorithm parameters 

Parameter Setting 

Smoothing True 

Surface Grain Size 0.30 µm 

Eliminate Background Enabled 

Diameter of Largest Sphere 10.0 µm 

Region Growing Estimated Diameter 3.00 µm 

Region Growing Morphological Split True 

Filter Surfaces “Volume” > 25 

 

2.13.5 mpeg1+ Professional Phagocyte Number 

 To quantify microglia in the brain, four individual z-stack images of the optic tectum of csf1ra+/+; 

Tg(mpeg1:EGFP), csf1ra+/-; Tg(mpeg1:EGFP), and csf1ra-/-; Tg(mpeg1:EGFP) embryos were analyzed. To 

quantify professional phagocytes in the spinal cord and periphery, embryos of the same genotype were imaged 

from somites 8 to 15. The number of mpeg1+ cells were counted at 4-hour time intervals (36, 40, 44, and 48 hpf) 

in individual z-stack images. To ensure that mpeg1+ cells were microglia, cells were checked to be within the 

spinal cord or brain parenchyma by referencing bright field images. For quantifications of the spinal cord, the 

number of mpeg1+ phagocytes per somite was summed for each fish and divided by the number of somites 
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imaged. All data was tested for normality prior to further analyses. For the number of mpeg1+ phagocytes in the 

optic tectum at 3 dpf, an unpaired t-test with Welch’s correction was performed. For the number of mpeg1+ 

phagocytes in the spinal cord and periphery from 32 to 48 hpf, a two-way repeated measures ANOVA test was 

performed. 

 

2.13.6 RB and other ngn1+ cell Number Quantification 

For early imaging (24 to 36 hpf) and daily imaging (1 to 5 dpf), RBs and other ngn1+ cells were identified in 

somites 4 to 8 by several factors detailed in the “Identifying RBs” and “Identifying other ngn1+ cells” sections, 

respectively. For the tricaine and d-tubocurarine experiments in Figure 3-3, RBs were identified over a distance 

of 460 µm (somites 3 to 8), starting with the anterior-most RB. RBs were counted using manual curation with the 

Spots tool in Imaris. Other ngn1+ cells were manually quantified using the FIJI v1.54f Cell Counter plug-in. For 

quantifications normalized by distance or within a set distance, the Measurement Points tool in Imaris was used. 

The distance (in microns) was measured of the DLF, starting and ending at the same anterior-posterior position 

as the anterior-most and posterior-most RB being quantified, respectively.  

 

2.13.7 RB Soma Volume 

RB soma volume was quantified by creating a surface rendering using the Surfaces tool in Imaris. The 

surface rendering was created with the parameters detailed in Table 2-4. 

 

Table 2-4: RB soma Imaris surface algorithm parameters 

Parameter Setting 

Smoothing True 

Surface Grain Size 0.350 µm 

Eliminate Background Enabled 

Diameter of Largest Sphere 10.0 µm 
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Region Growing Estimated Diameter 3.00 µm 

Region Growing Morphological Split True 

 

2.13.8 Phagosome Number and Volume 

 Phagosomes visualized with Tg(UAS:GFP-FYVE) were quantified by creating surface renderings using the 

Surfaces tool in Imaris. In experiments using Tg(sox10:GAL4;UAS:GFP-FYVE) in combination, the GFP signal 

was observed to be relatively weak, except in a few observed sox10+ cells. Two different surface algorithms were 

used to accurately render surfaces for both weak and strong GFP signals. These surface renderings were 

created with the parameters detailed in Tables 2-5 and 2-6, respectively. Rendered surfaces were compared to 

GFP signal in single z planes to ensure algorithm parameters did not artificially deflate or inflate surfaces 

compared to GFP signal. Phagosomes smaller than µm were excluded from surface renderings and further 

quantifications. 
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Table 2-5: FYVE+ phagosomes (weak GFP signal) Imaris surface rendering parameters 

Parameter Setting 

Smoothing True 

Surface Grain Size 0.25 µm 

Eliminate Background Enabled 

Diameter of Largest Sphere 2 µm 

Region Growing Estimated Diameter 2 µm 

Region Growing Morphological Split True 

 

Table 2-6: FYVE+ phagosomes (strong GFP signal) Imaris surface rendering parameters 

Parameter Setting 

Smoothing True 

Surface Grain Size 0.25 µm 

Eliminate Background Enabled 

Diameter of Largest Sphere 8 µm 

Region Growing Estimated Diameter 2 µm 

Region Growing Morphological Split True 

Threshold >1,120 

 

2.13.9 Percent Survival Quantification  

For Figure 3-1H and Supplemental Figure 3-1D, RBs and other ngn1+ cells were identified in 1 dpf images 

as detailed in the “Identifying RBs” and “Identifying other ngn1+ cells” sections, respectively. For Figure 3-4, RBs 

were identified in 5 dpf images by their ngn1 expression and soma location in the dorsomedial spinal cord and 

quantified between somites 6 to 12. For timepoints after 5 dpf, we looked for the same group of RBs identified 
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at 5 dpf. These RBs were identified by their ngn1 expression, soma location, and their relative position compared 

to other identified RBs and RFP+ cells and/or landmarks. Percent survival was calculated by normalizing the 

number of cells counted in later timepoints to the earliest timepoint quantified. Then this value was converted to 

a percentage. 

 

2.13.10 TUNEL Quantification 

Five groups of cells were quantified from TUNEL staining of transverse sections: RBs (ngn1+/TUNEL-/DAPI+), 

dying RBs (ngn1+/TUNEL+/DAPI+), other ngn1+ cells (ngn1+/TUNEL-/DAPI+), other dying ngn1+ cells 

(ngn1+/TUNEL+/DAPI+), and ngn1- dying cells (ngn1-/TUNEL+/DAPI+). Please refer to the “Identifying RBs” and 

“Identifying other ngn1+ cells” methods sections for details on distinguishing RBs and other ngn1+ cells. For 

sections from 24 and 50 hpf embryos, only ngn1+ cells in the upper half of the dorsal cord were quantified. For 

sections from 3 dpf embryos, only ngn1+ cells in the upper third of the dorsal cord were quantified. The five 

groups of cells were identified and manually counted on single transverse sections for the entire image stack. 

Manual counting was completed with the FIJI v1.54f Cell Counter plug-in (https://imagej.net/ij/plugins/cell-

counter.html).  

 

2.13.11 Statistical Analyses 

All data was plotted, graphed, and underwent statistical analyses in Prism v10.2.3 (GraphPad). Plots are 

presented as means ± standard error of the mean (SEM), when applicable. For some embryos or fish that were 

imaged multiple times, quantifications could not be completed due to insufficient imaging (e.g. the spinal cord 

could not be imaged as deep in older fish). In these cases, data was omitted for that timepoint, was not plotted, 

and did not undergo statistical analyses. 

 

2.14 SCHEMATICS AND ILLUSTRATIONS 

 All schematics and illustrations were created by Kendra Liu using Inkscape v1.3.1.  

  

https://imagej.net/ij/plugins/cell-counter.html
https://imagej.net/ij/plugins/cell-counter.html
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3.1 ABSTRACT 

During neural development, sculpting of early formed circuits by cell death and synaptic pruning is necessary 

to generate a functional and efficient nervous system. This allows for the establishment of rudimentary circuits 

which necessitate early organism survival to later undergo subsequent refinement. These changes facilitate 

additional specificity to stimuli which can lead to increased behavioral complexity. In multiple species, Rohon-

Beard neurons (RBs) are the earliest mechanosensory neurons specified and are critical in establishing a 

rudimentary motor response circuit. Sensory input from RBs gradually becomes redundant as dorsal root 

ganglion (DRG) neurons develop and integrate into motor circuits. Previous studies demonstrate that RBs 

undergo a dramatic wave of cell death concurrent with development of the DRG. However, contrary to these 

studies, we show that neurogenin1+ (ngn1) RBs do not undergo a widespread wave of programmed cell death 

during early zebrafish development and instead persist until at least 15 days post fertilization (dpf). Starting at 2 

dpf, we also observed a dramatic medialization and shrinkage of ngn1+ RB somas along with a gradual 

downregulation of ngn1 in RBs. This alters a fundamental premise of early zebrafish neural development and 

opens new avenues to explore mechanisms of RB function, persistence, and circuit refinement. 

 

https://doi.org/10.1016/j.ydbio.2024.06.020
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3.2 INTRODUCTION 

Vertebrate neural development is characterized by an over-proliferation of cells and connections that are 

successively pruned to produce a functional and efficient nervous system, allowing for organismal 

survival16,28,230,231. The two major processes that occur during this period of refinement include cell death and the 

removal of synaptic connections. Many neural structures that undergo refinement are conserved across 

vertebrate species and include trigeminal ganglionic neurons232–234, retinal ganglion cells235–239, and spinal motor 

neurons240–242 (reviewed by Buss et al., 200616). Additionally, there are entire neural populations and structures 

that are eliminated during development, including Cajal-Retzius neurons in the mouse cortex which undergo 

extensive activity-dependent cell death in the second postnatal week18. These neurons are mostly absent in 

adults, but their developmental death is necessary for establishment of excitatory/inhibitory balance and wiring 

of cortical circuits18,19. 

 

Another example of a conserved, developmentally transient population of cells are Rohon-Beard neurons 

(RBs)243,244. RBs are early mechanosensory neurons that exist widely in the animal kingdom with pioneering 

studies exploring their development and physiology in anamniotes (including amphibians245–247, lampreys248,249, 

teleosts223). Other groups have identified RB ancestors in amphioxus250,251 and ascidians252, and older studies 

also describe a morphologically similar population in human fetuses (named intramedullary neurons)253–255. In 

mice, it is unknown whether RB orthologues exist during early neural development. However, recent work 

demonstrates that loss of Six1 and Six4 leads to intramedullary sensory neuron-like cells and perturbed 

development of the secondary somatosensory system (consisting of dorsal root ganglion (DRG) neurons)256. 

More thorough investigations of RBs in mammals have stalled due to limitations of accessing tissues at such 

early developmental timepoints.  

 

In experimentally tractable models, studies demonstrate RBs are necessary to establish an initial touch-

response circuit221,257,258. Shortly after this rudimentary motor circuit is established, the entire RB neuron 

population is thought to undergo apoptosis and is replaced by DRG neurons as the sensory component of this 

circuit27,247,259–261. Previous work hypothesizes that this redundancy initially allows for organism survival and later 
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rearrangement of the circuit facilitates higher stimuli discrimination and processing, as well as more complicated 

motor movements.  

 

RBs are primarily defined by their stereotyped morphology, which includes a large soma (~10 to 12 µm)221,222 

positioned in the dorsal spinal cord, an axon that projects rostrally to the hindbrain, an axon that projects caudally, 

and a peripheral axon that exits the spinal cord and innervates the skin223. Previous studies examining RB death 

during development have largely relied on these morphological characteristics coupled with non-specific 

antibody labeling to separate dying RBs from other cells in the developing nervous system. In zebrafish, 

advancements in transgenesis now allow for in vivo visualization of RBs, although many of the currently available 

transgenic lines are still not specific to RBs. With these in vivo studies, characterization of RB death has 

expanded to include loss of fluorescence emitted by these lines. However, these measures do not directly assay 

RBs and their death. Additionally, using these criteria to identify RB neurons and characterize their death may 

have inadvertently led to conclusions about RB survival that were limited by the tools available. In fact, recent 

work demonstrates that some RBs may escape developmental death and persist222,262. However, these studies 

do not provide a definitive stance on how long RBs survive. RB survival presents intriguing questions in the 

context of the touch-response circuit, as sensory stimuli is thought to be processed through the later developed 

DRG. 

 

To address these inconsistencies and investigate whether RBs (as a population) are eliminated during 

zebrafish development, we used serial in vivo, time-lapse imaging coupled with cell death assays. We find that 

the entirety of the RB neuron population survives through early zebrafish development (defined here from 24 to 

72 hours post fertilization (hpf)) and does not express canonical markers of cell death. 92.6% of RBs identified 

at 24 hpf persist until 5 days post fertilization (dpf) while 87.92% of RBs identified at 5 dpf persist until 15 dpf. 

Our findings provide a more direct characterization of RBs during development and resolve previously published 

differences in RB survival. This allows for interesting, new future directions regarding the function of RB neurons 

and how their survival may affect the developing touch-response circuit. 
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3.3 RESULTS 

3.3.1 RB neurons survive through early zebrafish development 

The touch-response circuit is one of the first established functional circuits in developing zebrafish embryos 

and is critical for generating early motor responses209,263,264. This circuit is comprised of RB neurons in the dorsal 

spinal cord that receive sensory information via their peripheral arbors in the skin (Figure 3-1A)223. RB neurons 

synapse onto ipsilateral primary ascending commissural (CoPA) interneurons, which project contralaterally 

through the ventral spinal cord to synapse on motor neurons258,265. This facilitates a tail recoil in response to 

sensory stimulation as early as 24 hours post-fertilization (hpf)263,264,266. Previous studies describe the refinement 

of this rudimentary circuit and demonstrate that over a span of 24 hours (24 to 48 hpf), RBs quickly die and are 

replaced by DRG neurons in the circuit27,261,267,268. These cellular and synaptic changes are hypothesized to lead 

to alterations in the touch-response circuit, allowing for more complicated and precise motor behavior in 

response to sensory stimuli. 

 

Recently however, multiple studies provide evidence that a subset of RB neurons survive222,262. To investigate 

whether the entire RB population dies during early development, we conducted in vivo, time-lapse imaging 

utilizing Tg(ngn1:GFP) embryos where neurogenin1 (ngn1) promoter sequences drive expression of cytoplasmic 

GFP225. Ngn1 expression is required for RB specification269,270, is a ubiquitous early marker of RBs225,271, and 

GFP expression from Tg(ngn1:GFP) marks RBs as early as mid-somitogenesis225. Using in vivo, time-lapse 

imaging in Tg(ngn1:GFP) embryos between 24 to 36 hpf, we could easily identify ngn1+ RBs by their large somas 

in the dorsal spinal cord and their characteristic laterally extending peripheral process (Figure 3-1B). We also 

observed other spinal neurons also labeled by Tg(ngn1:GFP) (as described previously225,226), but they were 

clearly distinguished from RBs due to their ventral positioning, smaller somas, lower GFP expression, and close 

association with the dorsal longitudinal fasciculus (DLF) (Figures 3-1B & C). In our time-lapse movies from 24 to 

36 hpf, we were surprised to see that the number of ngn1+ RBs was remarkably stable (Figure 3-1C, Video 3-1). 

In fact, we could track single RBs over the entirety of each time-lapse in every embryo we imaged. Additionally, 

we did not observe any cell fragmentation, a phenomenon commonly observed with cell death (Figure 3-

1C)195,261,272. Therefore, we sought to quantify the number of ngn1+ RBs per 100 µm over time and found a 
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significant decrease between 24 and 36 hpf (Figure 3-1D). This contrasted with our observations from our time-

lapse imaging where ngn1+ RBs did not disappear (Video 3-1). This significant difference was negated when 

quantifying the absolute number of ngn1+ RBs over time (Figure 3-1E). We also quantified other ngn1+ cells, 

which have smaller somas, lower GFP fluorescence, and a more ventral position compared to ngn1+ RBs. These 

other ngn1+ cell somas were also tightly associated with the DLF. Similar to our quantifications for ngn1+ RBs, 

we found the number of other ngn1+ cells decreased significantly between all timepoints (Supplemental Figure 

3-1A) when normalized by distance but no significant difference between the absolute number of other ngn1+ 

cells between 24 and 36 hpf (Supplemental Figure 3-1B). We attribute this difference in quantification 

significance in both ngn1+ RBs and other ngn1+ cells to the large change in body axis and trunk size that occurs 

as the embryo grows between 24 and 36 hpf. These early time-lapses led us to ask whether the number of ngn1+ 

RBs changed after 36 hpf. 
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  Figure 3-1: RB neurons survive through early zebrafish development. (A, left) Schematic of a 24 hpf zebrafish 

embryo viewed laterally with the central nervous system (CNS) in magenta. Inset shows a portion of the spinal cord 

with a RB neuron schematized in cyan. (A, right) Individual RB neuron imaged laterally labeled by ngn1:TagRFP. 

The lateral extending processes of the RB is marked by black arrowheads while the peripheral processes are marked 

by yellow arrowheads. (B) Schematic of a 24 hpf zebrafish embryo viewed dorsally with the CNS in magenta. Inset is 

a representative maximum projection confocal image of the dorsal spinal cord of a 24 hpf Tg(ngn1:GFP) embryo. 

Yellow asterisks mark examples of RB cell bodies and yellow arrowheads mark their respective peripheral processes. 

Yellow arrows denote other smaller ngn1+ cells. (C) Representative maximum projection images at 24, 30, and 36 hpf 

of a Tg(ngn1:GFP) embryo. Example RB somas present in all three timepoints are marked with yellow asterisks. 

Examples of other ngn1+ cells are marked by yellow arrows. (D) Quantification of the number of ngn1+ RBs per 100 

µm at 24, 30, and 36 hpf of Tg(ngn1:GFP) embryos (n = 5 embryos). Repeated measures one-way ANOVA p value = 

0.0092. Adjusted p values for multiple comparisons: 24 vs. 30 hpf p = 0.0076, 24 vs. 36 hpf p = 0.0231, 30 vs. 36 hpf 

p = 0.0943. Mean ± standard error of the mean (SEM) values: 24 hpf: 8.301 ± 0.8553, 30 hpf: 7.662 ± 0.7903, 36 hpf: 

7.263 ± 0.7136. (E) Quantification of the absolute number of ngn1+ RBs of the same embryos in D. Repeated 

measures one-way ANOVA p value = 0.3739. Adjusted p values for 24 vs. 36 hpf and 30 vs. 36 hpf: p = 0.6152. Mean 

± SEM values: 24 hpf: 23.80 ± 2.672, 30 hpf: 23.80 ± 2.672, 36 hpf: 23.60 ± 2.600. All data in D & E was compared 

with the repeated measures one-way ANOVA with Geisser-Greenhouse correction and Tukey’s multiple comparisons 

tests and each dot represents one embryo. (F) Images at 1, 2, 3, 4, and 5 dpf of the same Tg(ngn1:GFP) embryo 

injected with ngn1:TagRFP at the one-cell stage. Images were cropped so that the same group of RB neurons were 

visible in all images. The white-dashed boxes represent the inset depicted below each timepoint. Insets contain a 

cropped view of RBs (left) with each RB individually colored on a map (right). Yellow arrowheads denote examples of 

GFP+ RBs where the fluorescence dims over time. Dashed black lines mark the dorsal longitudinal fasciculus (DLF). 

(G) Quantification of the absolute number of ngn1+ RBs 1 thru 5 dpf of the same embryos in F (n = 4 embryos). 

Repeated measures one-way ANOVA p value = 0.0152. Adjusted p values for multiple comparisons: 1 vs. 2 dpf p = 

0.0585, 1 vs. 3 dpf p = 0.0617, 1 vs. 4 dpf p = 0.0688, 1 vs. 5 dpf p = 0.0403, 2 vs. 3 dpf p = 0.5939, 2 vs. 4 dpf p = 

0.5261, 2 vs. 5 dpf p = 0.3344, 3 vs. 4 dpf p = 0.8427, 3 vs. 5 dpf p = 0.2019, 4 vs. 5 dpf p = 0.5261. Mean ± SEM 

values: 1 dpf: 36.75 ± 1.750, 2 dpf: 35.50 ± 1.936, 3 dpf: 34.75 ± 1.652, 4 dpf: 34.50 ± 1.443, 5 dpf: 34.00 ± 1.472. 

(H) Quantification of the percent surviving GFP+ or GFP+/RFP+ ngn1+ RBs of the same embryos in F over time. 

Repeated measures one-way ANOVA p value = 0.0087. Adjusted p values for multiple comparisons: 1 vs. 2 dpf p = 

0.0991, 1 vs. 3 dpf p = 0.0546, 1 vs. 4 dpf p = 0.486, 1 vs. 5 dpf p = 0.0258, 2 vs. 3 dpf p = 0.6063, 2 vs. 4 dpf p = 

0.5271, 2 vs. 5 dpf p = 0.3280, 3 vs. 4 dpf p = 0.8427, 3 vs. 5 dpf p = 0.2055, 4 vs. 5 dpf p = 0.5273. Mean ± SEM 

values: 1 dpf: 100 ± 0, 2 dpf: 96.50 ± 0.8588, 3 dpf: 94.58 ± 1.057, 4 dpf: 93.97 ± 1.126, 5 dpf: 92.60 ± 1.096. All data 

in G & H was compared with the repeated measures one-way ANOVA with Geisser-Greenhouse correction and 

Tukey’s multiple comparisons tests and each dot represents one fish. (I) Quantification of the volume of GFP+ or 

GFP+/RFP+ ngn1+ RB somas at 2, 3, 4, and 5 dpf in microns cubed (n = 58 cells from 2 embryos). Brown-Forsythe 

and Welch’s ANOVAs p values: p < 0.0001. Adjusted p values for multiple comparisons: 2 vs. 3 dpf, 2 vs. 4 dpf, 2 vs. 

5 dpf, and 3 vs. 5 dpf p < 0.0001, 3 vs. 4 dpf p = 0.2149, 4 vs. 5 dpf p = 0.0003. Mean ± SEM values: 2 dpf: 1038 ± 

46.98, 3 dpf: 743.3 ± 37.71, 4 dpf: 643.3 ± 34.85, 5 dpf: 452.3 ± 28.64. Data in I was compared with the Brown-

Forsythe and Welch’s ANOVAs with Games-Howell’s multiple comparisons tests and one dot equals one cell. All 

images in Figure 3-1 are representative, maximum projection confocal images. 
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To address this question, we injected one-cell Tg(ngn1:GFP) embryos with ngn1:TagRFP and conducted 

sequential imaging of individual embryos/larvae every day until 5 dpf. This allowed us to unambiguously 

determine the location and survival of individual GFP+ or GFP+/RFP+ RBs between 1 and 5 dpf. Similar to our 

earlier time-lapse imaging, we identified individual GFP+ or GFP+/RFP+ RBs and tracked them over time (Figure 

3-1F). We found that the absolute number of ngn1+ RBs differed significantly between 1 and 5 dpf (Figure 3-1G). 

When converting the data to percent survival, we found that there was a significant difference between 1 and 4 

dpf as well as 1 and 5 dpf (Figure 3-1H). We also observed that the absolute number of other ngn1+ cells differed 

significantly between 1 and 5 dpf and this was reflected in the percent survival for this population (Supplemental 

Figure 3-2C & D). Importantly, in our imaging, we noted a dimming of fluorescence in a subset of RBs labeled 

with the Tg(ngn1:GFP) line (Figure 3-1F) starting at 3 dpf. This decrease in ngn1 fluorescence likely contributed 

to previous mischaracterization of RB cell death and made identification of RBs post-3 dpf difficult. Importantly, 

we never observed any fragmentation of ngn1+ RBs and the decreases in ngn1+ RB survival were all a result of 

gradual dimming (over days) of fluorescence until a RB was no longer visible. We hypothesize that because 

ngn1 is required for RB specification269,270, ngn1 may be downregulated after RBs mature, which would explain 

the observed decrease in fluorescent intensity. We believe this contributed to the decrease in absolute number 

and percent survival of ngn1+ RBs at 4 and 5 dpf (Figures 3-1G & 3-1H). Additionally, we observed a dramatic 

relocation of ngn1+ RB somas, with cell bodies converging medially between 1 and 2 dpf (Figure 3-1F). This 

aligned with elongation of the growing embryonic trunk and tail. We also observed a decrease in the size of RB 

cell bodies over time (Figure 3-1I), which aligns with recently published work222.  

 

Altogether, our studies demonstrate that the absolute number of ngn1+ RBs is consistent throughout early 

development (1 to 5 dpf), and we observed no morphological evidence of cell death. We also observed that 

ngn1+ RBs exhibited significant changes in lateral-medial location and soma size, which may explain why 

previous studies concluded they die. Our data supports the hypothesis that RBs are longer-lived, which inspired 

us to look at this population more extensively throughout development. 
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3.3.2 The vast majority of RB neurons do not express canonical markers of cell death 

To build on our imaging studies and examine RB cell death more directly, we conducted TUNEL labeling on 

Tg(ngn1:GFP) embryos and larvae, a canonical assay used to mark dying cells27,195,273. We labeled embryos and 

larvae at 24, 50, and 72 hpf, which spans the previously described period of RB cell death27. We identified RBs 

in transverse sections of embryos and larvae by their size, location, and ngn1+/DAPI+ positivity. Other spinal 

neurons also labeled by Tg(ngn1:GFP) were distinguishable from RBs by their more ventral positioning and 

lower ngn1 expression (Figure 3-2A). From these studies we found that the number of ngn1+/DAPI+ RBs per 

transverse section significantly decreased between 24 and 72 hpf (Figure 3-2B), aligning with our previous 

findings (Figure 3-1D). However, in our previous imaging studies, we observed bilateral rows of RBs that 

centralized into a single medial row by 48 hpf (Figure 3-1F). We also observed this in our transverse sections 

(Figure 3-2A) where we saw multiple ngn1+/DAPI+ RBs in transverse sections of 24 hpf embryos and later, single, 

medially localized ngn1+/DAPI+ RBs in sections of 50 and 72 hpf larvae. Importantly, we observed no 

ngn1+/TUNEL+/DAPI+ RBs (n = 30 transverse slices from 5 fish, per timepoint) in any of the transverse sections 

from any of the timepoints we examined. We were, however, able to identify TUNEL+/DAPI+ cells in the spinal 

cord at 24 hpf and this number decreased significantly by 72 hpf (Figure 3-2C). This aligns with previous work 

characterizing spinal cord cell death during early development274. We also quantified the number of other ngn1+ 

cells and found a significant decrease between 24 and 72 hpf as well as 50 and 72 hpf (Supplemental Figure 3-

2A). We also observed very few other ngn1+ cells that were also TUNEL+ at 24, 50, and 72 hpf (Supplemental 

Figure 3-2B). 

 

Previously, we found that the absolute number of RBs does not change over time, although the elongation 

of the trunk contributes to a perceived decrease in their number when normalizing over distance (Figure 3-1C – 

E). This is also observed in our transverse slices, as the medialization of RBs results in a decrease in the average 

number of ngn1+/DAPI+ RBs per transverse section. We posit that this also explains the significant decrease in 

ngn1+/DAPI+ RBs between 24 and 72 hpf we observe (Figure 3-2B). Overall, we directly investigated whether 

dying RBs could be identified in early development, and we have found no instances of dying RBs 

(ngn1+/TUNEL+/DAPI+ RBs) at 24, 50 or 72 hpf. 
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Figure 3-2: RBs do not express canonical markers of cell death. (A) TUNEL staining of transverse sections from 

24, 50, and 72 hpf Tg(ngn1:GFP) embryos. White arrowheads denote ngn1+/DAPI+ RBs. Other ngn1+/DAPI+ cells 

(marked by white arrows) were also visible and distinguished from RBs by their relative ventral positioning. ngn1-

/TUNEL+/DAPI+ cells are marked by orange arrows. The edge of the spinal cord is denoted with a dashed white circle 

(in fluorescent merged images) or a dashed black circle (in single channel images). (B) Quantification of the number 

of ngn1+ RBs (defined as GFP+/DAPI+ cells located in the dorsal spinal cord) per transverse section for each timepoint. 

Brown-Forsythe and Welch’s ANOVAs p values: p < 0.0001 and p = 0.0002, respectively. Adjusted p values for multiple 

comparisons: 24 vs. 50 hpf p = 0.0026, 24 vs. 72 hpf p = 0.0001, 50 vs. 72 hpf p = 0.3811.  Mean ± SEM values: 24 

hpf: 2.767 ± 0.2612, 50 hpf: 1.700 ± 0.1450, 72 hpf: 1.367 ± 0.1761. (C) Quantification of the number of dying cells 

(defined as TUNEL+/DAPI+ cells) per transverse section for each timepoint. Brown-Forsythe and Welch’s ANOVAs p 

values: p < 0.0001. Adjusted p values for multiple comparisons: 24 vs. 50 hpf p = 0.0024, 24 vs. 72 hpf p < 0.0001, 

50 vs. 72 hpf p = 0.0554.  Mean ± SEM values: 24 hpf: 2.633 ± 0.5263, 50 hpf: 0.5667 ± 0.2127, 72 hpf: 0.03333± 

0.03333. Data in B and C was compared with the Brown-Forsythe and Welch’s ANOVAs with Dunnett’s T3 multiple 

comparisons tests and one dot equals one transverse slice. n = 30 transverse slices per timepoint, coming from 5 

different embryos. All images in Figure 3-2 are representative, maximum projection confocal images. 
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Developmental cell death is often influenced by neural activity16,230,231 and previous work found that chronic 

dampening of neural activity impaired RB cell death268. We sought to investigate whether our observations from 

our previous time-lapse experiments were affected by the anesthetic used during imaging (tricaine, see 

Materials & Methods: In vivo confocal imaging for details). Tricaine inhibits neural voltage-gated sodium 

channels, leading to a reduction in neural activity275. To determine if blockade of neural activity could have 

affected our results, we opted to use d-tubocurarine, an antagonist for nicotinic acetylcholine receptors and a 

commonly used drug to immobilize zebrafish for electrophysiological or neuronal-activity dependent 

imaging276,277.  

 

Simultaneously, we also sought to independently confirm that RBs were not dying by turning to an alternative 

method to visualize dying cells by imaging Et(e1b:GAL4)278;Tg(UAS:secA5-YFP)195 embryos. Tg(UAS:secA5-

YFP) expresses a YFP-tagged Annexin V protein, which binds with high affinity to phosphatidylserine, a lipid that 

is exposed on the membrane of dying cells279. Et(e1b:GAL4);Tg(UAS:secA5-YFP) in combination facilitates the 

visualization of almost all neurons in the zebrafish CNS280. Coupled with Tg(ngn1:TagRFP), these lines allowed 

us to visualize dying neurons in a background that also labels RBs.  

 

Starting at 24 hpf, we incubated Et(e1b:GAL4);Tg(ngn1:TagRFP;UAS:secA5-YFP) embryos in either tricaine 

or 10 mM d-tubocurarine and conducted in vivo, time-lapse imaging from 25 to 40 hpf. In these studies, we 

observed no gross differences between Et(e1b:GAL4);Tg(ngn1:TagRFP;UAS:secA5-YFP) embryos treated with 

tricaine or d-tubocurarine (Figure 3-3A). We found that the absolute number of ngn1+ RBs did not differ 

significantly between drug treatments at 28, 32, 36, or 40 hpf (Figure 3-3B) and we observed very few instances 

of ngn1+/secA5+ RB cells (Figures 3-3A & C). In one example, starting at 35 hpf, a ngn1+ RB soma deformed 

and became secA5+. Within 10 minutes, the same ngn1+/secA5+ RB cell adopted a rounded morphology and 

GFP fluorescence quickly fragmented. This secA5+ RB corpse contained GFP+ puncta and existed until the end 

of the time lapse, at 40 hpf (Figure 3-3A). These observations of a ngn1+/secA5+ RB cell were incredibly rare, 

with only 8 ngn1+/secA5+ RB cells identified over both treatment conditions (Figure 3-3C) (n = 8 embryos per 
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treatment; 4 embryos [one from tricaine group, 3 from d-tubocurarine group] observed to have one ngn1+/secA5+ 

RB cell and one embryo from the tricaine group was observed to have 4 ngn1+/secA5+ RB cells). We also 

quantified the total number of secA5+ puncta and did however find statistically significant differences between 

timepoints and between treatment conditions (Figure 3-3D). From these data we conclude that death of other 

cell populations is affected by neural activity, as embryos treated with tricaine had increased numbers of ngn1-

/secA5+ puncta compared to embryos treated with d-tubocurarine. However, the absolute number of ngn1+ RBs 

is not affected (Figure 3-3B) and the early survival of RBs we have observed in our imaging (Figures 3-1 & 3-2) 

was not due to decreased neural activity from the use of tricaine. 

 

In these experiments, we sought to disambiguate whether the RB population succumbs to a developmental 

wave of cell death as previously described. In our studies, we identified zero dying RBs by TUNEL staining and 

only eight single dying RBs (out of 657 RBs) by live imaging. These instances of RB death are extremely rare 

and taken together with our previous findings, we conclude that the vast majority of ngn1+ RBs are a stable 

population up to 5 dpf and do not die. 
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  Figure 3-3: RB survival is not due to decreased neural activity from tricaine administration. (A) Images from a 

time-lapse movie of Et(e1b:GAL4);Tg(ngn1:TagRFP;UAS:secA5-YFP) embryos, one treated with tricaine (top) and one 

treated with d-tubocurarine (bottom). Images shown are in 4-hour increments from 28 to 40 hpf. Examples of ngn1+ RBs 

tracked through the entirety of the time-lapse are marked with yellow arrowheads. An orange arrowhead points to a single 

ngn1+/secA5+ RB in each embryo. White arrows denote other ngn1+ cells and orange arrows denote ngn1-/secA5+ cells. 

Dashed black lines in single channel images represent the DLF. (B) Quantification of the absolute number of ngn1+ RBs at 

28, 32, 36, and 40 hpf in Et(e1b:GAL4);Tg(ngn1:TagRFP;UAS:secA5-YFP) embryos treated with either tricaine (filled 

circles) or d-tubocurarine (empty circles, n = 8 embryos per treatment group). Repeated measures two-way ANOVA p 

values: Time x Drug p = 0.8958, Time p = 0.0298, Drug p = 0.4134, Embryo p < 0.0001. Adjusted p values for multiple 

comparisons: 28 hpf tricaine vs. d-tubocurarine p = 0.4070, 32 hpf tricaine vs. d-tubocurarine p = 0.4074, 36 hpf tricaine vs. 

d-tubocurarine p = 0.4110, 40 hpf tricaine vs. d-tubocurarine p = 0.4423, tricaine 28 vs. 32 hpf, tricaine 32 vs. 36 hpf, and 

tricaine 36 vs. 40 hpf p = 0.7545, tricaine 28 vs. 36 hpf and tricaine 32 vs. 40 hpf p = 0.4714, tricaine 28 vs. 40 hpf p = 

0.2570, d-tubocurarine 28 vs. 32 hpf, d-tubocurarine 32 vs. 36 hpf, and d-tubocurarine 32 vs. 40 hpf p = 0.7545, d-

tubocurarine 28 vs. 36 hpf and d-tubocurarine 28 vs. 40 hpf p = 0.4714. Mean ± SEM values for tricaine-treated embryos: 

28 hpf: 42.000 ± 1.210, 32 hpf: 41.875 ± 1.172, 36 hpf: 41.750 ± 1.130, 40 hpf: 41.625 ± 1.133. Mean ± SEM values for d-

tubocurarine-treated embryos: 28 hpf: 40.125 ± 1.817, 32 hpf: 40.000 ± 1.842, 36 and 40 hpf: 39.875 ± 1.884. (C) 

Quantification of the number of ngn1+/secA5+ RBs of the same embryos in B. Data from embryos treated with tricaine are 

represented as white bars and data from embryos treated with d-tubocurarine are represented as grey bars. Repeated 

measures two-way ANOVA p values: Time x Drug p = 0.8139, Time p = 0.4164, Drug p = 0.6446, Embryo p = 0.1861. 

Adjusted p values for multiple comparisons: 28 hpf tricaine vs. d-tubocurarine and 36 hpf tricaine vs. d-tubocurarine p > 

0.9999, 32 hpf tricaine vs. d-tubocurarine p = 0.5437, tricaine 28 vs. 32 hpf, tricaine 28 vs. 40 hpf, tricaine 32 vs. 40 hpf, 

and tricaine 36 vs. 40 hpf p = 0.7545, tricaine 28 vs. 36 hpf p > 0.9999, tricaine 32 vs. 36 hpf p = 0.9267, d-tubocurarine 28 

vs. 32 hpf, d-tubocurarine 28 vs. 36 hpf, and d-tubocurarine 32 vs. 36 hpf p > 0.9999, d-tubocurarine 28 vs. 40 hpf, d-

tubocurarine 32 vs. 40 hpf, and d-tubocurarine 36 vs. 40 hpf p = 0.7545. Mean ± SEM values: tricaine 28 hpf: 0.125 ± 0.125, 

tricaine 32 hpf: 0.375 ± 0.375, tricaine 36 hpf: 0.125 ± 0.125, tricaine 40 hpf, 0.000 ± 0.000, d-tubocurarine 28 hpf, d-

tubocurarine 32 hpf, and d-tubocurarine 36 hpf: 0.125 ± 0.125, d-tubocurarine 40 hpf: 0.000 ± 0.000. One dot equals one 

embryo. All data in B & C was compared with repeated measures two-way ANOVA with Geisser-Greenhouse correction 

and Tukey’s multiple comparisons tests. (D) Quantification of the number of ngn1-/secA5+ puncta at 28, 32, 36, and 40 hpf 

of the same embryos in B. Data from embryos treated with tricaine are represented as white bars and data from embryos 

treated with d-tubocurarine are represented as grey bars. Mixed effects model p values: Time, Drug, and Time x Drug p < 

0.0001. Adjusted p values for multiple comparisons: 28 hpf tricaine vs. d-tubocurarine p = 0.0835, 32 hpf tricaine vs. d-

tubocurarine p = 0.0013, 36 hpf tricaine vs. d-tubocurarine p = 0.0001, 40 hpf tricaine vs. d-tubocurarine p = 0.0008, tricaine 

28 vs. 32 hpf p = 0.0070, tricaine 28 vs. 36 hpf p = 0.0024, tricaine 28 vs. 40 hpf p = 0.0059, tricaine 32 vs. 36 hpf p = 

0.4193, tricaine 32 vs. 40 hpf p = 0.6023, tricaine 36 vs. 40 hpf p = 0.9174, d-tubocurarine 28 vs. 32 hpf p = 0.1829, d-

tubocurarine 28 vs. 36 hpf p = 0.0341, d-tubocurarine 28 vs. 40 hpf p = 0.2522, d-tubocurarine 32 vs. 36 hpf p = 0.9531, d-

tubocurarine 32 vs. 40 hpf p = 0.6299, d-tubocurarine 36 vs. 40 hpf p = 0.4543. Mean ± SEM values: tricaine 28 hpf: 18.000 

± 4.114, tricaine 32 hpf: 54.250 ± 7.449, tricaine 36 hpf: 65.750 ± 7.250, tricaine 40 hpf, 69.250 ± 10.030, d-tubocurarine 28 

hpf: 9.143 ± 2.109, d-tubocurarine 32 hpf: 17.875 ± 4.073, d-tubocurarine 36 hpf: 16.875 ± 2.669, d-tubocurarine 40 hpf: 

14.125 ± 1.807. All data in D was compared with a mixed effects model with Geisser-Greenhouse correction and Tukey’s 

multiple comparisons tests and one dot equals one embryo. All images in Figure 3-3 are representative, maximum 

projection confocal images. 
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3.3.3 RBs persist until 15 dpf 

Our characterization of RB survival up to 5 dpf led us to investigate how long RBs persist in the developing 

zebrafish. To do this, we extended our imaging of the same Tg(ngn1:GFP) embryos/larvae over several days 

that were injected at the one-cell stage with ngn1:TagRFP.  We took advantage of cellular expression 

“landmarks” from the mosaic labeling by ngn1:TagRFP which allowed us to identify individual RBs and track 

them over several days. In these injected larvae we observed ngn1+ RBs in the dorsal spinal cord as late as 15 

dpf (Figure 3-4A). Starting at 10 dpf, fluorescence  of several ngn1+ RBs became so low that reliable identification 

was not possible. Due to the dimming of fluorescence in ngn1+ RBs over time, we were unable to investigate 

ngn1+ RB survival past 15 dpf. Still, the absolute number of ngn1+ RBs did not differ significantly over time (Figure 

3-4B). From our studies, we observed an average of 87.92% ngn1+ RBs survived until 15 dpf. When calculating 

percent survival for these cells, there was a statistically significant decrease in ngn1+ RB survival between 5 and 

15 dpf (Figure 3-4C). From these studies, we conclude that RBs persist until at least 15 dpf in zebrafish. 
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Figure 3-4: RBs persist until 15 dpf. (A) Images of the same Tg(ngn1:GFP) larva that was injected with 

ngn1:TagRFP at the one-cell stage at 5, 8, 10, and 15 dpf. Representative examples of GFP+ or GFP+/RFP+ ngn1+ 

RBs that persist until 15 dpf are marked by yellow arrowheads. Ngn1+ DRGs are designated with yellow asterisks. 

Dashed white lines in fluorescent images and dashed black lines in single channel images mark the DLF. (B) 

Quantification of the absolute number of ngn1+ RBs at 5, 8, 10, and 15 dpf of the same embryos in A (n = 6 embryos). 

Mixed effects model p value = 0.0344. Adjusted p values for multiple comparisons: 5 vs. 8 dpf p = 0.2327, 5 vs. 10 

dpf p = 0.3924, 5 vs. 15 dpf p = 0.0908, 8 vs. 10 dpf p = 0.7567, 8 vs. 15 dpf p = 0.1325, 10 vs. 15 dpf p = 0.1802. 

Mean ± SEM values: 5 dpf: 23.67 ± 2.765, 8 dpf: 23.17 ± 2.713, 10 dpf: 22.83 ± 2.638, 15 dpf: 19.00 ± 2.345. (C) 

Quantification of the percent surviving GFP+ or GFP+/RFP+ ngn1+ RBs of the same embryos in B over time. Mixed 

effects model p value = 0.0126. Adjusted p values for multiple comparisons: 5 vs. 8 dpf p = 0.3208, 5 vs. 10 dpf p = 

0.3426, 5 vs. 15 dpf p = 0.0411, 8 vs. 10 dpf p = 0.7567, 8 vs. 15 dpf p = 0.1775, 10 vs. 15 dpf p = 0.2630. Mean ± 

SEM values: 5 dpf: 100.0 ± 0.000, 8 dpf: 97.72 ± 1.174, 10 dpf: 96.53 ± 1.847, 15 dpf: 87.92 ± 2.548. All data in B 

and C was compared with a mixed effects model with Geisser-Greenhouse correction and Tukey’s multiple 

comparisons tests and one dot equals one fish. All images in Figure 3-4 are representative, maximum projection 

confocal images. 
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3.4 DISCUSSION 

Programmed cell death is a fundamental mechanism of neural development that facilitates error correction, 

pruning, and optimization of both cellular connections and neural circuits16,28,230,231. Work in multiple model 

systems have focused on Rohon-Beard neurons (RBs), as they are described to undergo global death during 

early development27,245–247,249,259–261. However, recent work demonstrates that a subset of zebrafish RBs survive 

into larval stages222,262. We set out to investigate this discrepancy and determine what proportion, if any, of the 

RB population persists. Our results demonstrate that ngn1+ RBs do not die during early zebrafish development 

and survive until at least 16 dpf. We also observed several morphological changes, including a medial 

convergence of RBs and a decrease in RB soma size. We conclude that the vast majority of the RB population 

escapes developmental programmed cell death and persists.  

 

Multiple studies characterize a disappearance of zebrafish RBs by a wave of cell death occurring between 1 

and 3 dpf. However, these experiments lacked RB-specific markers and heavily relied on RB morphology and 

antibody labeling as primary methods to identify RBs. Additionally, antibody labeling alone (e.g. HNK-1/zn-

12281,282, Isl1/2271,283–285, HuA268) is not RB-specific and labels other cells (including other spinal neurons). This 

makes identification of RBs difficult, especially at later stages of development given their medial convergence 

and somal shrinking (Figure 3-1). By repetitive imaging of individual fish coupled with mosaic ngn1 expression, 

we overcome these obstacles to unambiguously identify and track individual RBs through development. Our 

work and others have described drastic changes in RB cell morphology222, which likely contributed to 

misidentification of RBs at later developmental stages. We find that with the growth of the developing embryo 

and elongation of the trunk, RBs undergo slight anterior-posterior displacement. Taking this into account, we find 

that the absolute number of RBs does not change. It is likely that previous quantifications of RB number 

standardized by distance or somite would have misled those to conclude that RB number decreases over 

development.  

 

In our studies, we also observed a gradual dimming of fluorescence of ngn1+ RBs (visualized via the 

Tg(ngn1:GFP)225 transgene) starting at 3 dpf that spanned multiple days (Figure 3-1F). In some cases, the 
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gradual dimming continued until a previously fluorescent ngn1+ RB was no longer visible. This contrasted with 

the sudden fragmentation and loss of fluorescence that occurred in a ngn1+ RB that became secA5+ 10 minutes 

later, an event we observed only eight times (Figure 3-3C). We argue that the gradual dimming of fluorescence 

of ngn1+ RBs is not evidence of RB cell death, but rather downregulation of ngn1. However, we did not 

experimentally test this hypothesis. Further experiments utilizing in situ hybridization or RNAScope to assay 

ngn1 expression in RBs would clarify whether the observed fluorescent dimming of ngn1+ RBs is in fact due to 

loss of ngn1 expression. The work presented here would be strengthened by completing the same experiments 

using an alternative transgenic tool to visualize RBs, ideally one that is continuously and strongly expressed in 

RBs throughout development. 

 

Coincidentally and independent of our own investigations, we have discovered that work by Joaquín Navajas 

Acedo has completed these exact experiments and has separately come to the same conclusion: the RB 

population does not succumb to programmed cell death in early zebrafish development286. Using 

Tg(isl2b:GFP)zc7 to label RBs, Navajas Acedo conducted serial imaging and found that the absolute number of 

isl2b+ RBs is the same between 1 and 5 dpf286. Further, Navajas Acedo found that 97 to 100% of isl2b+ RBs 

identified at 3 dpf survived until 15 dpf286. In alignment with our findings, Navajas Acedo found no dying RBs by 

either TUNEL staining or use of the Tg(bAct:secA5-YFP) transgenic tool286. While recent work described that a 

subset of RBs survive222,262, our work here and by Navajas Acedo provide strong evidence for survival of the 

near entirety of the RB population. 

 

If RBs are not the dying cells in the dorsal spinal cord, what cells could they be? Many of the transgenic lines 

used to label RBs (islet1[ss]262,287, islet2b288,289, neurogenin1225,226) also label various spinal interneurons, some 

which are in close proximity to RBs (e.g. dorsal longitudinal ascending interneurons, DoLAs). In our own imaging, 

we observed slightly smaller ngn1+ cells just ventral to RB cell bodies, with their somas closely associated with 

the DLF (Figure 3-1B, C, F, 3-2A, & 3-3A). 
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We also observed much smaller ngn1+ cells (~3 to 5 µm in diameter) with substantially lower fluorescence 

and ventral location. Due to the difficulty in distinguishing DoLA and ascending commissural neuron morphology, 

we did not separate these neuronal subsets here. In more caudal regions of the spinal cord, these potential 

ngn1+ DoLAs are harder to distinguish from RBs and if undergoing cell death, could have been misinterpreted 

to be RBs. Also, earlier studies on RB death opted to image the spinal cord laterally rather than dorsally. Without 

markers of the dorsal boundary of the spinal cord, death of surrounding cells could be misidentified as dying 

RBs. 

 

RBs and their death during development have been studied in multiple other species, including 

amphibians245–247, lampreys248,249, and other teleosts243,244. RB ancestors are also observed in phylogenetically 

earlier groups, such as amphioxus250,251 and ascidians252. While some observations point to RB-like cells in 

human fetuses253–255, it is still unclear whether RBs definitively exist in other vertebrates. One hypothesis that 

explains the phylogenetic disappearance of RBs in amniotes is that somatosensory systems gradually evolved 

to rely on extramedullary sensory neurons (e.g. DRG neurons) rather than the more primitive intramedullary cells 

(e.g. RBs)256. A possible explanation for this is the survival of anamniote progeny may more heavily rely on early, 

functional sensorimotor circuitry due to their relative lack of protection from multiple predator species during 

development. This contrasts to amniotes whose progeny are laid within eggs or carried within an organism and 

may not have to rely on the same early circuitry to survive. Given our findings here and by Navajas Acedo, 

exciting new questions arise, including: Have RBs in other species also been misidentified and thought to be lost 

via cell death and therefore might also persist through development? And does this event of persisting RBs 

appear in species at a specific phylogenetic point? 

 

RBs are a neuronal population known for their role in early somatosensory circuitry across multiple species. 

They have been described to undergo a drastic wave of developmental programmed cell death to make way for 

DRG neurons to integrate into neural circuitry. Recent studies have described a potential subset of RBs that 

survive past early development222,262 Building on this, we and Navajas Acedo assert that the vast majority of the 

RB population survives. With RBs surviving long past DRG formation and integration, this opens multiple 
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interesting avenues for future investigation. For example, how do surviving RBs affect the processing of sensory 

information and the physiology of somatosensory circuits? One possibility is that surviving RBs are repurposed 

for something else, but little is known about RB function aside from their role in early circuitry. Experiments 

dissecting the transcriptional state of RBs290 and how RB gene signatures change over time may provide clues 

as to their function after development. Ultimately, the work here and that of Navajas Acedo opens many new 

avenues of exploration of RBs and somatosensory development. 

  



61 
 

3.5 SUPPLEMENTARY DATA 
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Supplemental Figure 3-1: Other ngn1+ cells have similar trends to ngn1+ RBs. (A) Quantification of the number 

of other ngn1+ cells per 100 µm at 24, 30, and 36 hpf of Tg(ngn1:GFP) embryos (n = 5 embryos), the same embryos 

reported in Figures 1D & 1E. Repeated measures one-way ANOVA p value = 0.0059. Adjusted p values for multiple 

comparisons: 24 vs. 30 hpf p = 0.0167, 24 vs. 36 hpf p = 0.0159, 30 vs. 36 hpf p = 0.0308. Mean ± standard error of 

the mean (SEM) values: 24 hpf: 9.937 ± 0.4141, 30 hpf: 9.105 ± 0.2915, 36 hpf: 8.716 ± 0.2511. (B) Quantification of 

the absolute number of other ngn1+ cells of the same data in A. Repeated measures one-way ANOVA p value = 

0.6213. Adjusted p values for multiple comparisons: 24 vs. 30 hpf and 24 vs. 36 hpf p = 0.8594. Mean ± standard 

error of the mean (SEM) values: 24 hpf: 28.40 ± 1.470, 30 and 36 hpf: 28.20 ± 1.319. All data in A & B was compared 

with the repeated measures one-way ANOVA with Geisser-Greenhouse correction and Tukey’s multiple comparisons 

tests and each dot represents one embryo.(C) Quantification of the absolute number of other GFP+ ngn1+ cells in 

Tg(ngn1:GFP) embryos injected with ngn1:TagRFP at the one-cell stage, the same embryos reported in Figures 3-1F 

– 3-1I. Mixed effects model p value = 0.0220. Adjusted p values for multiple comparisons: 1 vs. 2 dpf p = 0.6982, 1 

vs. 3 dpf p = 0.0840, 1 vs. 4 dpf p = 0.0343, 2 vs. 3 dpf p = 0.0857, 2 vs. 4 dpf p = 0.0410, 3 vs. 4 dpf p = 0.8060. 

Mean ± SEM values: 1 dpf: 27.00 ± 1.732, 2 dpf: 25.50 ± 1.041, 3 dpf: 20.33 ± 1.764, 4 dpf: 21.00 ± 1.780. (D) 

Quantification of the percent surviving GFP+ other ngn1+ cells of the same embryos in C over time. Mixed effects 

model p value = 0.0011. Adjusted p values for multiple comparisons: 1 vs. 2 dpf p = 0.5285, 1 vs. 3 dpf p = 0.0473, 1 

vs. 4 dpf p = 0.0280, 2 vs. 3 dpf p = 0.0993, 2 vs. 4 dpf p = 0.0625, 3 vs. 4 dpf p = 0.9478. Mean ± SEM values: 1 dpf: 

100.0 ± 0.000, 2 dpf: 94.05 ± 3.948, 3 dpf: 76.47 ± 3.528, 4 dpf: 77.65 ± 3.741. All data in C & D was compared with 

a mixed effects model with Geisser-Greenhouse correction and Tukey’s multiple comparisons tests and each dot 

represents one embryo. 
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Supplemental Figure 3-2: Other ngn1+ cells have similar trends to ngn1+ RBs in transverse slices. (A) 

Quantification of the number of other ngn1+ cells per transverse section for each timepoint. Brown-Forsythe and 

Welch’s ANOVAs p values < 0.0001. Adjusted p values for multiple comparisons: 24 vs. 50 hpf p = 0.2698, 24 vs. 72 

hpf p < 0.0001, 50 vs. 72 hpf p = 0.0040.  Mean ± SEM values: 24 hpf: 1.567 ± 0.1958, 50 hpf: 1.100 ± 0.1997, 72 

hpf: 0.3333 ± 0.09981. (B) Quantification of the number of dying other ngn1+ cells per transverse section for each 

timepoint. Brown-Forsythe ANOVA p value = 0.6091. Since the number of dying other ngn1+ cells per transverse 

section at 50 hpf is zero for all slices counted, Welch’s ANOVA and Dunnett’s T3 multiple comparisons test could not 

be used and adjusted p values could not be calculated. Mean ± SEM values: 24 hpf and 72 hpf: 0.03333 ± 0.03333, 

50 hpf: 0.000 ± 0.000. Data in A and B was compared with the Brown-Forsythe and Welch’s ANOVAs with Dunnett’s 

T3 multiple comparisons tests, one dot equals one transverse slice, and n = 30 transverse slices per timepoint coming 

from 5 different embryos. 

http://www.zfin.org/
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Chapter 4: DISCUSSION & FUTURE DIRECTIONS 

 

4.1 SUMMARY 

 Altogether this dissertation examined programmed cell death and circuit refinement in zebrafish 

neurodevelopment. Surprisingly, I found that contrary to many previous studies Rohon-Beard (RB) neurons do 

not succumb to developmental programmed cell death. I found that RB neurons are not marked by TUNEL 

staining or by an in vivo reporter of cell death. My quantifications demonstrated that the absolute number of RB 

neurons do not change over early development, and the vast majority of RB neurons persist until at least 15 dpf. 

Chapter 3 provides a discussion on these findings therefore the remainder of this chapter will discuss specific 

experimental future directions and broader implications of the survival of RBs on zebrafish neurodevelopment. 

 

4.2 A LESSON IN CAREFUL, CRITICAL SCIENCE 

 In Chapter 3.4, I provide several reasons why previous studies may have mischaracterized early RB death. 

In brief, non-specific markers for RBs, lateral whole-mount imaging, and standardizing quantifications by distance 

or somite all likely contributed to the misidentification of dying RBs. Multiple studies interpreted a loss of 

fluorescence (by either transgene or antibody), somal shrinkage, and development of beaded peripheral 

processes as indications of cell death. However, equally plausible interpretations of this data are certain genes 

in RBs are downregulated over development, RB somas undergo remodeling, and artifacts from transgene 

expression or antibody staining led to the appearance of beads in peripheral processes. So why was one 

interpretation favored over the others? Some studies do report cell death markers in RB neurons (e.g. caspase-

3222, TUNEL27,261,267,268,291, Annexin V195,222), but this was observed in very few RBs and not widespread within 

the RB population. Perhaps in light of these findings, similar observations from amphibians245–247 and 

lampreys248,249, and a lack of evidence for RB soma and process remodeling, scientists opted for the most 

agreeable conclusion. 

 

 Recent evidence has unveiled non-apoptotic roles for caspases in development292. Of relevance here is 

cleaved caspase-3, an apoptosis effector caspase commonly measured in assays for apoptotic cells293–295. 
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Interestingly, cleaved caspase-3 localizes to synapses, axons, and dendrites that undergo remodeling in 

Drosophila296–298, C. elegans299, zebra finch300, zebrafish301, ex vivo rat hippocampal slices302, and mice298,303,304. 

Emerging work has also implicated cleaved caspase-3 in extracellular vesicle protein cleavage305, cell 

differentiation306,307, synaptogenesis308, and long-term depression309. Given these non-apoptotic roles of 

caspase-3, it is plausible that previous, sparsely positive cleaved caspase-3 RBs were undergoing remodeling. 

In conclusion, assaying cell death with cleaved caspase-3 staining should be validated with secondary measures 

(e.g. TUNEL staining, pharmacological manipulations of apoptosis, etc.) and awareness of the non-apoptotic 

roles of caspase-3 (and other caspases) should be at the forefront when interpretating data. 

 

 Detection of DNA fragmentation has long been considered the gold standard for assaying cell death295. One 

of the most common assays is TUNEL, which labels double-stranded DNA breaks273. One caveat of the TUNEL 

assay is it does not discriminate between cells dying through apoptosis, necrosis, pyroptosis, or autolytic forms 

of cell death310,311. While double-stranded DNA breaks occur during cell death, they also play roles in DNA 

repair312, gene transcription and expression313–316, and neuronal differentiation and maturation processes317–319. 

The quantity of double-stranded DNA breaks involved in these processes versus the quantity that results in 

apoptosis are generally unknown. Even so, TUNEL has been shown to mark cells undergoing active DNA 

repair320, gene transcription313, or proliferation321. There is also evidence that TUNEL+ cells can recover and 

escape from the brink of cell death322–326. 

 

 Altogether, there are multiple reasons why previous researchers misidentified RB neurons as dying. Recent 

advancements in genetics and imaging have resolved some of these difficulties but have also highlighted others, 

namely the non-apoptotic roles of caspases and double-stranded DNA breaks. Thus, measures of cell death 

should be validated by a second, independent measure and accompanied by rigorous controls whenever 

possible295,327. It is likely that previously identified TUNEL+ or cleaved caspase-3-positive RB neurons were 

undergoing changes in gene expression and/or structural remodeling rather than cell death. This aligns with my 

observations that laterally positioned RB somas converge medially, and this medialization is accompanied by 

significant somal shrinkage between 1 and 2 dpf. Overall, this critique is meant as a reminder that we should be 
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mindful of the caveats associated with our methods and measures in addition to considering and testing 

alternative interpretations of our data.  

 

4.3 THE LIVING DEAD: SURVIVING ROHON-BEARD NEURONS 

 Originally, RBs were hypothesized to die off in early zebrafish development to allow dorsal root ganglion 

(DRG) neuron integration into the touch-response circuit27,223,261 (see Chapter 3). Since Joaquín Navajas-Acedo 

and myself have established that almost all RBs survive past early development328,329, several important 

questions about RB survival and function arise. Additionally, the experiments presented in Chapter 3 focused 

on RB cell bodies and were not able to determine whether RB peripheral axons also survive until 15 dpf. It seems 

unlikely that RBs and their axons would persist if they are not needed, as extraneous cells are pruned in early 

development in part by a hypothesized effort to conserve energy and resources16,28. Here, I propose several 

experimental directions to interrogate the survival and function of RBs in later zebrafish development. 

 

4.3.1 How long do Rohon-Beard neurons survive? 

 A critical unanswered question stemming from my work is whether RB neurons survive post-15 dpf. 

Experiments examining sensory innervation of the scales suggest that RB axon innervation is lost during late 

juvenile stages, around ~14 mm standard length (SL)330,331. Interestingly, this timing coincides with scale 

formation, which begins around 8 mm SL332, and one hypothesis is that scale development coordinates the 

transition from RB to DRG innervation331. Regarding RB survival, these experiments only directly visualized DRG 

axons and did not use an RB-specific marker to visualize RB somas or axons. And, as previously discussed, 

loss of RB axon innervation does not necessarily equate to cell death. Repeated imaging experiments (similar 

to those completed in Figures 3-1 & 3-4) 

 of fish extending post-15 dpf would determine the duration of RB survival. Given the dimming of fluorescence 

in RBs that I observed in Tg(ngn1:GFP) larvae (Figure 3-4), different transgenes should be used in these 

experiments. Both Tg(isl2b:GFP)zc7 and  Et(prdm14:GAL4)277 Tg(UAS:EGFP) strongly label RBs289,290,328,A and 

 
A Alex V. Nechiporuk (personal communication, November 16, 2023) 
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would be good starting places for visualizing RBs post-15 dpf. Lastly, great care should be taken in interpreting 

cell survival from fluorescent transgene expression and cell death should be rigorously evaluated as discussed 

previously. 

 

 In my experiments detailed in Chapter 3, I observe that RBs labeled by Tg(ngn1:GFP) decrease in  

fluorescence over time and I hypothesized that this may be due to loss of ngn1 expression. Other studies 

examining RBs during early development have also likely misinterpreted a loss of fluorescent signal as evidence 

of cell death. Additionally, one published paper included images of Tg(isl2b:GFP) fish at 15, 20, and 26 dpf which 

demonstrated a progressive loss of RBs labeled by GFP289. These observations suggest that RB neurons may 

exhibit multiple changes in gene expression over zebrafish development. Thus, experiments should include 

methods to distinguish between the downregulation of isl2b (or any gene) and subsequent decrease of GFP 

fluorescence in RBs versus RB cell death. One avenue is to combine RB-specific transgenes with a more 

ubiquitous neuronal reporter (e.g. elavl3333,334) that is not anticipated to be downregulated. This would allow for 

early identification of RBs and continued visualization of these identified RBs over time, even after 

downregulation of RB-specific transgenes. Given the large number of neurons in the spinal cord, this would only 

be feasible if elavl3+ RB somas could be distinguished from other elavl3+ neurons. 

 

 Another experimental approach would take advantage of the inducible Cre/lox system to facilitate labeling of 

RB neurons. The Cre/lox system has been widely used for inducible spatiotemporal control of gene expression 

and lineage tracing in multiple model systems. In zebrafish, inducible Cre/lox systems have been developed to 

include 4-OHT335,336, heat shock337,338, and photosensitive339 modalities. To assay RB survival, an inducible Cre 

driven by an early-expressed RB-specific promoter (e.g. isl2b, ngn1, prdm14) in concert with a ubiquitous 

promoter driving a loxP-flanked fluorophore could be used. For example, 4-OHT treatment of Tg(isl2b:CreERT2; 

ubi:loxp-EGFP-loxp-mCherrycz1701)331,340 embryos at 48 hpf would induce CreERT2 expression in isl2b+ cells 

(including RBs), resulting in EGFP excision and permanent mCherry expression. Thus, mCherry+ RBs could be 

visualized and tracked over time regardless of isl2b downregulation. However, a common caveat of inducible 

Cre/lox systems is nonspecific or leaky expression of CreERT2 335,337,341,342. Recent advancements in genetic 
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engineering have produced improved alternatives but these limitations should be kept in mind when interpreting 

experimental results. The experiments proposed here would greatly contribute to our knowledge of RBs and 

address a major question that arose from my work presented in Chapter 3.  

 

4.3.2 Do Rohon-Beard neurons undergo axon or synaptic remodeling? 

  RBs were first characterized by their role in the touch-response circuit during early zebrafish development. 

RB neurons synapse on ipsilateral primary ascending commissural (CoPA) interneurons265,343, which synapse 

on contralateral descending interneurons that activate motor neurons258. Altogether, this connectivity results in a 

functional touch-response circuit by 24 hpf209,263,264. The predominant hypothesis for RB cell death was to allow 

for integration of DRG neurons into the touch-response circuit, which would facilitate more complicated and 

precise motor behavior in response to sensory stimuli. Now that I have established that the vast majority of RBs 

persist until at least 15 dpf, an interesting future direction is to ascertain whether RB peripheral axons and RB-

CoPA synapses exist and are functional past early development. There is some evidence that RB peripheral 

axons exist until ~14 mm SL331 but it is currently unknown whether these peripheral axons contribute to 

somatosensory processing. Interestingly, RBs were found to synapse on a subpopulation of V2a interneurons 

by 4 dpf344. V2a interneurons are a class of premotor excitatory interneurons that contribute to turning and 

controlling locomotion frequency266,344–346. When using the isl2b promoter to express Botulinum toxin to block 

synaptic release, tail-beat frequency and speed were markedly reduced344. Isl2b is not exclusive to RBs and is 

also expressed by DRG289,347 and trigeminal neurons288. Thus, it is possible that these populations also contribute 

to locomotor frequency and speed. A separate study demonstrated that activation of caudal RBs elicited activity 

in commissural local (CoLo) interneurons in 42.4% of trials348. This variability in CoLo activation by RBs suggests 

a multi-synaptic connection where input from other sources (or multiple RBs) may contribute to CoLo firing. 

Altogether, these experiments suggest that RBs undergo synaptic remodeling after establishment of the early 

touch-response circuit. However, no studies have visualized the development of RB synapses and determined 

the precise timing where RB-V2a and RB-CoLo synapses are formed. 
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 One way to determine whether RB axons undergo remodeling after early development is to conduct repeated 

in vivo imaging of individual Tg(isl2b:GFP) or Et(prdm14:GAL4) Tg(UAS:EGFP) fish to visualize RBs over 

development. These fish should also contain a transgene to visualize early born and mature DRG neurons349 

(e.g. Tg(elavl3:mCherry) or Tg(sox10:Crezf384; ubi:loxP-GFP-loxP-mCherrycz1701)331,340,350)B. Around 54 hpf, RB 

neurons innervate within the skin layers351 and the pectoral fin by 5 dpf352 while DRG neurons begin extending 

towards developing scales at ~14 mm SL (~54 dpf)331. This suggests that even though DRG neurons differentiate 

at ~36 hpf349,353, sensory innervations from the spinal cord to the skin are predominantly from RB neurons until 

zebrafish are juveniles. Repeated imaging of RBs, DRG neurons, and their axons projecting to the skin or 

pectoral fin beginning at 5 dpf and extending until juvenile stages would elucidate whether RB peripheral axons 

undergo structural remodeling. Previous imaging studies demonstrate that RBs differ by anterior-posterior 

positioning354, arborization patterns262, gene expression262,355, and physiology356 which suggest there are 

subtypes of RB neurons (see Chapter 4.4 Potential for Rohon-Beard neuron subtypes). Thus, it is possible that 

certain subtypes of RBs undergo remodeling while others do not. Depending on the degree of overlap between 

different RBs and their peripheral axons, injection of a differently colored transgene (e.g. Tg(isl2b:TagBFP-

CAAX)) at the 1-cell stage to facilitate mosaic expression in RBs could help in visually differentiating between 

peripheral arbors. Alternatively, labeling via Zebrafish Brainbow (e.g. Et(prdm14:GAL4) Tg(UAS:Zebrabow)357 

coupled with injecting Cre protein at the blastula stage or 4-OHT treatment of Tg(isl2b:CreERT2; ubi:Zebrabow) 

embryos) would result in a combinatorial expression of RFP, YFP, and CFP resulting in a range of 3 to 30 

colors357. This approach would allow for finer distinction between neighboring and/or overlapping RB somas and 

peripheral arbors.  

 

 Many studies have established that RB neurons are synaptically connected to CoPA258,265,343, V2a344, and 

CoLo348 interneurons through electrophysiological studies. However, only one study has imaged RB synaptic 

connections358 but limited their examination to 19 to 28 hpf. It is currently unknown whether RB-CoPA synapses 

exist past early development and the dynamics of RB-V2a and RB-CoLo synaptic formation. To address this 

question, I would conduct imaging of embryos with transgenes marking RBs (e.g. Et(prdm14:GAL4) 

 
B Depending on which transgene is chosen to visualize DRG neurons, the fluorophore driven by GAL4-UAS system to 
visualize RBs should be a different color.  
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Tg(UAS:mCherry)), CoPAs (e.g. Tg(tbx16:GFP)812C 359), and synapses (e.g. Tg(UAS:sypb-EGFP)ion7d 360 or 

Tg(UAS:PSD95-GFP)361,362) at different timepoints between 36 hpf and 4 dpf. These imaging data would provide 

answers as to whether there are changes in the number or distribution of RB-CoPA synapses over early 

development. It is also possible that RB-CoPA synapses undergo remodeling after 4 dpf, which is also when RB-

V2a synapses become functional344. Similar imaging experiments can be done visualizing V2a (via 

Tg(chx10:dsRed)nns3 363) or CoLo interneurons (via Tol-056)364. Currently, electrophysiological studies of RB 

synapses have been limited to 6 dpf (RB-CoLo experiments were completed on 4 to 6 dpf larvae348). Alternatively, 

synapses can be labeled by the pan-MAGUK antibody which labels postsynaptic density proteins PSD-95, PSD-

93, and SAP102365. 

 

 If these experiments find evidence of synaptic remodeling in RBs (perhaps by a change in the number or 

distribution of RB synapses), many exciting avenues could be pursued. For example, investigating how synaptic 

function may change over time or remodeling by examining RB neural activity and subsequent interneuron 

responses by tools such as GCaMP6s366,367 or iGluSnFR368,369. Additional functional experiments can include 

optogenetic, electrophysiological, and behavioral methods to further dissect RB functionality and interrogate 

changes in somatosensory circuitry after early development. 

 

 Altogether, the experiments proposed here would offer crucial, new insight into RBs and whether there are 

changes in RB axon and synapse structure and function after early development.  

 

4.4 POTENTIAL FOR ROHON-BEARD NEURON SUBTYPES 

 Several studies have demonstrated that RBs differ by anterior-posterior positioning354, arborization 

patterns262, gene expression262,355, and physiology356 which suggest there are subtypes within the RB population. 

Recent single-cell RNA sequencing (scRNAseq) datasets support these observations. 

 

 Multiple scRNAseq datasets have identified RBs in developing zebrafish ranging from 14 to 96 hpf290,370–373. 

Lencer et al., 2021 identified the RB population as expressing canonical genes (e.g. isl1271,284,287,374, isl2a/b285,375–
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377, prdm14290,378) and others (e.g. drgx379, p2rx3a262,380, scrt2381). Unique to this RB population is the expression 

of cxcr4b, fgf13a/b, and pou4f4 – all which have not been previously known to be expressed by RBs371. Lencer’s 

findings were corroborated by comparison to a different scRNAseq dataset, which also had an annotated cluster 

of RBs370. Another separate scRNAseq dataset by Tuttle et al., 2024 enriched for spinal neurons found that RBs 

had increased expression of fibroblast growth factor (Fgf) targets and pharmacological or genetic inhibition of 

Fgf signaling resulted in loss of RB axons. This may be one molecular avenue for later degeneration of RB 

peripheral axons as discussed in Chapter 4.3.2. Interestingly, this dataset also identified three sub-clusters within 

the RB population290: kitb+ RBs, calca+ RBs, and adcyap1+ RBs. By comparing these three RB sub-clusters to a 

single-nucleus RNA sequencing dataset of adult mouse trigeminal and DRG neurons, Tuttle et al., 2024 

speculate that calca+ RBs may function in mechanoreception and nociception. Kitb+ RBs also highly express 

trpa1, which is implicated in irritant sensing and itch-like behavior in mammals382–384 and adult zebrafish385. 

Interestingly, adcyap1+ RB sub-cluster was not transcriptionally similar to any mammalian trigeminal or DRG 

neuron subtypes and is an avenue for future investigation. Altogether, these transcriptional data point to potential 

novel functions of RBs in nociception and itch sensation in larval and juvenile fish. 

 

 While these emerging studies have provided valuable insight into the RB transcriptome, these scRNAseq 

datasets are often marred by small amounts of isolated cells and an even smaller fraction that are identified as 

RBs. The Lencer dataset contained only 36 cells in the RB cluster while Tuttle examined 447 4 dpf RBs (from 

Kelly et al., 2023). Currently, there are no transcriptional datasets examining RBs post-7 dpf; thus, it is unknown 

whether the transcriptional profiles discussed previously also define RBs in later development.  

 

4.5 FINAL REMARKS 

 Altogether, the data and hypotheses presented in this dissertation have unveiled a surprising finding of RB 

survival in face of many previous reports. These findings illuminate many potential avenues for future work on 

exploring RBs state and function in later development. This work also unveils interesting implications for 

mechanisms of somatosensory integration and function over development.  
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Appendices INVESTIGATING NEURAL CREST CELLS AS NOVEL 

PHAGOCYTES IN EARLY DEVELOPMENT 

 

A.0 PREFACE 

 The contents of these appendices are organized into different research directions I pursued during my time 

in the Kucenas Lab. The data included in this section may have been included in poster presentations and 

informal talks but has not been currently published, as of October 30th, 2024, otherwise.  

 

A.1 PHAGOCYTIC NEURAL CREST CELLS IN EARLY ZEBRAFISH DEVELOPMENT 

 With dying cells present as early as neural tube closure, phagocytes play a critical role in the rapid and 

efficient clearance of dying cells16,38,386. This clearance is crucial, as delayed engulfment of dying cells leads to 

inflammation and autoimmunity33,387. In the nervous system, phagocytes (microglia) also play a role in synapse 

engulfment (i.e. “pruning”), a process essential to both developmental circuit formation and learning-dependent 

circuit plasticity53,65,80,388. In Chapter 1, I review why sculpting of the central and peripheral nervous systems 

(CNS and PNS, respectively) during neurodevelopment is necessary to generate a functional and adaptable 

organism. In brief, this sculpting involves the over-proliferation of neurons and subsequent pruning of their 

projections and synapses to homeostatic levels. Thus phagocyte activity in development, homeostasis, and 

learning is vital, and aberrant debris clearance and pruning are heavily implicated in multiple neurodevelopmental 

(Nasu-Hakola disease, Rett syndrome)389 and neurodegenerative (Parkinson’s disease, multiple sclerosis)390,391 

disorders. Emerging evidence also points to early dysregulation of synaptic and circuit pruning by phagocytes in 

the pathophysiology of neuropsychiatric disorders (schizophrenia, Autism spectrum disorder)48,392,393. Intriguingly, 

even though there are many dying cells present, there are no professional phagocytes (namely microglia or 

macrophages [MΦ]) present in early development to clear them. Thus, understanding the cellular mechanisms 

behind phagocytosis and the effects of phagocytic populations on neurodevelopment is crucial to understanding 

their aberrant behavior in disease, which can provide new avenues for effective therapeutics164,231,394–399. 
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 In studies using zebrafish, the Kucenas lab recently identified neural crest cells (NCCs) as novel phagocytes 

that actively consume dying cells during an early developmental period (~24 to 40 hours post fertilization [hpf], 

Figure A-1 & A-2)126. Similar to professional phagocytes400,401, NCCs engulf debris through PI(3)P+ and LAMP1+ 

phagolysosomes and are recruited to apoptotic cells via IL-1β. Unlike other non-professional phagocytes, NCCs 

are surprisingly motile and respond to apoptotic cells and injury more than 100 µm away126. These results frame 

NCCs as novel phagocytes and central players in debris and cell corpse clearance, synaptic pruning, and circuit 

formation in early development. Mechanisms behind how phagocytic NCCs recognize and clear debris, interact 

with other cells, and tune neural function are unknown. I sought to fill this void by answering questions related to 

the functional importance of NCC phagocytosis in neurodevelopment and how NCCs communicate with later-

infiltrating professional phagocytes. 
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Figure A-1: Neural crest cells are novel phagocytes in zebrafish development. (A) Schematic of a laterally 

mounted zebrafish embryo at 24 hpf with the spinal cord highlighted in magenta. Inset shows a magnified view with 

NCCs illustrated in green. (B) Single z plane images from a time-lapse of a Tg(sox10:eos; GFAP:NTR-mCherry) 

embryo with sox10+ NCCs pseudo-colored as green and GFAP+ radial glia as magenta. Arrows denote NCC 

engulfment vesicle filled with GFAP+ radial glia debris. (C) Images from a time-lapse of a Tg(sox10:nls-eos) embryo 

starting at 21 hpf. NCCs that migrated toward debris are outlined in yellow and cyan. Magenta arrowheads denote 

dead NCCs. Dashed line (B & C) marks the ventral edge of the spinal cord. (D) Images from a time-lapse of a 

Tg(sox10:GAL4; UAS:GFP-FYVE) embryo starting at 24 hpf. Over time, scattered PI(3)P signals (cyan arrowheads) 

fuse with an engulfment vesicle (cyan arrows). Schematic diagrams are shown below. Scale bar is 10 µm. Figure A-

1B – D are from Zhu et al., 2019. 
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Figure A-2: Neural crest cells are novel phagocytes and express multiple phagocytic genes in an early window 

of zebrafish development. (A) Quantification of phagocytic events performed by NCCs and macrophages (MΦ) 

between 22 and 44 hpf (mean ± SD). (B) Histogram of data in A fitted with a Gaussian distribution (R2 = 0.7573/0.6164 

for NCCs/ MΦ). (C) X-Y dot plot of NCC bulk RNA-seq dataset. Genes critical to phagocytosis are highlighted in red. 

Genes of interest in these studies are boxed in blue. Figure A-2 is from Zhu et al., 2019. 
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A.2 EXAMINING PHAGOCYTIC CRANIAL NCCS IN NEURODEVELOPMENT 

  In the developing brain, the timing of neurogenesis, synaptogenesis, and programmed cell death (PCD) are 

region-dependent, with some areas undergoing higher levels of PCD and pruning before others5,6,27,32 (also refer 

to Chapter 1.2 Neurodevelopment). Some of these events also occur before infiltration by microglia, which 

leaves areas of the brain without phagocytes to clear dying cells. The Kucenas lab’s discovery of NCCs as novel 

phagocytes in early development alleviates this discrepancy as phagocytic NCCs clear debris and dying cells 

before infiltration by MΦ or microglia (Figure A-1 & A-2). The Kucenas lab focused primarily on NCCs in the 

developing zebrafish trunk and only reported one observation of a phagocytosing cranial NCC126. In zebrafish, 

the optic tectum undergoes a remarkable wave of PCD (~36 to 72 hpf) that precedes and is partially required for 

microglial infiltration (which occurs at ~48 hpf)27,69,402,403. But how does the developing optic tectum tolerate the 

accumulation of dying cells and escape consequences from delayed cell clearance prior to microglial infiltration? 

I hypothesized that a subset of cranial NCCs may infiltrate the optic tectum to phagocytose dying cells between 

36 and 48 hpf, prior to brain infiltration by microglia. To investigate this hypothesis, I first conducted early 

experiments visualizing cranial NCCs and their movement from ~24 to 40 hpf. Secondly, I more closely examined 

the location of cranial NCCs in relation to the brain parenchyma and their interactions with apoptotic cells in the 

optic tectum. Lastly, I conducted injury experiments to determine whether cranial NCCs respond to parenchymal 

injury.  

 

A.2.1 Visualizing cranial NCCs in early zebrafish development 

 To begin my investigations into cranial NCCs, I started by experimenting with different mounting set-ups to 

best visualize cranial NCCs by confocal microscopy. The Kucenas lab has extensive imaging experience and 

standardly images laterally mounted fish, which is not ideal for visualizing the developing optic tectum. I found 

that mounting embryos in a “headstand” pose resulted in the best visualization of the optic tectum and cranial 

NCCs. In timelapse confocal imaging of Tg(sox10:eos) embryos from 25 to 40 hpf, I was able to visualize and 

identify many sox10+ cells and structures, many appearing bilaterally (Figure A-3). I also observed the medial 

bilateral migration of single, pioneering sox10+ cells (Figure A-3A, yellow arrowheads) which were quickly 

followed by migration of additional sox10+ cells along the established tracts. Based on the location and timing, 
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these sox10+ cell clusters may be the nuclei of the postoptic commissure tract and the periocular mesenchyme 

(POM). This aligns with work demonstrating that cranial NCCs migrate to the POM and contribute to the 

developing eye404. In general, neurons in the zebrafish brain do not express sox10 albeit there is evidence that 

some sub-populations of neurons may have transient expression405. Importantly, sox10 is not specific to cranial 

NCCs and is also expressed in oligodendrocyte precursor cells (OPCs)406,407 and chondrocytes408,409. Thus, 

without using additional markers, the identification of these sox10+ cell clusters remain tentative. 

 

 In timelapse confocal imaging of Tg(sox10:eos) embryos from 25 to 40 hpf, I observed several sox10+ cells 

that were incredibly dynamic and migratory (Figure A-3B). These sox10+ cells were usually located just caudal 

to the eye and migrated in both anterior-posterior and medial-lateral directions. At some point, these active 

sox10+ cells migrated more ventrally and out of the imaging window. I was never able to track or conduct follow-

up experiments on these cells, but I hypothesize they are likely to be either sox10+ cranial NCCs migrating to 

the POM404,410, a subset of midbrain cranial NCCs that dive between the eyes to form the palatal shelves411, or 

sox10+ OPCs.  
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Figure A-3: Visualizing cranial NCCs by timelapse confocal imaging. (A) 24 hpf zebrafish embryo schematized 

to far left with the CNS in green. Inset is a maximum projection brightfield confocal image of the dorsal optic tectum 

of a 24 hpf Tg(sox10:eos) embryo taken before the beginning of timelapse imaging. Images to the right are maximum 

projection confocal images at 25, 33, and 39 hpf taken from a 24 to 40 hpf timelapse. Bilateral sox10+ structures are 

identifiable as early as 25 hpf (yellow arrowheads), based on the location and timing these may be the nuclei of the 

tract of the postoptic commissure (NTPOC). White arrowheads point to larger groups of sox10+ cells of a placode. 

Yellow arrows also denote two, bilateral sox10+ clusters of cells (likely neurons) that appear later. (B) A series of 

maximum projection confocal images every 15 minutes starting at 33 hpf of a Tg(sox10:eos) embryo. Insets highlight 

an incredibly dynamic and migratory sox10+ cell (yellow arrowheads). The white dotted boxes represent the inset 

below each image. All images in Figure A-3 are representative, maximum projection confocal images. 
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 From these imaging experiments, I became curious as to whether pre-migratory cranial NCCs were within 

the brain parenchyma or simply decorated the surface of the developing embryo. To distinguish between these 

possibilities and to more accurately differentiate between cell types, I cryosectioned and imaged 

Gt(erbb3b:GAL4) Tg(UAS:EGFP, olig2:dsRed) embryo heads at 30, 38, and 50 hpf (images from 30 and 50 hpf 

embryos not shown). Erbb3b is essential for NCC development and function220,412 and is expressed in pre-

migratory and migratory NCCs as well as NCC derivatives413 (e.g. satellite glia, Schwann cells). Erbb3b is also 

expressed in a subset of OPCs and oligodendrocytes414,415 while olig2 is a marker for the oligodendrocyte 

lineage406,416,417 and is not expressed by NCCs. When used in conjunction, erbb3b+ cells can be identified as 

neural crest-derived or, if when co-expressed with olig2,  belonging to the oligodendrocyte lineage. In coronal 

sections of  a 38 hpf Gt(erbb3b:GAL4) Tg(UAS:EGFP, olig2:dsRed) embryo head, I identified several distinct 

types of erbb3b+ cells (Figure A-4). Several erbb3b+ olig2- cranial NCCs were within the putative POM (Figure 

A-4B & E). There were also erbb3b+ olig2- cranial NCCs that bordered the brain parenchyma (Figure A-4C). 

Several erbb3b+ olig2- cranial NCCs had EGFP- intracellular compartments that are characteristic of 

phagocytosing NCCs126 (Figure A-4D & E). Importantly, I did not observe any erbb3b+ olig2- cranial NCCs within 

the parenchyma of the developing diencephalon or mesencephalon. A few erbb3b+ olig2- cells were observed in 

the parenchyma (Figure A-4) but were often located bilaterally and were auto-fluorescent, the latter being a 

characteristic of vasculature. Thus, these cells are likely not cranial NCCs. Multiple round erbb3b+ olig2+ cells 

near the developing eye (Figure A-4B) were also auto-fluorescent and were not able to be identified.  
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 Figure A-4: Cranial NCCs border the developing brain parenchyma. (A) Images of a single coronal section of a Gt(erbb3b:GAL4) Tg(UAS:EGFP, 

olig2:dsRed) embryo head at 38 hpf. Left-most image is a composite image including all channels. Images to the right are single channel images. White-, 

yellow-, green-, and orange-dashed boxes represent areas magnified in B – E, respectively. (B) Magnified region marked by the white-dashed box in A. Two 

distinct types of erbb3b+ cells are identifiable. The round cells (yellow arrowhead) are likely neurovascular. The erbb3b+ olig2- cranial NCC (white arrowhead) 

is located within the periocular mesenchyme (POM) and will likely give rise to POM derivatives. (C) Magnified region marked by the yellow-dashed box in A. 

Two erbb3b+ olig2- cranial NCCs (yellow arrowheads) border the brain parenchyma. (D) Magnified region marked by the orange-dashed box in A. An erbb3b+ 

olig2- cell (yellow arrowhead) located ventral to the developing eye with an intracellular EGFP- compartment characteristic of phagocytosing cells. (E) 

Magnified region marked by the green-dashed box in A. An erbb3b+ olig2- cranial NCC (yellow arrowhead) with an intracellular EGFP- compartment that may 

be located within the POM. Scale bars are 10µm in B and D and apply to C & E. All images in Figure A-4 are representative, maximum projection confocal 

images. 
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A.2.2 Cranial NCCs can respond to optic tectum injury 

 Some non-professional phagocytes become capable of engulfing cells and debris during instances of injury, 

inflammation, or loss of professional phagocyte populations. Since cranial NCCs do not enter the optic tectum 

even with the presence of dying cells (data not shown), I was curious to know whether they would respond to 

injury similar to their counterparts in the trunk126. I used Gt(erbb3b:GAL4) Tg(GFAP:NTR-mCherry, UAS:EGFP) 

embryos, which allows for visualization of both NCCs and the CNS parenchyma (by Tg(GFAP:NTR-mCherry)). 

In 28 hpf embryos, I generated an injury in the optic tectum parenchyma between 15 and 20µm in diameter using 

a nitrogen-pulsed laser and time-lapse imaged from 28 to 44 hpf (Figure A-5). At two hours post-injury (hpi), I 

found a neighboring erbb3b+ cranial NCC began to extend its process towards the site of injury, away from its 

original migration path. At 4 hpi, multiple erbb3b+ cranial NCCs with extended processes were in close proximity 

to the injury site. By 5 hpi, these same erbb3b+ cranial NCCs had extended their processes into the damaged 

parenchyma. These results suggest that cranial NCCs can migrate and respond to sites of parenchymal injury. 

 

 In other iterations of this experiment, there was large variability in whether erbb3b+ cranial NCCs would 

respond and migrate to sites of injury and in many cases erbb3b+ cranial NCCs did not respond. These variable 

results may arise from differences in embryo age. In my early experiments, I relied on morphological features to 

define embryo age, which is a common and established method for staging zebrafish embryos209. Regarding 

cranial NCCs, a difference of one to two hours in embryo age translates into cranial NCC specification versus 

the beginning of migration, for example. I switched to counting somites as a more specific measure of embryo 

age209 later in my training and never returned to these experiments, which would benefit from more stringent 

control of embryo age. 
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Figure A-5: Cranial NCCs respond to laser-induced injury of the optic tectum parenchyma. Schematic of 28 hpf 

embryo head, fluorescent images to right. Images are maximum projection confocal images at 28, 30, 32, and 33 hpf 

taken from a timelapse from 28 to 40 hpf of a Gt(erbb3b:GAL4) Tg(GFAP:NTR-mCherry, UAS:EGFP) embryo. The 

white dashed circle represents the injury site, which also lacks mCherry fluorescence from laser-induced injury. At 2 

hours post injury (hpi), a cranial NCC is seen extending its process towards the site of injury (yellow arrowhead). At 4 

hpi, multiple cranial NCCs are migrating to the injury (yellow arrowheads). At 5 hpi, multiple cranial NCC processes 

are within the injury site in the optic tectum parenchyma (yellow arrowheads). The white dashed  boxes represent the 

inset below each image. Scale bar in inset is 20µm. All images in Figure A-6 are representative, maximum projection 

confocal images. 
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A.3 STUDYING THE ROLE OF PHAGOCYTIC NCCS IN NEURODEVELOPMENTAL 

TRAJECTORIES 

 As discussed in Chapter 1, neurodevelopment is comprised of multiple, crucial cellular processes that are 

tightly controlled in timing and location and are conserved in multiple species (Figure 1-1). These developmental 

trajectories include neurogenesis, migration, gliogenesis, synaptogenesis, programmed cell death, myelination, 

and experience-dependent synaptic refinement. Clearance of debris and pruning of cells, connections, and 

circuits by phagocytes during these developmental trajectories are critical to creating a functional, adaptable 

organism.  Multiple neurodevelopmental and psychiatric disorders have been suggested to arise from early 

aberrations in neurodevelopmental trajectories (see Chapter 1.6.1). The discovery of NCCs as novel phagocytes 

positions them as early, crucial mediators of efferocytosis and multiple neurodevelopmental processes. 

 

Some of the earliest-formed circuits are involved in sensorimotor function and are critical for organism 

survival. In zebrafish, one of the earliest developed circuits is the touch-response circuit, which is established by 

24 hpf. The touch-response circuit is comprised of primary sensory neurons (called Rohon-Beard [RB] neurons) 

in the zebrafish dorsal spinal cord, which connect to local interneurons and primary motor neurons258,261,267. 

Shortly after the touch-response circuit is established it undergoes drastic remodeling as RBs degenerated and 

were completely replaced by dorsal root ganglion neurons by 72 hpf27,261,267. I noticed that this remodeling occurs 

during the NCC phagocytic window. Thus, I hypothesized that phagocytic NCCs were responsible for cell and 

debris clearance associated with RB neuron death and that NCCs are critical for remodeling the touch-response 

circuit. In my subsequent experiments I was surprised to discover that RBs do not succumb to developmental 

programmed cell death and actually persist until at least 15 dpf329. This published story is detailed in Chapter 3. 

These experiments and those separately conducted by Joaquín Navajas Acedo328 redefine our knowledge of 

RBs and the touch-response circuit. 
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A.4 CHARACTERIZING NCC PHAGOCYTIC ACTIVITY IN THE ZEBRAFISH CSF1RA-/- 

MUTANT 

 While current research is building on our knowledge of phagocytes (see Chapter 1.3) and the mechanisms 

behind cargo recognition, engulfment, and digestion (see Chapter 1.4), knowledge on inter-phagocyte 

communication, coordination, and distribution of phagocytic load is severely lacking. Communication between 

phagocytes likely occurs, as phagocytes in the brain respect separate phagocytic territories106,418 and 

professional phagocytes modulate the phagocytic efficiency of non-professional phagocytes in close 

proximity419,420. A recent study showed that cargo transfer between Müller glia and microglia precedes cell 

clearance by microglia in vivo421. Aberrant phagocytes and phagocytosis have been implicated in multiple 

neurodevelopmental and neurodegenerative diseases and disorders422–424. Interrogating phagocyte interactions 

would provide valuable insight to mechanisms behind phagocytic communications and responses at 

homeostasis and in inflammation, injury, and disease.  

 

 Phagocytic NCCs have emerged as a new non-professional phagocyte and respond to dying cells and debris 

within an early window of zebrafish development. Interestingly, the number of phagocytic events by NCCs sharply 

decreases as MΦ and microglia infiltrate and take over cell and debris clearance126 (Figure A-2B). I hypothesized 

that later-infiltrating MΦ and microglia interact with phagocytic NCCs to close the NCC phagocytic window. To 

address this hypothesis, I proposed manipulating the presence of MΦ and microglia using csf1ra-/- zebrafish 

mutants to examine changes in the NCC phagocytic window. MΦ and microglia are critically dependent on 

colony-stimulating factor 1 receptor (CSF1R) signaling for survival in mice425 and zebrafish60,403,426. CSF1R and 

its ligands (CSF1 and IL-34) are critical for myeloid cell development and colonization60,62,403,427–432. In zebrafish, 

IL-34 and neuronal apoptosis are the primary drivers for the primitive macrophage migration and colonization of 

the brain403. Zebrafish possess two csf1r paralogues (csf1ra and csf1rb), which exhibit divergent expression 

during embryonic development and adulthood426,433,434. csf1ra-/- loss of function zebrafish mutants are completely 

devoid of embryonic brain microglia until 6 dpf403,434,435. Importantly, a subset of neural crest-derived cells express 

csf1ra217,433,436 and csf1ra-/- adult mutants lack stripes, which arises from melanocyte death217.  
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This project was undertaken by Ginger Smith, an undergraduate student I worked with from Fall 2020 to 

Spring 2023. We worked together to create three experimental aims for Ginger to explore during her time in the 

lab: 1) validating the microglial phenotype in the optic tectum, 2) characterizing the infiltration of spinal cord (SC)  

microglia, and 3) assaying the NCC phagocytic window in csf1ra-/- mutants. 

 

A.4.1 csf1ra-/- mutants exhibit a loss of microglia in the optic tectum at 3 dpf  

 We decided to quantify the number of mpeg1+ microglia in the optic tectum to validate the csf1ra mutants, 

which exhibit a loss of brain microglia starting at 3 dpf. To do this, Ginger performed in vivo confocal imaging of 

the zebrafish optic tectum on 3 dpf embryos from an incross of csf1ra+/-; Tg(mpeg1:EGFP) transgenic fish. After 

imaging, she counted the number of EGFP+ cells within the brain parenchyma. Ginger found a statistically 

significant decrease in the number of EGFP+ cells in the optic tectum of csf1ra-/- versus WT/csf1ra+/- embryos 

(Figure A-6A & B), which aligns with the published phenotype of csf1ra-/- mutants. This experiment consisted of 

one experiment, which contained only two csf1ra-/- mutant embryos.  

 

In further post-hoc analyses where I separated count data for WT and csf1ra+/- embryos, I discovered multiple 

important findings. Upon statistical testing of the separated count data, I found no statistically significant 

difference in the number of EGFP+ cells in the optic tectum between genotypes (Figure A-6C). After noticing a 

potential outlier data point in the count data for csf1ra+/- embryos, I ran Grubbs’ test which identified two outliers: 

one data point in the WT and one in the csf1ra+/- group. When excluding these data points and re-running 

statistical analyses, I found a statistically significant difference in the median number of EGFP+ cells in the optic 

tectum between genotypes (p = 0.0424), but no significant difference between any groups from the multiple 

comparisons test (Figure A-6D).  

 

These data conflict with previous studies, which report a statistically significant decrease in the number of 

microglia in the optic tectum at 3 dpf in both csf1ra+/- and csf1ra-/- embryos compared to WT434,437. This 

discrepancy is very likely due to the study being underpowered. With count data from WT and csf1ra+/- embryos 

separated, n values were only two and three embryos, respectively. This experiment should be repeated for 

definitive results. Csf1ra-/- fish also lack posterior pigment stripes217, which we also observed for the csf1ra-/- adult 
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fish we had received as embryos. Lastly, we conducted genotyping by restriction digest to validate the csf1ra-/- 

adult fish (data not shown). Taking all these lines of evidence into consideration, we concluded that the csf1ra-/- 

adult fish we received mirrored the published phenotypes and we decided to move on to experiments for Ginger’s 

second aim. 
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Figure A-6: csf1ra-/- mutants exhibit a loss of microglia in the optic tectum at 3 dpf. (A) 3 dpf zebrafish embryo 

schematized to far left with the CNS in magenta. Inset is a representative maximum projection confocal image of the 

dorsal optic tectum of 3 dpf embryos with microglia labeled by Tg(mpeg1:EGFP) in WT/csf1ra+/- (left image) and 

csf1ra-/- (right image) embryos. Yellow arrowheads point to example mpeg1+ microglia. (B) Quantification of the 

number of EGFP+ cells in the optic tectum at 3 dpf. Unpaired t-test with Welch’s correction was performed and yielded 

p = 0.0339. Mean ± SEM values:  WT/csf1ra+/-: 11.36 ± 2.184, csf1ra-/-: 6 ± 0.000. (C) Quantification of the number of 

EGFP+ cells in the zebrafish optic tectum at 3 dpf separated by genotype, from same data shown in B. Repeated 

measures one-way ANOVA p value = 0.0542. Adjusted p values for multiple comparisons: WT vs. csf1ra+/- p = 0.2234, 

WT vs. csf1ra-/- p = 0.0958, csf1ra+/- vs. csf1ra-/- p > 0.9999. Mean ± SEM values: WT: 16.33 ± 1.667, csf1ra+/-: 9.375 

± 2.632, csf1ra-/-: 6 ± 0.000. (D) Quantification of the number of EGFP+ cells in the zebrafish optic tectum at 3 dpf 

separated by genotype minus two outliers. Outliers were identified using Grubbs’ test and removed for re-plotting and 

re-analysis. Repeated measures one-way ANOVA p value = 0.0424. Adjusted p values for multiple comparisons: WT 

vs. csf1ra+/- p = 0.1495, WT vs. csf1ra-/- p = 0.0899, csf1ra+/- vs. csf1ra-/- p > 0.9999. Mean ± SEM values: WT: 18.00 

± 0.000, csf1ra+/-: 7.000 ± 1.309, csf1ra-/-: 6 ± 0.000. For B – D each dot represents one embryo. For B & C, WT n = 

3 embryos, csf1ra+/- n = 8 embryos and csf1ra-/- n = 2 embryos. For C & D, re-plotting and re-analysis were on same 

data plotted in B and underwent Kruskal-Wallis one-way ANOVA with Dunn’s multiple comparisons test. Figure A-8A 

& B are adapted from Ginger Smith’s 2023 Distinguished Majors Program Undergraduate Thesis. 
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A.4.2 csf1ra-/- mutants display no difference in number of mpeg1+ professional phagocytes in 

the trunk between 36 and 48 hpf 

 While previous studies extensively describe brain microglia in csf1ra-/- embryos, it is unknown whether SC 

microglia are affected in the same mutants. Currently, there are few studies examining the differences between 

brain and SC microglia infiltration in development. In humans, amoeboid-like microglia-macrophages appear in 

the spinal cord one gestational week later than infiltration of the brain438. This aligns with work done in zebrafish, 

where primitive macrophages infiltrate the brain starting at 36 hpf60,403 and SC microglia are observed later, 

around 72 hpf201,439,440. It is hypothesized that primitive macrophages colonize the brain before migrating 

posteriorly to reach the spinal cord60. Additional work in mice and zebrafish suggests that brain and SC microglia 

display differing expression levels and sensitivities to CSF1441,442 and IL34403, both of which are implicated in 

microglia survival and infiltration425,443,444. Still, there is no direct evidence that SC microglia infiltrate by 

mechanisms different than brain microglia.  

 

Based on the current literature, I hypothesized that SC microglia would also be depleted in csf1ra-/- embryos. 

If csf1ra-/- embryos do lack SC microglia, this would allow us to examine changes in the NCC phagocytic window 

when microglia fail to infiltrate the trunk. First, we had to characterize the number and infiltration dynamics of SC 

microglia in csf1ra-/- embryos. Ginger started by examining SC microglia and MΦ during the latter half of the 

NCC phagocytic window (Figure A-7B) by in-crossing csf1ra+/- Tg(mpeg1:EGFP) transgenic fish and conducting 

time-lapse imaging from 32 to 48 hpf. This experiment would answer two questions: 1) when exactly do microglia 

colonize the spinal cord in WT embryos? and 2) are SC microglia depleted in csf1ra-/- embryos?  

 

At 36, 40, 44, and 46 to 48 hpf, Ginger counted the number of EGFP+ microglia and MΦ in the spinal cord 

and periphery, respectively. We found that before 48 hpf, there are virtually no spinal cord EGFP+ microglia in 

either WT/csf1ra+/- or csf1ra-/- embryos (Figure A-7C). This aligns with previous observations of SC microglia, 

which are not observed until 72 hpf201,439,440. In the periphery, we found no statistically significant difference in 

the number of EGFP+ MΦ between WT/csf1ra+/- and csf1ra-/- embryos (Figure A-7D). Previous studies have also 

found no statistically significant difference in the number of primitive or peripheral MΦ between WT and  csf1ra-

/- embryos60,403,434. We also analyzed the aggregated number of EGFP+ microglia and MΦ in the spinal cord and 
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periphery and found no statistically significant difference between WT/csf1ra+/- and csf1ra-/- embryos (Figure A-

7B).  

 

For these experiments, Ginger used brightfield images to determine whether an EGFP+ microglial cell was 

within the boundaries of the spinal cord. In future studies, using Tg(GFAP:NTR-mCherry) to visualize the spinal 

cord parenchyma would aid in defining EGFP+ microglia. In quantifying peripheral MΦ, Ginger counted the 

number of EGFP+ cells that were within the imaging window but not within the boundaries of the spinal cord. 

Ginger’s imaging windows did not include positions ventral to the notochord (e.g. over the rostral blood island, 

ventral wall of dorsal aorta, or the posterior blood island), where peripheral MΦ arise from and are 

concentrated445,446. A more accurate analysis of peripheral MΦ would include imaging of these areas. For all 

analyses WT and csf1ra+/- embryos should be separated, as csf1ra+/- embryos display an intermediate phenotype 

of decreased brain microglia437. I hypothesize that csf1ra+/- embryos likely have an intermediate phenotype for 

SC microglia, so count analyses of WT and csf1ra+/- embryos should not be binned together unless rigorously 

established that no intermediate phenotype exists. Lastly, additional experiments (particularly imaging between 

48 and 72 hpf) and analyses are needed to 1) more finely characterize the spatiotemporal dynamics of microglia 

infiltration of the spinal cord and 2) to determine whether SC microglia are depleted in csf1ra-/- embryos. 
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Figure A-7: csf1ra mutants display no difference in number of professional phagocytes in the periphery and 

spinal cord between 36 and 48 hpf. (A) Zebrafish embryo is schematized to far left, created with BioRender. 

Representative confocal images of macrophages and microglia  labeled by Tg(mpeg1:EGFP) in the zebrafish trunk 

at 36, 40, 44, and 48 hpf in WT/csf1ra+/- (top row) and csf1ra-/- (bottom row) larvae. (B) Quantification of the number 

of mpeg1+ professional phagocytes in the zebrafish spinal cord and periphery from 36 to 46/48 hpf. Two-way repeated 

measures ANOVA test was performed yielding no statistically significant result between the groups at any time point. 

For WT/csf1ra+/- n = 13 embryos and for csf1ra-/- n = 10 embryos. (C) Quantification of mpeg1+ microglia in the spinal 

cord (same data as B). Two-way repeated measures ANOVA test was performed yielding no statistically significant 

result between the groups at any time point. (D) Quantification of the number of mpeg1+ macrophages in the periphery 

(same data as B). Two-way repeated measures ANOVA test was performed yielding no statistically significant result 

between the groups at any time point. For B – D, one dot equals one embryo. Figure A-7 is from Ginger Smith’s 2023 

Distinguished Majors Program Undergraduate Thesis. 
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A.4.3 Increased cell death at 55 hpf in csf1ra-/- embryos by acridine orange 

 Previously, the Kucenas lab has shown that NCCs phagocytose dying cells and debris between 24 and 30 

hpf. Starting at ~30 hpf, infiltrating MΦ take over cell and debris clearance (refer to Figure A-2B). I hypothesized 

that later-infiltrating MΦ and microglia interact with phagocytic NCCs to close the NCC phagocytic window, and 

aberrations in professional phagocyte infiltration would affect phagocytic NCCs. As an indirect way to ascertain 

changes in NCC efferocytosis, Ginger incrossed csf1ra+/- Tg(mpeg1:TagRFP) transgenic fish and stained the 

WT/csf1ra+/- and csf1ra-/- embryos with Acridine Orange (AO), which labels dying cells220,227. Ginger stained and 

imaged at two timepoints: 34 and 55 hpf. These two timepoints begin at the peak of the NCC phagocytic window 

and extend past the time when NCC phagocytosis ceases and professional phagocytes take over efferocytosis. 

72 hpf also served as an internal positive control, as the optic tectum in WT embryos display elevated cell death 

in the optic tectum at the same timepoint60,402. Unfortunately, Ginger was not able to complete the 72 hpf 

timepoint.  

 

From these experiments, Ginger found that at 34 hpf there was no statistically significant difference in the 

number of AO+ puncta between WT/csf1ra+/- and csf1ra-/- embryos (Figure A-8B). At 55 hpf, we did find a 

statistically significant difference (Figure A-8C). There are multiple possible interpretations of these findings. 

One is that NCC efferocytosis is unaffected at 34 hpf in csf1ra-/- embryos. Or, NCC efferocytosis is significantly 

affected at 34 hpf but a different phagocyte population (e.g. neutrophils) is able to compensate, leading to no 

change in the number of AO+ puncta. At 55 hpf, the statistically significant difference in the number of AO+ puncta 

may represent a deficit in efferocytosis by microglia and/or peripheral MΦ. If peripheral MΦ do have functional 

deficits and/or SC microglia are depleted in csf1ra-/- embryos, this result could also indicate compensation from 

a less efficient phagocyte population (e.g. NCCs, neutrophils). Alternatively, there may be an increase in the 

number of dying cells in csf1ra-/- embryos independent of efferocytosis by NCCs, microglia, peripheral MΦ, or 

another phagocyte population. Since the number of AO+ puncta were quantified for both the spinal cord and 

periphery, we also do not know whether the increase in AO+ puncta at 55 hpf was regionally restricted. The 

location of the dying cells would provide clues as to which phagocyte population is potentially affected and/or 

involved. 

 



94 
 

Making conclusions from these results are difficult because the results can be interpreted in multiple different 

ways and there are several ways these experiments should be improved upon. Due to Ginger’s schedule, we 

opted to complete the time points on different days from different crosses and clutches. This method is 

appropriate when enough experimental repetitions can be completed, otherwise there is a higher probability that 

differences in data may arise from a clutch effect. Currently, this experiment is vastly underpowered and more 

replicates or using a different approach is advised. A better approach for this type of experiment would be to 

stain different groups of embryos from the same clutch for each timepoint. Ideally, this would be repeated with 

two other clutches. Lastly, these experiments lacked the 72 hpf timepoint, which was critical as an internal 

positive control. Data from 72 hpf would aid in analyzing for statistical differences between clutches and crosses. 

While there are many ways to improve upon these experiments, the results shown here are intriguing and raise 

additional, interesting follow-up questions.  
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Figure A-8: Increased cell death at 55 hpf in csf1ra-/- embryos by acridine orange (A) Zebrafish embryo is 

schematized to far left, created with BioRender. Representative confocal maximum projection images of macrophages 

and microglia  labeled by Tg(mpeg1:EGFP) in the zebrafish trunk at 36, 40, 44, and 48 hpf in WT/csf1ra+/- (top row) 

and csf1ra-/- (bottom row) embryos. Dashed line represents dorsoventral boundaries of the spinal cord. (B) 

Quantification of the number of AO+ puncta in the spinal cord and periphery at 34 hpf between WT/csf1ra+/- and csf1ra-

/- embryos. No statistical significance was found (p = 0.7790). For WT/csf1ra+/- n = 3 embryos and for csf1ra-/- n = 4 

embryos. (C) Quantification of the number of AO+ puncta in the spinal cord and periphery at 55 hpf between 

WT/csf1ra+/- and csf1ra-/- embryos. Data underwent a log transformation before statistical analysis and plotting. T-test 

p = 0.0103. For WT/csf1ra+/- n = 10 embryos and for csf1ra-/- n = 10 embryos. For B & C, an unpaired t test with 

Welch’s correction was performed and one dot equals one embryo. Figure A-8 is from Ginger Smith’s 2023 

Distinguished Majors Program Undergraduate Thesis. 
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A.4.3 Discussion 

 In these experiments Ginger and I wanted to investigate NCC phagocytosis in the absence of microglia. I 

previously hypothesized that SC microglia would also be depleted in csf1ra-/- embryos, which exhibit a loss of 

brain microglia403,434,435. To our surprise, little is known about the timing of microglial infiltration of the spinal cord 

and SC microglia have not been investigated in csf1ra-/- embryos (to my knowledge). Thus, Ginger also sought 

to describe the spatiotemporal dynamics of microglial infiltration of the spinal cord.  

 

 The results from Ginger’s experiments of the spinal cord and periphery (Figure A-7) confirm that microglial 

infiltration happens after 48 hpf. This aligns with previous literature and my personal observations, where SC 

microglia are not present until 72 hpf201,439,440. It is thought that primitive MΦ colonize the brain, and a subset 

migrate posteriorly to colonize the spinal cord. Another possibility is that primitive MΦ arising from the rostral 

blood island migrate to directly colonize the anterior spinal cord. In vivo timelapse imaging experiments in 

embryos where MΦ and microglia are labeled (e.g. via fluorophores driven by mpeg1 or pu.1 promoter 

expression) would help discern between these two possibilities and provide important spatiotemporal information 

on microglial colonization of the spinal cord. 

 

 To investigate whether NCC efferocytosis is affected in csf1ra-/- embryos, Ginger stained dying cells to act 

as an indirect readout of efferocytosis. At 34 hpf, there is no statistically significant difference in the number of 

dying cells between WT/csf1ra+/- and csf1ra-/- embryos (Figure A-8B). However, there is a statistically significant 

difference at 55 hpf (Figure A-8C). These results suggest that there are changes in efferocytosis by phagocytes 

or the rate of dying cells. It is difficult to distinguish between these options without definitively knowing whether 

SC microglia are depleted in csf1ra-/- embryos. Thus, the experiments described above are critical to this project. 

If we assume csf1ra-/- embryos lack spinal cord microglia, then the next step is to quantify the number of dying 

cells at different time points encompassing the NCC and MΦ/microglia phagocytic window (e.g. 24, 32, 40, and 

48 hpf) in embryos expressing fluorescent markers for these populations. Timelapse experiments with 

phagosomes fluorescently labeled (e.g. via UAS:GFP-2xFYVE447) and subsequent quantifications of number 

and volume of phagosomes over time would more directly assay efferocytosis of NCCs, MΦ, and microglia in 

csf1ra-/- embryos. A different option is to conduct injury response experiments, which are a common method to 
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assay migration and efferocytosis in phagocytes†83,448. Neutrophils are another phagocyte population to keep in 

mind, as they sometimes expand when MΦ and microglia are depleted or ablated436,449–451. 

 

 The aim of these experiments was to investigate why NCC phagocytosis decreases starting at ~32 hpf 

(Figure A-2B). Previous studies demonstrate that phagocyte inter-communication occurs and, in some 

instances, result in changes to phagocytic efficiency106,418–420. Stemming from this, one of my hypotheses is that 

later-infiltrating MΦ and microglia interact with phagocytic NCCs to close the NCC phagocytic window. Since 

phagocytic NCCs were described in the developing trunk, I opted to concentrate my studies there. If SC microglia 

are depleted in csf1ra-/- embryos, future experiments investigating cell replication and death dynamics, NCC 

phagosomes, and NCC phagocytic events (detailed previously) would elucidate whether the NCC phagocytic 

window is controlled by infiltrating SC microglia. If SC microglia are not depleted in csf1ra-/- embryos, there are 

alternatives to investigate phagocytic NCCs without infiltration by MΦ and microglia. These include the irf8-/- 

mutant (specifically irf8st95, which completely lack microglia and macrophages until 5 dpf449,452), the csf1ra-/- 

csf1rb-/- double mutant (specifically csf1raj4e1csf1rbre01, which lack brain microglia403,434,435 and primitive 

macrophages have decreased expansion and migration as well as functional deficits403,453), and a MΦ/microglia 

promoter-driven inducible nitroreductase system that causes cell death454.  

 

 An alternative explanation for the closing of the NCC phagocytic window is that as migratory NCCs become 

specified and eventually differentiate, they lose the capacity to phagocytose. This aligns with studies 

demonstrating the phagocytic capability of other progenitor populations, which have since been characterized 

as non-professional phagocytes103,104,125 (e.g. OPCs, NPCs) (see Chapter 1.3). Photoconversion experiments 

of phagocytic NCCs found that the vast majority (79.5%) migrated laterally and adopted morphologies similar to 

pigment cells. A smaller subset (16.3%) migrated medially to associate with motor nerves, indicating that 

phagocytic NCCs are not lineage-restricted126. 

 

 
† I’ve had a lot of difficulty in establishing an injury assay for NCCs. Either NCCs would not respond to an injury or the number of 

responding NCCs were not statistically significant compared to uninjured embryos (data not shown). I hope someone else will have 
better luck! 
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 An interesting avenue to explore is whether phagocytic NCCs are affected in csf1ra-/- mutants, since csf1ra 

is expressed in premigratory NCCs217,433,436. Initial studies observed that 3 dpf csf1ra-/- embryos lack yellow color 

compared to WT embryos. This points to defects in a subset of neural crest-derived precursor cells called 

xanthoblasts, which subsequently give rise to a class of yellow pigment cells called xanthophores455. Indeed, 

csf1ra  is expressed by cells in the xanthophore lineage and promotes their migration from the neural crest217. In 

a study examining the csf1ra ligand, csf1a, csf1ra+ neural crest-derived xanthophores fail to migrate past the 

horizontal myoseptum in 48 hpf csf1a-/- (e.g. csf1ahkz9) embryos403. A separate temperature-sensitive csf1ra 

mutant (e.g. csf1raut.r4e174A) exhibits a null phenotype when shifted to 33°C that matches previous studies when 

in trans with csf1raj4e1217,456. When shifting 24 hpf csf1raut.r4e174A csf1raj4e1 embryos to 33°C for 2 to 3 hours, there 

is a dramatic increase in TUNEL+ neural crest cells456. Interestingly, preliminary staining for csf1ra by in situ 

hybridization shows that the only csf1ra+ NCCs are those migrating dorsolaterally, which eventually give rise to 

pigment cells457. Altogether, these studies demonstrate that a subset of NCCs depend on csf1ra-csf1a signaling 

for survival and migration. Future experiments investigating whether phagocytosis by csf1ra+ NCCs is 1) 

dependent on csf1ra expression and 2) affected in csf1ra-/- mutants would give newfound insight into the 

mechanisms behind NCC phagocytosis in neurodevelopment. 

 

A.5 EXAMINING NCCs IN THE ZEBRAFISH BLB (SLC37A2-/-) MUTANT 

 Aberrant phagocytosis is implicated in several devastating neurodevelopmental (e.g. Nasu-Hakola 

disease181,182, Rett syndrome458) and neurodegenerative (e.g. Alzheimer’s disease459–462, multiple sclerosis186,391) 

disorders. Emerging evidence also indicates that early impairments in phagocytosis, circuit formation, and circuit 

refinement play roles in multiple psychiatric disorders (e.g. schizophrenia463–466, Autism spectrum 

disorder170,171,467–469). This positions the early phagocytosis by NCCs as an important investigative avenue to 

understand the function and implications of cell and debris clearance on early neurodevelopment. Phagocytic 

NCCs are active during an early developmental time window (Figure A-2B) simultaneous to key 

neurodevelopmental trajectories (Figure 1-1) and the formation of critical neural circuits. Thus, I hypothesized 

that phagocytic NCCs are essential for neural development and that aberrant NCC phagocytosis would lead to 

abnormal circuit formation and developmental phenotypes. 
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 Bulk RNA sequencing data from the Kucenas lab shows an upregulation of phagocytosis-related genes in 

NCCs at 36 hpf, including slc37a2 (a solute carrier transporter)126 (Figure A-2C). Slc37a2 is a putative glucose 

6-phosphate transporter anchored to endoplasmic reticulum membranes470,471 and is expressed by MΦ83,472,473 

and microglia83,207,474. Recently, Slc37a2 has been shown to localize to phagosomes in mammalian MΦ in vitro 

and microglia in the zebrafish optic tectum. The bubblebrain (blb, slc37a2-/-) zebrafish mutant results in 

phagocytosis-deficient microglia, where a statistically significant decrease in the rate of microglia engulfment 

results in statistically significant increase in the number of apoptotic neurons in the optic tectum starting at 3.5 

dpf. These microglia also fail to migrate to sites of injury in blb embryos. At 4 dpf, microglia in blb mutants feature 

a large gastrosome, which arises from impaired phagosomal shrinkage. Of note, the authors did not describe 

whether and/or how SC microglia are affected in blb mutants. Trunk MΦ do not develop a gastrosome unless 

under conditions of increased apoptosis (e.g. camptothecin)83.  

 

Since NCCs express slc37a2 during their phagocytic window (Figure A-2C), we previously hypothesized 

that 1) NCC phagocytosis would be impaired in blb embryos and 2) we could use blb embryos to examine how 

impaired NCC phagocytosis alters development. In multiple time-lapse confocal imaging studies of blb embryos 

with NCCs fluorescently labeled (e.g. by Tg(sox10:eos), Tg(sox10:TagRFP), and later Gt(erbb3b:GAL4) 

Tg(UAS:EGFP)) from 24 to 40 hpf, there were no observable differences between NCCs in wild-type (WT) versus 

heterozygous (blb+/-) or blb mutant embryos. I also did not observe any gross phagosomal differences or 

development of a gastrosome in NCCs labeled in blb embryos. (Data not shown.) Since there was no obvious 

NCC phenotype in blb embryos, my further studies aimed to determine whether NCCs in blb embryos displayed 

more subtle phenotypes. 

 

A.5.1 blb embryos have increased numbers of dying cells in early development 

 We have previously established that NCCs phagocytose dying cells and debris between 24 and 30 hpf. 

Starting at ~30 hpf, infiltrating MΦ take over cell and debris clearance (Figure A-2B). As an indirect way to 

ascertain changes in NCC efferocytosis, I stained WT, blb+/-, and blb mutant embryos at 36, 65, and 72 hpf with 

AO, which labels dying cells220,227. These three timepoints represent three distinct stages of efferocytosis in early 

zebrafish development. At 36 hpf, cell and debris clearance has just switched from NCCs to MΦ. I hypothesized 
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that if NCC efferocytosis was affected, this timepoint would reflect a maximal accumulation of uncleared apoptotic 

cells. At 72 hpf, microglia display a gastrosome83 and are present in the spinal cord439,475. I hypothesized that this 

timepoint would serve as a positive control and I would expect to see an increase in AO+ puncta, as microglial 

efferocytosis is diminished in blb mutants. I also included a middle timepoint, 65 hpf, which I hypothesized would 

be when SC microglia had normal efferocytic responses prior to the development of the gastrosome. 

 

 In this experiment I found that the number of AO+ puncta was largely localized to the spinal cord for all 

embryos (Figure A-9A, C, and E). At both 36 and 72 hpf, there was a statistically significant increase in the 

number of AO+ puncta in blb mutant embryos compared to WT/blb+/- embryos (Figure A-9A & B). At 65 hpf, there 

was no statistically significant difference. These data align with my aforementioned hypotheses and the 

statistically significant increase in the number of AO+ puncta between blb mutant and WT/blb+/- embryos points 

to defects in early efferocytosis by NCCs. 
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Figure A-9: blb mutants exhibit increased numbers of dying cells at 36 and 72 hpf by acridine orange. (A, C, 

E) Lateral trunk of WT/blb+/- (top) or blb (bottom) embryos with dying cells labeled by acridine orange (AO) at 36, 65, 

and 72 hpf, respectively. Yellow arrowheads point to example AO+ puncta. (B, D, F) Quantifications of the number of 

AO+ puncta per embryo for WT/blb+/- (blue) or blb (orange). Mann-Whitney U-Tests p values: **p = 0.0095, **** p < 

0.0001. For B, mean ± SEM: WT/blb+/- = 25.93 ± 5.767, blb = 116.6 ± 20.28. For D, p value = 0.9665 and mean ± 

SEM: WT/blb+/- = 73.48 ± 16.63, blb = 53.00 ± 21.06. For F, mean ± SEM: WT/blb+/- = 24.73 ± 6.894, blb = 47.33 ± 

7.192. For 36 hpf n = 3 fish each, for 65 hpf n = 5 (WT/blb+/-) and n = 1 (blb-/-), for 72 hpf n = 3 fish each. One dot 

equals one somite per fish, 5 somites sampled per fish. All images in Figure A-9 are representative, maximum 

projection confocal images. 
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While promising, there are several caveats to this data. Firstly, AO intercalates within DNA and RNA476,477 

and is not a direct measure of cell death. As a DNA intercalator, it is possible that AO+ puncta may also represent 

replicating cells478,479. There is some evidence that AO cannot intercalate DNA in a living cell480 and in zebrafish 

it has been used as an assay for cell death assay60,220,402. While AO staining was chosen because of convenience 

and ease of use, this experiment would be improved upon by using a more direct and specific measure of cell 

death (e.g. TUNEL assay273). Secondly, this experiment is not a direct measure of NCC efferocytosis. Another 

interpretation of the data in Figure A-9 is that blb embryos have increased rates of dying cells, independent of 

the rate of NCC efferocytosis. Targeted ablation experiments quantifying NCC phagocytic ability in WT/blb+/- 

versus blb embryos would provide a more direct examination of NCC efferocytosis. Lastly, this experiment lacks 

sufficient power and the data presented in Figure A-9 comes from only one technical replicate. WT and blb+/- 

embryos were also combined into one group because there is no reported heterozygous phenotype. However, I 

should have confirmed there was no statistically significant difference between the number of AO+ puncta in WT 

and blb+/- embryos before combining them. Even with these caveats, the results from this pilot study encouraged 

me to conduct further experiments that would more closely examine NCC efferocytosis in blb mutant embryos. 
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A.5.2 NCCs have altered phagosome morphology in blb embryos 

 If NCC phagocytosis was impaired in ways similar to microglia and MΦ in blb embryos, we had hypothesized 

that NCCs would develop a large gastrosome. To directly observe NCC phagosomes I started by doing timelapse 

confocal imaging of WT, blb+/-, or blb Tg(sox10:TagRFP; sox10:GAL4; UAS:GFP-2xFYVE) embryos from 24 to 

40 hpf. Tg(UAS:GFP-2xFYVE) is a fluorescent reporter of PI(3)P, a phospholipid enriched on endosomal and 

phagosomal membranes447,481. This combination of transgenes allows for in vivo visualization of sox10+ NCCs 

and their phagosomes (Figure A-10A).  

 

At later timepoints of the timelapse (post-32 hpf ish) I noticed that some NCCs were very strongly expressing 

GFP while others were relatively weaker (imaging data not shown). To accurately calculate phagosome volume, 

I optimized two different Imaris rendering parameters for FYVE+ phagosomes (see Chapter 2.13.8, Table 2-5, 

& Table 2-6) to account for this difference in fluorescent intensity. In blb embryos, I noticed that a small subset 

of NCCs developed enlarged FYVE+ phagosomes by the end of the timelapse (Figure A-10B). This was often 

accompanied by a rapid decrease in migration followed by extension of multiple processes. However, there was 

no statistically significant difference between the number of FYVE+ phagosomes per NCC or average FYVE+ 

phagosome volume per NCC in WT/blb+/- and blb  embryos at 24, 28, 32, 36, or 40 hpf (Figure A-10C). I also 

opted to begin repeating my imaging using the 63X objective, which would facilitate the higher resolution needed 

for accurate measurements of phagosomes, starting with the 24 hpf timepoint.  
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Table A-1: Adjusted p values for multiple comparisons for Figure A-10C 

Comparison p value 

  24:WT/blb+/- vs. 24:blb 0.9985 

  24:WT/blb+/- vs. 28:WT/blb+/- 
  24:WT/blb+/- vs. 32:WT/blb+/- 

   24:WT/blb+/- vs. 36:blb 
  24:WT/blb+/- vs. 40:WT/blb+/- 
  24:blb vs. 28:blb 
  28:WT/blb+/- vs. 32:WT/blb+/- 
  28:WT/blb+/- vs. 32:blb 
  28:WT/blb+/- vs. 36:blb 
  28:WT/blb+/- vs. 40:WT/blb+/- 

  32:WT/blb+/- vs. 32:blb 
  32:WT/blb+/- vs. 36:blb 
  32:WT/blb+/- vs. 40:WT/blb+/- 

  32:blb vs. 36:WT/blb+/- 

  32:blb vs. 36: blb 

  32:blb vs. 40:WT/blb+/- 

  36: WT/blb+/- vs. 36: blb 
  36: WT vs. 40: WT/blb+/- 
  36: blb vs 40: WT/blb+/- 

>0.9999 

  24:WT/blb+/- vs. 28:blb 0.9976 

  24:WT/blb+/- vs. 32:blb 
  28:WT/blb+/- vs. 36:WT/blb+/- 

0.9998 

  24:WT/blb+/- vs. 36:WT/blb+/- 0.9991 

  24:WT/blb+/- vs. 40:blb 0.3987 

  24:blb vs. 28:WT/blb+/- 0.9988 

  24:blb vs. 32:WT/blb+/- 0.9987 

Figure A-10: A subset of NCCs exhibit enlarged phagosomes in blb mutants. (A) Zebrafish embryo is 

schematized to far left, with CNS in green and NCCs in blue. Inset shows representative confocal maximum projection 

images of NCCs and NCC phagosomes in 24 hpf Tg(sox10:TagRFP; sox10:GAL4; UAS:GFP-2xFYVE) embryos. Far 

right panel demonstrates Imaris surface renderings of confocal data. (B) Maximum projection confocal images at 24, 

28, 32, 36, and 40 hpf of Tg(sox10:TagRFP; sox10:GAL4; UAS:GFP-2xFYVE) embryos. Top panels are images from 

a WT/blb+/- embryo while bottom row is from a blb mutant embryo. Yellow arrowheads point to a FYVE+ phagosome. 

White arrowhead points to multiple projections that emerge after the NCC stops migrating. (C) Quantification of the 

number of phagosomes per cell (left plot) and average phagosome volume in µm3 (right plot) in WT/blb+/- embryos 

(white violin plots) and blb mutant embryos (grey violin plots) over time. All data in C was compared with a two-way 

ANOVA with Tukey’s multiple comparisons test. Two-way ANOVA p value for interaction = 0.2714, p value for hpf = 

0.1208, and p value for genotype = 0.7636. See Table A-1 for adjusted p values for multiple comparisons. 

 

 



107 
 

  24:blb vs. 32:blb 0.9645 

  24:blb vs. 36:WT/blb+/- 0.9328 

  24:blb vs. 36:blb 0.9958 

  24:blb vs. 40:WT/blb+/- 0.9854 

  24:blb vs. 40:blb 0.2202 

  28:WT/blb+/- vs. 28:blb 0.9983 

  28:WT/blb+/- vs. 40:blb 0.5384 

  28:blb vs. 32:WT/blb+/- 0.998 

  28:blb vs. 32:blb 0.95 

  28:blb vs. 36:WT/blb+/- 0.9013 

  28:blb vs. 36:blb 0.9943 

  28:blb vs. 40:WT/blb+/- 0.9784 

  28:blb vs. 40:blb 0.1674 

  32:WT/blb+/- vs. 36:WT/blb+/- 0.9997 

  32:WT/blb+/- vs. 40:blb 0.4785 

  36:WT/blb+/- vs. 40:blb 0.7781 

  36:blb vs. 40:blb 0.7632 

  40:WT/blb+/- vs. 40:blb 0.6727 
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Since there may be changes in FYVE+ phagosomes in a small subset of NCCs, I began working with Dr. 

Marieke Jones to understand how to visualize and model my data. We opted to examine the distribution of the 

phagosome volume data (Figure A-11). The distribution data between WT/blb+/- and blb  embryos appear grossly 

similar and some distributions appear to be bimodal. At 28 hpf, we did observe a difference in the mean density 

of FYVE+ phagosome volumes between WT/blb+/- and blb  embryos (Figure A-11B). In working with the 63X 

data at 24 hpf, we found that the distribution of phagosome volume was bimodal for both WT/blb+/- and blb  

embryos (Figure A-11F). This suggests that there the NCC population consists of two groups of NCCs, one 

characterized by smaller phagosomal volumes and another by large. This aligns with the Kucenas lab’s previous 

observations that only a subset of NCCs are phagocytically active126. We realized that the next step is to interpret 

the FYVE+ phagosome volume data in the context of NCC volume. Unfortunately, this analysis was halted due 

to other ongoing experimental directions.   
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Figure A-11: NCC FYVE+ phagosome volume data plotted as distributions. (A - E) NCC FYVE+ phagosome 

volume data from Figure A-10C (left) plotted as a distribution from WT/blb+/- (in blue) and blb (in orange) embryos. (F) 

NCC FYVE+ phagosome volume data from 63X imaging from WT/blb+/- (in blue) and blb (in orange) embryos. Created 

with R v4.4.1 and RStudio v3.6.0. 
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A.6 EXPLORING PHAGOCYTIC NCCs BY scRNAseq 

 Before NCC specification, it has been assumed that the NCC population is homogenous, and it is not until 

NCC migration begins that developmental timing and interactions with signaling molecules and surrounding cells 

cause NCCs to differentiate. Intriguingly, only ~10% of NCCs were observed to phagocytose in the developing 

PNS126. This unveils an interesting debate: are phagocytic NCCs responding because of minute differences in 

their sensitivity thresholds to efferocytic signals? Or, are phagocytic NCCs different from the rest of the NCC 

population? The photoconversion lineage tracing results of phagocytic NCCs suggest the former, since 

phagocytic NCCs are not lineage restricted126. 

 

 Recently, several publicly available scRNAseq datasets have provided the opportunity to investigate the NCC 

transcriptome482,483. By using NCC transcriptomic data I sought to see if I could determine whether phagocytic 

NCCs are transcriptomically similar or if they are widespread throughout the NCC population. Working with 

Addison Webster, I have been able to do some rudimentary scRNAseq analysis. First, I selected for cells that 

were classified as neural crest cell clusters (clusters 37 and 44) and then filtered the data for specific timepoints 

spanning from 21 to 44 hpf. From there, I re-clustered the cells and found 3 sub-clusters (Figure A-12A). Then, 

I decided to examine slc37a2 expression which was identified to be expressed in NCCs by the Kucenas lab bulk-

RNAseq. Slc37a2 was widely expressed throughout the sub-clusters with only a handful of cells demonstrating 

high expression (Figure A-12B). While these are ongoing analyses, this preliminary plot suggests that phagocytic 

NCCs may not represent a subset of NCCs.  
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Figure A-12: NCC sub-clusters in early development with slc37a2 expression. (A) UMAP of early NCCs (21 to 

44 hpf) re-clustered from Danio cell482, 483 showing 3 separate sub-clusters. (B) UMAP of early NCCs from A displaying 

expression of slc37a2. 
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