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[V. Abstract

The nervous system links organs and tissues to the brain and spinal cord, forming neural
pathways that are essential for communication and coordination across the body.
Establishing these connections begins with pioneer neurons (“pioneers”), which extend
axons into distant tissues, creating a pathway for later-extending follower neurons
(“followers”) to refine and expand. Pioneers garnered significant interest due to their unique
capabilities in pathfinding and axon guidance and for being conserved across the animal
kingdom. However, the lack of specific molecular markers for pioneers has precluded
investigations into the factors driving their unique behavior. For example, it is not known
whether pioneers are transcriptionally distinct from followers. Many other aspects of
pioneer neuron development remain obscure, such as their specification, axon targeting, and
communication with followers. Finally, it is debated whether pioneers should be considered
a specialized class of neuron with unique abilities, or whether they simply have the same
properties as their followers but employ them in different contexts. This dissertation
provides evidence for the former and showcases a study that leverages the zebrafish model
system to reveal some of these elusive features of pioneers. Chapter 2 serves as a first look
into the molecular regulation of pioneers and followers by evaluating differentially
expressed genes, validating their expression in vivo, and testing how signaling molecules
drive differences between pioneers and followers. Collectively, this work contributes
significantly to our understanding of pioneer neuron biology and provides a platform for
studying pioneers in other systems. These findings advance the field of neurodevelopment
while also promoting clinical applications by enabling comparative studies between pioneer

neurons and regenerating nervous tissue.



Chapter 1: Introduction
1.1: Preface

The human nervous system is a vast network consisting of billions of neurons, so
complex that early theories, like the “reticular theory,” proposed it as a seamless, continuous
webl2, The idea that the nervous system was composed of individual, discrete units
remained unproven until Ramén y Cajal’s work in the late 19th and early 20th centuries3.
His work allowed the field to consider the contribution of individual neurons to the overall
nervous system; a paradigm shift critical for the field of neuroscience. It also set the stage for
a conceptual model in which early-born neurons are the first step in building the nervous
system. Officially designated “pioneer neurones” in 1976, these cells establish initial
pathways from their cell bodies to target tissues#. Pioneer neurons are now recognized as a
conserved feature across the animal kingdom, essential for wiring the nervous system in
both vertebrate and invertebrate embryos®. This strategy is evolutionarily advantageous, as
early pathfinding occurs when embryos are small and distances are short, allowing

subsequent neurons, called followers, to navigate quickly and accurately to their targets.

Our understanding of the ubiquity of pioneer neurons (hereafter, pioneers) across
vertebrates and invertebrates has grown with advances in imaging and experimental
methods. However, most studies of pioneers remain focused on morphology and behavior,
leaving their definition largely reliant on these characteristics. Without reliable methods to
label and distinguish pioneers from followers, the field still lacks insight into the molecular

mechanisms that bestow upon pioneers their unique abilities.

There are few systems in which pioneers can be unambiguously visualized and
manipulated. One such system is the lateral line (LL) of Danio rerio, or zebrafish, the focus of
this study. The LL is a mechanosensory system in fish and amphibians that detects changes
in water currents, transmitting sensory input to the brain for processing®. This function is
essential for behaviors such as feeding, mating, and shoaling”. The sensory neurons that

innervate the trunk lateral line are clustered in the posterior lateral line ganglion (pLLg).



During development, pioneers from the pLLg begin axon outgrowth around 22 hours post-
fertilization (hpf), extending until approximately 48 hpf when they reach the tip of the tail.
Follower neurons (hereafter, followers) begin extending axons during this period, growing
along the scaffold laid down by pioneers. Both pioneers and followers project to and
eventually innervate mechanosensory organs called neuromasts. The zebrafish pLL is an
ideal system for studying pioneers, as it allows observation of differentiation between 14
and 18 hpf and axon extension/targeting between 22 and 48 hpf. Additionally, zebrafish
embryos are optically transparent, facilitating visualization and manipulation in vivo, and the

availability of genetic tools further enhances their utility for studying pioneer neurons.

This introduction will broadly cover the history of pioneer neurons, different model
organisms in which pioneers have been studied, embryonic origin and development of pLL

pioneers, as well as relevant signaling pathways.

1.2: History of pioneer neurons

Attaining an understanding of how the nervous system is formed has been a goal of
neuroscientists for over 100 years. Ramoén Y Cajal performed early experiments using the
Golgi staining technique, and through meticulous illustrations he recorded observations of
neuronal anatomy during development?3. He discovered a structure at the tip of axons and
postulated that neurons are equipped with a “growth cone”, a specialized and dynamic
structure that directs axon growth3. This suggested that this growth cone was responsible
for early-born neurons’ ability to forge a pathway to their target, and that the axon would
serve as a guide for later-growing axons. This relationship between the axon responsible for
pathfinding and follower axons is fundamental to our modern view of how the nervous

system develops.

It was not until many decades later, in 1976, that the term “pioneer neuron” was
formally introduced to describe these pathfinding neurons* By utilizing the Locusta
migratoria, or migratory locust, model system and performing serial sections of the
developing antenna bud, Dr. Michael Bate described the early outgrowth of a group of

precisely two axons* These “twin” axons grew outward from early differentiating neurons,



housed in the distal antenna bud, and toward the central nervous system (CNS)*. In this same
study, he next turned his attention to the limb bud, at a slightly earlier developmental stage,
and observed a similar paradigm: a lone pair of peripheral axons projecting axons toward
the CNS. He then noted that the axons of subsequent neurons consistently adhered to the
previously pioneered pathways. This led him to conclude that a subset of neurons will
pioneer axonal pathways early, serving as a guide for later neurons as development
progresses. This work both supports Cajal’s hypothesis and expands on it by providing a
framework for understanding neurodevelopment as a process involving stepwise
scaffolding with pioneer neurons as the starting point. It also demonstrated that these
pioneers extend along reproducible, stereotyped pathways, suggesting the existence of

robust guidance mechanisms.

In summary, the concept of pioneer neurons can be traced back to Cajal’s descriptions
and illustrations, and this concept was later experimentally confirmed by Bate. While Bate’s
work in grasshopper provided foundational insights into how early axons navigate through
the embryonic environment, it also raised questions whether similar pioneer mechanisms
exist in other organisms and systems. Subsequent research has revealed that pioneer
neurons are not unique to a single species but are a widespread and conserved feature of

nervous system development.

1.3 Pioneer and follower neurons in different systems

The field understood pioneers as neurons that extend their axons first, and followers
as neurons that extend later along the pathway laid down by the pioneer (Fig. 1-1). With this
formalized definition, researchers began investigating pioneers’ contributions in other
systems. However, the grasshopper, as an established model system, had numerous
advantages for studying pioneers; relative simplicity of the nervous system, externally
developing, large embryos, and ease of manipulation*8-10. Due to these features, the
experiments utilizing the grasshopper system continued to expand the field’s understanding
of pioneers. Ho and Goodman made important discoveries about an array of cells they
described as “landmark cells” responsible for helping to guide pioneers to their

destination!?. This suggested that there are guidance cues in place to help direct pioneering



axons to their target within naive tissue. Klose and Bentley investigated whether pioneers
are truly required for follower extension by preventing the differentiation of neuroblasts

into pioneers, and found that in their absence followers failed to reach the CNS11,

Figure!-!

Pioneer

1-1Schematic of pioneer and follower neuron behaviors. Pioneer axons extend outward toward a target,
before later extending, follower neurons. Followers grow along the axon scaffold left by the pioneer.
Schematic created with BioRender.com.

Concurrently, researchers began utilizing other invertebrate model systems to study
pioneers such as Drosophila melanogaster, the fruit fly. Early studies using Drosophila also
investigated the effect of pioneer ablation to study the dependency of followers on
previously pioneered pathways12.13. The roundworm, C. elegans, also emerged as a powerful
system to study pioneers as the entire cell lineage was mapped out from zygote to larval4.
Early axonal projections were described along the body wall and another study provided a
detailed characterization of pioneers and how they guide followers1516. Together, these
studies supported the notion that pioneers are evolutionarily conserved and established

different invertebrate models as valuable tools to study pioneers.

Early studies of pioneers in vertebrates drew from discoveries made in invertebrate
models. For example, research in zebrafish described the presence of pioneers in the spinal

cord and showed that pioneer ablation disrupts axon targetingl”.18, Pioneers were also

4



described in Xenopus and found to exhibit elaborate and dynamic growth cones, suggesting
a role in pathfinding!®. Mammals became a focus of study as technological improvements,
such as confocal microscopy, brain slicing, transgenesis, and retrograde tracers, allowed the
study of more complex organisms. Researchers studying mammalian brain development
determined that the subplate, a transient layer of the cortex, houses pioneers that send the
first group of axons into the cortex2021, This landmark study suggested that the first axons to
invade the cerebral cortex are none other than pioneer neurons. In addition, studies of eye
development in mice investigated the optic chiasm as a choice point for retinal nerves. They
found that the first axons to extend out of the eye, contralateral axons, crossed the midline
and established a pathway, acting as pioneers22. Further, they identified that a second group,
ipsilateral axons, acted first as followers as they extended to the midline, but then exhibited
more pioneer-like behavior after avoiding the midline. These early studies using vertebrates
confirmed that pioneer neurons are not unique to invertebrates but are present throughout

taxa where they play fundamental roles in neurodevelopment.

1.4 Neurogenic cranial placodes

Pioneer neurons play crucial roles in establishing pathways and scaffolding in both
the central as well as the peripheral nervous system (PNS). Cranial placodes, transient
embryonic structures, contribute sensory and neural cells that innervate the head and neck.
Many cranial placodes have neurogenic capacity that give rise to pioneer neurons which
build these sensory neural pathways. Among these are olfactory, trigeminal, epibranchial,
otic, and lateral line placodes23. Each placode originally develops from a common tissue
origin, termed the pre-placodal ectoderm. This horseshoe-shaped region gives rise to each
placode as distinct zones. Development of each placode involves dynamic morphogenetic
processes such as delamination or invagination, which enable the generation of multiple cell

types, including neurons.

In neurogenic placodes, such as the trigeminal, epibranchial, and lateral line placodes,
generating neurons first requires that epithelial progenitors detach from the epithelium.
This process, known as delamination, involves individual cells within the epithelial sheet

detaching and migrating into the underlying mesenchyme. Here, they coalesce into ganglia
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and differentiate into neurons (Fig. 1-2). Perhaps the best characterized example of
delamination is in neural crest development2425, Importantly, evidence shows that placodes
and neural crest cooperate during the formation of cranial ganglia2627. When considered
broadly, placodal delamination appears to parallel neural crest cell delamination: both
processes involve a physical cellular detachment from an epithelium that precedes migration
and differentiation. Yet, these two processes differ in several key ways, suggesting they are
in fact, distinct?829. First placodal delamination appears not to occur through a traditional
epithelial mesenchymal transition (EMT), a hallmark of neural crest development2425.30-33,
This is evident when comparing morphology and marker expression between neural crest
and placode. Neural crest cells take on a multipolar, mesenchymal morphology and express
EMT markers, while placodal neuroblasts are thought to take on a bipolar neuronal
morphology and do not express EMT markers. However, placode delamination is relatively
understudied, as most studies are based on samples fixed at discrete stages; it is also unclear
whether the above observations can be generalized to all neurogenic placodes. Second,
delamination of neural crest happens relatively quickly over the course of hours3>-37,
whereas placodal delamination occurs over a rather protracted period, days, as neurons are
continually added?8. Data from the studies presented here will demonstrate that in at least
one case, placodal neuroblasts do transition into mesenchymal morphology while lacking

conventional EMT markers.



Figurel-2
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12 Generalized schematic model of neurogenic placode delamination. Cells from a thickened cranial
placode begin to loosen contact with their neighbors and extrude from the epithelial sheet. These
delaminating neuroblasts immediately take on a bipolar morphology as they migrate. They will then
aggregate into a sensory ganglion. Adapted from Breau and Schneider-Maunoury 2015%°.

1.5 Posterior lateral line development

One key neurogenic placode, and the primary focus of this dissertation, is the lateral
line, a mechanosensory system that enables anamniotes to detect water movement in their
environment. The lateral line includes two main branches: the anterior lateral line (aLL),
located anterior to the otic vesicle, and the posterior lateral line (pLL), located posterior to
the otic vesicle®. Both branches function to convey water current information, but the aLL
serves the head whereas the pLL relays information from the trunk and tail38. The pLL
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comprises sensory and neural components that work together to convert external stimuli
into internal signals3?. The sensory component consists of neuromasts—specialized sensory
organs arranged along the animal’s trunk. Each neuromast contains mechanoreceptive hair
cells that respond to water motion and relay signals to the neurons that innervate them,
forming the neural component of the pLLé. These afferent neurons extend axons to both the

neuromasts and the CNS, creating a direct sensory pathway.

Figure!-3
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e

pLL Nerve

Otic Placode Pioneers
1-3 Schematic of pLL development. (A) The pLL placode, just behind the otic placode, begins to separate
into two populations, a neural and a sensory population. (B) Delaminating neuroblasts aggregate to form the
pLLg, while the sensory cells form the pLLP. (C) The pLLP migrates toward the tail and deposits neuromasts
along the trunk of the fish. Simultaneously, pioneer axons grow outward from the pLLg and their terminals
comigrate with the pLLP. (D) Migration and pioneer axon extension concludes at 48 hpf when both have
reached the tail. Schematic created with BioRender.com.

Both the sensory cells and neurons of the pLL have distinct roles but share a common
origin: the pLL placode. Compared to other cranial placodes, such as epibranchial, otic, and
trigeminal, early development of the pLL is not well understood, as most investigation has
been focused on processes of collective cell migration leading to neuromast innervation®. At
14 hours post-fertilization (hpf) in zebrafish, the pLL placode begins to separate into two
populations (Fig. 1-3A). About 20 neuroblasts delaminate from the placode and aggregate
to form a ganglion, while the ~150 remaining progenitors gather to form the sensory
population of the pLL, the posterior lateral line primordium (pLLP)3940, By 22 hpf, the pLLP
begins its caudal migration1-43 (Fig. 1-3B). Simultaneously, several pioneer neurons from
the pLL ganglion (pLLg) extend their neurites into the pLLP, embedding themselves within
it while comigrating (Fig. 1-3C). Meanwhile, pLL follower neurons also begin to extend from
the pLLg, but with a slight delay, trailing behind the primordium. Because they extend in
parallel and exhibit smaller growth cones, followers are difficult to visualize during axon
extension. Over the next 24 hours of migration along the trunk, the pLLP deposits small

clusters of about 20 cells each. These clusters differentiate into the mechanosensory organs
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which later serve as innervation targets for pLL neurons. This process of migration and
extension concludes by 48 hpf, when the pLLP and pLL nerve reach the tail (Fig. 1-3D). The
coordinated migration of the pLL primordium and the simultaneous axon extension from the
pLL ganglion establish the foundation for a functional mechanosensory system—one guided

by the interplay between pioneering axons and their followers.

1.6 Pioneers and followers in the pLL

Several studies have identified behavioral, morphological, and molecular differences
between pLL pioneers and followers. For example, pioneers exhibit larger, more complex
growth cones®44-46 and larger cell bodies*>—features consistent with their role in leading
axonal navigation. Additionally, within the pLLg, pioneer cell bodies occupy more dorsal
positions than followers after 30 hpf*6-48, Notably, these dorsal-positioned pioneers display
distinct targeting biases, projecting their axons to distal neuromasts, while followers project
more proximally4449, Finally, electrophysiology experiments demonstrated that pLL
pioneers have a lower input resistance and spontaneous firing rate and are more likely to
contact multiple neuromasts, whereas followers typically exhibit higher resistance, a higher

firing rate, and a single-neuromast connection“é.

The difference in targeting is closely tied to the organization and development of the
pLL48. Pioneer axons, which terminate at the tail, create a scaffold spanning the length of the
nerve, guiding the extension of follower axons3?. As the pLL nerve develops, follower axons
use the pioneered pathway to innervate sensory targets along the trunk48. Together, these

observations define key characteristics that distinguish pLL pioneers from followers.

Presumably, these differences in behavior and targeting arise from a combination of
intrinsic properties and external cues. A complex interplay of signaling molecules,
instructive factors, and cell adhesion mechanisms underlies pioneer pathfinding and
follower fasciculation. Exploring these signaling pathways offers insight into how pLL axons

navigate, establish proper connectivity, and how pioneers are specified from the outset.



1.7 Relevant signaling pathways in pLL development

The pLL placode develops just after gastrulation in a complex and dynamic signaling
environment where multiple pathways coordinate morphogenesis>%>1, This environment is
defined by a combination of guidance cues, the establishment of morphogen gradients, and
the expression of molecular factors. Together, this feedback creates precise, tailored

guidance to promote placode delamination, neurogenesis, and axon targeting.

A critical piece process of neurogenic placode development is the specification of
neurogenic cells within the placodal epithelium. This neurogenic domain is formed by
upregulation of proneural genes such as delta, neurogeninl, and hes3152. Notch signaling is
vital for specifying neurons3153-56, This paradigm is consistent in the pLL as lateral inhibition
via Delta/Notch determines placodal differentiation into Notch+ sensory progenitors or
Delta+ neuroblasts®0. This same lateral inhibition network through Delta and Notch also
determines cell identity later in pLL development, during sensory hair cell
differentiation>7.°8, Nevertheless, whether Notch signaling plays a role in pioneer neuron
identity is an open question, which could be tested with the use of small molecule inhibitors

or CRISPR knockouts targeting notch pathway members.

The fibroblast growth factor (Fgf) pathway is another central orchestrator in pLL
placode development. Multiple studies have shown Fgf to be a crucial determinant in the
specification of neurogenic placodes>?-¢2. In the pLL, however, Fgf appears to play a more
nuanced role. Treatment with Fgf receptor inhibitor SU5402 expanded the pLL while
simultaneously resulting in a diminished aLL>1. This suggested different mechanisms for aLL
vs pLL induction: Fgf activation for aLL, but Fgf inhibition for pLL formation. Further, the pLL
was shown to require retinoic acid (RA) signaling for induction. Intriguingly, other studies
demonstrated that Fgf signaling and RA form opposing gradients, antagonizing each other®3-
66, In the lateral line, the pLL placode appears to require RA for the inhibition of Fgf. This
interplay between Fgf and RA underscores the finely tuned balance of signaling required for

pLL specification.
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Beyond Fgf and RA, additional signaling molecules help further refine pLL
differentiation during axon extension and targeting. Previous studies have shown that larger,
earlier-born pLL neurons exhibit a targeting bias toward more distal neuromasts*449,
suggesting robust guidance mechanisms consistently direct these axons to their targets. One
such pathway involved in pLL axon targeting is the neurotrophin signaling pathway. As the
lateral line primordium migrates, it secretes glial-derived neurotrophic factor (Gdnf)¢’.
Gdnf’s receptor, ‘REarranged during Transfection’ (Ret), is present on pLL neurons and plays
an established role in axon pathfinding across various systems, including sympathetic®s,
sensory®?, and motor axon growth?%. Our lab demonstrated that Ret is enriched in a subset
of pLL neurons and is essential for complete extension of the pLL nerve. Notably, Ret is
present in pioneer axon growth cones embedded within the primordium#é. Since their
discovery, pioneers have largely been defined by morphology and behavior, but identifying
a molecular marker like Ret presents an opportunity to explore the transcriptional
differences that distinguish pioneers from followers. Chapter 2 will discuss how Ret’s
enrichment in pioneers facilitated our inquiry into to unique molecular factors underlying

pioneer behavior.
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Chapter 2: Axon targeting of transcriptionally
distinct pioneer neurons is regulated by
retinoic acid signaling
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2.1: Abstract

During nervous system development, pioneer neurons (pioneers) extend their axons
towards distant targets, creating a scaffold for follower neurons and defining the initial
structure of the nervous system. Despite years of study, whether pioneer neurons are
molecularly distinct from followers is unknown. To address this question, we performed
single-cell RNA sequencing (scRNA-seq) of zebrafish posterior lateral line (pLL) sensory
neurons and found that pioneers and followers are transcriptionally distinct populations.
Interestingly, expression profiling of differentiating pLL progenitors defines “follower” as
the ground state and “pioneer” as a later developmental state, with retinoic acid (RA)
signaling active in all pLL progenitors. Modulation of RA signaling within single pLL neurons
showed that its downregulation is necessary for expression of a neurotrophic factor receptor
ret, which is required for correct targeting of pioneer axons. Our study reveals molecular
heterogeneity between pioneer and follower neurons and implicates RA signaling in the

fidelity of pioneer neuron axonal targeting.

2.2: Introduction

The nervous system is an extensive and complex network of neural connections,
many of which are established during embryonic development. Pioneer neurons (hereafter,
pioneers) exhibit the remarkable ability to navigate through developing tissue and build the
initial scaffold of the nervous system#10. Pioneers were discovered about 50 years ago where
they were described as a class of neurons that extend their axons into a non-innervated
tissue allowing the subsequent recruitment of additional, follower axons*. This contrasts
with follower neurons which will extend later along the trail laid down by pioneers to
connect to their targets. In many systems, followers exhibit difficulty navigating to
appropriate targets when pioneers are ablated124671-74, When compared to followers in
certain contexts, pioneers have larger cell bodies, more elaborate growth cones, different
axon growth rates, and can undergo more complex pathfinding*44547:49,75, This definition has
endured to the present day as pioneers are still largely described by morphology and

behavior7677. However, recent evidence from our work, and from others’, shows at least
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some molecular differences between pioneers and followers in multiple systems. For
example in C. elegans, pioneer and follower neurons are guided by glial cells using distinct
molecular cues’8. Similarly, our previous work showed that the extension of pioneers, but
not followers, in the peripheral sensory system of zebrafish is directed by a specific
neurotrophic factor receptor#6. Finally, manipulation of Jun kinase activity in the Drosophila
ventral nerve cord specifically affects pioneer but not follower neurons’?. However, whether
the above observations imply more profound molecular differences between pioneer and

follower neurons in any system is not known.

To examine the behavior and molecular identity of pLL neurons during differentiation
and axon outgrowth stages, we took advantage of the zebrafish posterior lateral line (pLL)
as a model system*657, The pLL is a mechanosensory system in aquatic vertebrates that
senses water movements and controls swimming behaviors like schooling, predator and
prey detection, and maintenance of rheotaxis®>7.8081, The pLL consists of sensory neurons
that innervate mechanosensory organs called neuromasts (NMs) located on the surface of
the trunk. Both sensory and neural progenitors derive from the pLL placode, a thickening of
the embryonic ectoderm, that forms shortly after the end of gastrulation (10 - 14 hours post
fertilization or hpf)40 (Fig. 2-1A). At 22 hpf, pLL neurons initiate axon extension caudally
from a cranial ganglion (Fig. 2-1B). Between 3 to 6 pLL pioneer axon growth cones are
embedded within the pLL primordium (pLLP), a group of sensory organ progenitors that
migrates along the trunk from 22 to 48 hpf®2 (Fig. 2-1C). As the pLLP migrates, it deposits 5
to 6 cell clusters at regular intervals as well as a terminal cluster, all of which differentiate
into NMs#83-85, By the end of primordium migration, pioneer axons reach the end of the tail
and selectively innervate distal NMs. (Fig. 2-1D). Follower axons begin extension after
pioneers, co-fasciculate with pioneer axons, and selectively innervate proximal NMs47,49.83,86,
Besides distinct targets, pLL pioneers also have larger cell bodies and more elaborate axon
growth cones than followers#44649, Components of the pLL are easily visualized by
transgenic reporter lines such as TgBAC(neurod1:EGFP)"! (referred to as neurod1:EGFP)
which labels neurons8’, and Tg(-8.0cldnB:LY-EGFP)106 (referred to as cldnB:memgfp)88
which labels both pLL neurons and the pLLP. The ability to distinguish and visualize pioneer

pLL neurons in a live animal makes this system uniquely suited for transcriptomic analysis
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and follow up studies to define the function of genes required for pioneer axon growth and

function.

Previous studies defined a developmental timeline of pLL neuron differentiation. At
mid-somitogenesis (14 hpf), pLL progenitors begin to undergo neurogenesis, which can be
detected by expression of proneural factors, neurogl and neurod187.8°. By 18 hpf, the pLL
placode separates into committed sensory and neural progenitors>?. One of the signals
required for the initial formation of the pLL placode is retinoic acid (RA)>1. RA is a small
lipophilic molecule that acts as a morphogen to regulate gene expression and cellular
differentiation?0-95. Upon cellular uptake, RA is translocated to the nucleus where it binds
nuclear receptors, RAR and RXR, to activate transcription?6-28. Some RA signaling pathway
components are also crucial mediators of RA signaling. For example, the cellular retinoic
acid-binding protein 1B (crabp1b) binds intracellular RA to control signal intensity?9-101, RA
signaling is also a well-known direct regulator of hox gene family members, including
hoxb5a102-106, RA has been well studied in many systems, including neurodevelopment;
however, whether the RA signaling network remains active through neurogenesis and

differentiation in the pLL is not known.

In this study we investigated transcriptional differences between pioneer and
follower neurons of the zebrafish pLL. Using a single-cell RNA-sequencing (scRNA-seq)
approach, we found that pioneers have a transcriptional profile distinct from followers and
with differential expression of neurotrophin receptors and members of the RA pathway.
Surprisingly, analysis of pioneer and follower gene expression during early stages of pLL
differentiation revealed that the default state for pLL progenitors is the follower identity,
whereas pioneer is an acquired state. Live imaging of individually labeled pioneer and
follower neurons revealed distinct morphology, growth, and behavior: most pioneer
neurons delaminate first from the pLL placode, become bipolar, and extend their axons prior
to followers. Using two-photon ablation we determine that the initial extension of pioneer
axons is required for follower axon extension in the pLL. We also show that the RA pathway
isinitially active in all pLL progenitors; it is then selectively downregulated in pioneers. This,

in turn, is required for the expression of neurotrophic factor receptor Ret, which directs
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targeting of pioneer axons to distal sensory organs. We propose that a unique molecular

program is accountable for the distinctive behavioral characteristics of pioneer neurons.

2.3: Results

2.3.1 Single cell RNA sequencing identifies two distinct populations of neurons

within the pLL

We previously showed that pioneers, in addition to having distinct morphology and
target innervation, are enriched with the neurotrophic factor receptor Ret¢. Based on these
observations, we hypothesized that pLL pioneers are molecularly distinct from followers. To
test this, we characterized transcriptional profiles of pLL pioneers and followers during axon
extension (30 hpf) using scRNA-seq. To isolate pLL neurons, we FAC sorted cells from
neurod1:EGFP embryos (Fig. 2-1E), as this transgene marks both CNS and PNS neurons
including pLL®#’. Fortuitously, the transgene is expressed at higher levels in cranial ganglia,
including the pLL#87; consequently, we FAC sorted the top 2% brightest EGFP-expressing
cells. This approach yielded 9242 cells, most of which were neurons, as well as some
neurodl-expressing pancreas cells197 (Fig. 2-1F and S1B) represented in 30 clusters. Using
known tissue-specific markers, we identified each cell population (Fig. S2-1A). We identified
the pLL by expression of known LL markers, such as ret*6, stmn2al%8, bmper199, and rspo2110
(Fig. 2-1G-]), and exclusion of markers of other cranial sensory populations, such as irx1alll
(otic) and phox2bb>° (epibranchial) (Fig. S2-1A), as well as anterior LL marker alcamal12. We
then performed unsupervised subclustering of pLL cells which yielded two distinct
subpopulations (Fig. 2-1K), one of which was highly enriched for ret. Differential expression
(DE) analysis with a minimum difference threshold set at 25% and false discovery rate of
<5% yielded 101 DE genes: 60 enriched in ret+ cells, 41 in ret- cells (Fig. S2-2). Among these
101 genes, some examples of those with the highest logz fold change in either the ret+ or ret-
populations are gfrala, ntrk1, and rpz5, or ntrk3a, nr2f2, and zfhx3, respectively. (Fig. 2-1L-
O and Fig. S2-2). The DE genes included several neurotrophin receptors: ret, gfrala, and
ntrk1 were upregulated in ret+ cells, whereas ntrk3a was upregulated in ret- cells (Fig. 2-1P).

In addition, we found that the RA pathway member crapblb and known transcriptional
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targets of RA in other systems (hoxb5a, nr2f2, and zfhx3) were upregulated in the ret-
population101,102113-116 In summary, scRNA-seq identified two distinct populations within
the developing pLL ganglion, delineated by their relative expression of the previously
defined pLL pioneer marker ret. Together with our previous study, these data suggested that

the ret+ cells are pioneers, whereas the ret- cells are followers.
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terminal cluster of NMs. (E) neurod1:EGFP transgene labels a subset of CNS and PNS neurons at 30 hpf,
including the pLL. White arrowheads mark extending pioneer axons in the inset. Scale bar = 200 um.

(F) UMAP of all EGFP+ sorted and sequenced cells. Major cell types are indicated. Red circle: lateral line
neurons. (G-]J) Feature plots showing expression of lateral line specific markers: ret, stmn2a, bmper, and
rspo2. Red circle: lateral line neurons. (K) pLL subclusters: ret+ and ret- populations. (L-O) Feature plots of
subpopulations showing several differentially expressed genes in each subcluster. (P) Dotplot showing
genes expressed in all pLL neurons as well differentially expressed genes in each subcluster. Schematic
created with BioRender.com.

2.3.2 ret marks pioneer neurons

Next, we validated our sequencing data expression profiles. We performed whole-
mount fluorescent in situ hybridization (FISH) using RNAscopell?118, We used the
cldnB:memgfp transgenic as it labels cell membranes in the pLL ganglion88119 which allows
identification of individual neurons for signal quantification (Fig. 2-2 A,B). We probed for
genes differentially expressed in the ret+ and ret- clusters in pairwise combinations (Fig. 2-
2C-E). We found that genes in each cluster had high correlation coefficients amongst each
other, indicating expression within the same neurons (Fig. 2-2F,G,I, S2-3A,B). By contrast,
comparing gene expression between ret+ and ret- clusters displayed low correlation
coefficients, (Fig. 2-2H,I, S2-3C,D), indicative of mutually exclusive expression. These data

validate our scRNA-seq observations that ret+ and ret- cells express a distinct set of genes.

We then asked whether the ret+ cells are in fact pioneer neurons. To address this, we
knocked in a red fluorescent protein, mRuby, into the rpz5 locus using the mBait strategy120.
We chose rpz5 because it is the most specific and highly enriched gene within the ret+
subpopulation (Fig. 2-1M, P). Validation of rpz5:mRuby expression by FISH with both mRuby
and rpz5 probes showed that 91% of mRuby+ cells (90/99) expressed the rpz5 transcript
(Fig. S2-4A,B), indicating that the transgene faithfully recapitulates endogenous expression
of rpz5. As shown in Fig. 2], mRuby marks a subset of pLL neurons during axon outgrowth
(36 hpf). pLL neuron cell bodies that target distal neuromasts (i.e. pioneer neurons)
gradually localize dorsally in the pLLg after 32 hpf4649; accordingly, we noted that mRuby+
cells occupied dorsal positions at 36 hpf. Importantly, mRuby always labeled distal-most
pioneer axons which comigrate within the pLLP during pLL nerve extension (Fig. 2-2K). We
identified between 3 and 7 mRuby+ cells within the ganglion (Fig. S2-4C). This is consistent

with our previous observation demonstrating 3 to 6 pioneer neuron growth cones within the
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migrating pLLP46. In summary, our data show that pLL pioneer and follower neurons are

transcriptionally distinct during axon extension.
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binned fluorescent puncta are counted in each individual cell. (C-E) Representative single Z-slice confocal
images through the pLL ganglion showing pairwise FISH of two genes from ret+ and ret- subclusters (ret and
rpz5, nr2f2 and rpz5, or nr2f2 and ntrk3a) at 30 hpf. Note that genes from the same clusters are coexpressed,
whereas genes from the ret+ and ret- subclusters are largely expressed in different cells. (F-H) Quantification
of gene expression shown in 2C-E. Each dot corresponds to a single cell and the axes indicate binned gene
expression levels. Each plot shows all cells across 10 embryos. Expression of genes from the same pLL
subcluster strongly correlates, while expression of genes from different pLL subclusters does not correlate.
Correlation coefficient Kendall tau-beta used for pairwise correlations. (I) Heatmap shows pairwise Kendall
tau gene correlation coefficients based on examining expression of gene pairs by FISH. Empty squares are
untested probe combinations. (J) Z-projection of rpz5:mRuby pLLg. Cell membranes are marked by
cldnB:memgfp transgene. Note that only a subset of dorsal pLL neurons is mRuby-positive at 40 hpf. (K)
Confocal image of the migrating pLL primordium from the same animal shown in (J). Note the presence of
mRuby-positive axons within the primordium (dashed outline) indicating that labeled pLL cells are indeed
pioneer neurons. mRuby labeling dorsal to pLL primordium is muscle. All scale bars = 10 pm. Schematic
created with BioRender.com.

2.3.3 Posterior lateral line pioneer neurons are required for followers’ axon
p q

extension

A typical behavioral characteristic of pioneer neurons is their ability to guide
followers. To determine whether pLL pioneers are required for the followers’ extension we
used a two-photon cell ablation strategy to selectively remove pioneer neurons?l, We
utilized a transgenic line, TgBAC(ret:EGFP)1331 (hereafter, ret:EGFP), to visualize ret-
expressing pLL neurons at the onset of axon extension!?Z (Fig. 2-3A,B, S2-5A). At this stage,
2 to 5 pLL neurons begin expressing the transgene. We used this transgenic because,
unfortunately, rpz5:mRuby fluorescence is not detectable until 24 hpf at earliest. In situ
hybridization with the ret probe showed that the endogenous ret expression correlated well
with ret:EGFP (65% EGFP+/ret+), and with brightest EGFP+ cells tend to also be the
strongest expressers of ret (Fig. S2-5B,C). We ablated EGFP+ neurons between 22 and 24 hpf
and tracked axon extension using neurod1:mCherry transgene for ~10 hours (Fig. 2-3A). In
unablated controls, the pLL nerve migrated an average of 6.7 somites (Fig. 2-3B,C, Movie 1).
In contrast, ablation of ret:EGFP+ neurons completely blocked pLL nerve extension.
Interestingly, pLL axon terminals still displayed dynamic movements, but clearly lacked the
ability to advance (Fig. 2-3D,E, Movie 2). When only a subset of ret:EGFP+ neurons were
ablated, the pLL nerve extended comparably to controls, arguing that the ablation procedure
per se does not inhibit pLL nerve extension (Fig. 2-3F,G, Movie 3, Table 1). It also showed

that as few as two pioneer axons are sufficient for pLL nerve extension, a finding that has
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been shown to be necessary for fasciculation in previous ablation studies!3. These
experiments, summarized in Table 1, demonstrate that pLL pioneers are required for the

axon extension of followers.
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23 pLL pioneer neurons are required for follower axon extension. (A) Schematic depicting ablation
strategy. EGFP+ neurons were ablated at between 22 and 24 hpf and then imaged live using the confocal
microscope. (B) Non-ablated pLLg at 22 hpf immediately before timelapse begins. (C) Stills from timelapse
of the control embryo shown in (B) at 23 hpf (C) and 27.8 hpf (C’). (D) pLLg before and after (D’) ablation
of all 3 EGFP+ neurons. (E) Stills from timelapse recorded after complete ablation in (D). (F) pLLg before
and after ablation (F’) of 3 out of 5 EGFP+ neurons. (G) Stills from timelapse recorded after partial ablation
in (F). White arrowhead = EGFP+ pLL neurons; yellow arrowhead = pLL nerve terminals. All scale bars = 20
um. Schematic created with BioRender.com.
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Table?1

Embryo Condition i\zx ;a_l ;gal?jt;
1 Nonablated 7
2 Nonablated 6
3 Nonablated 7
4 Nonablated 6
5 Nonablated 6
6 Nonablated 8
7 Nonablated 7
8 Complete 1
9 Complete 1

10 Complete 0
11 Complete 2
12 Complete 0
13 Partial 4
14 Partial 2

21Table 1: Ret+ pioneer neurons are required for the pLL nerve extension. Axial change = number of
somites traveled along anterior-posterior axis by pLL nerve over time. Means between nonablated controls
and complete ablations are statistically significant: p = 0.0013 (by Mann-Whitney non-parametric test).

To identify potential pLL pioneer specific signals that guide followers, we used the
CellChat package to search for transmembrane cell-to-cell communications networks. We
used pLLP cells as a positive control (Fig. S2-6A), as several signaling networks between
extending pLL neurons and pLLP, including Ret-Gdnf and Ntrk1-Ngf, have been previously
defined®7.123, Indeed, both receptor-ligand pairs were identified by CellChat (Fig. S2-6A,B).
Ncam, Cadm3, and teneurin-latrophilin signaling had the highest communication probability
of signaling between pioneers and followers (Fig. S2-6B-E). Notably, Cntn1b was the only
pioneer-specific transmembrane molecule that had a follower specific partner (Fig. S2-6B-
E). These findings highlight a set of candidate receptor-ligand interactions that may mediate
pioneer-follower communication, with Cntnlb emerging as a uniquely pioneer-specific

signal targeting followers.

2.3.4 Follower-specific markers define posterior lateral line neuron ground
state
We next investigated cellular events leading to the diversification of pLL progenitors

into pioneers and followers. We first visualized pLL neurogenesis via live imaging. We used

the cldnB:memgfp transgene to label pLL placodal cells and Tg(neurod:Zebrabow)124125 to
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visualize pLL progenitors undergoing neurogenesis. Consistent with a previous report>9,
neural (neurod1+) and sensory progenitors (neurodl-) were initially intermixed with the
pLL placode at the onset of neurogenesis at 15 hpf (Fig. 2-4A; Movie 4). However, within a
few hours neurod+ cells delaminated from the pLL placode and migrated anterodorsally,
whereas sensory progenitors moved caudally to form the pLL primordium (Fig. 2-4B, C).
Concurrently, we observed extension of the first few pioneer neurites within the forming
pLLP (Fig. 2-4C, D). Consistent with previous reports39.126, we never observed cell divisions
among neurod+ cells, corroborating that neural pLL progenitors are post-mitotic at this
stage.

Figure?-+
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z-4Ljve imaging defines cellular events during pLL morphogenesis. (A-D) Stills from a timeseries (Movie
4) visualizing formation of the pLL system between 15 and 23 hpf. The pLL placode is marked by the
cldnB:memgfp transgene and pLL progenitors undergoing neurogenesis are visualized by
Tg(neurod1:Zebrabow). The pLL placode, otic placode, and the neural tube are outlined by dashed lines. (A)
At the onset of pLL neurogenesis (15 hpf), neural and sensory progenitors are intermixed within the pLL
placode. (B) Neural and sensory progenitors are in a process of separating form the pLL ganglion and
primordium, respectively. (C) Neural and sensory progenitors separate at 18 hpf, while neurites
(arrowheads) from pLL progenitors project toward sensory progenitors. (D) At 22 hpf, pioneer axons

(marked by arrowheads in the inset) extend with the migrating pLLP. Scale bar = 10 um.

Live imaging identified several distinct steps in pioneer and follower neuron
differentiation, including onset of neurogenesis (14-15 hpf), separation from sensory
progenitors (18 hpf), and onset of active pioneer axon extension concurrent with the pLL
primordium migration (22 hpf). Thus, we investigated pioneer and follower gene expression

dynamics during these critical stages using scRNA-seq. We also included a 48 hpf timepoint
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to assay whether gene expression differences between pioneers and followers persist after
pioneer axon extension concludes. neurod1:EGFP+ cells from 14, 18, and 22, and 48 hpf
embryos were FAC sorted, sequenced, and combined with those from 30 hpf to identify pLL
progenitors (Fig. 2-5A). Cranial ganglia, CNS and PNS, as well as pancreas were annotated
using markers in Fig. S2-1. Closely clustered cells often reflect differentiation states of a
particular lineagel?’. Therefore, we subclustered cells that were closely associated with pLL
neurons (Fig. 2-5B). Presence of neurog147.5489.128 (early neurogenesis marker) and absence
of snap25a129130 (differentiated neuron marker) indicates that this population represents
undifferentiated neural progenitors!28131 (Fig. 2-5C,D). Trajectory inference applied to the
scRNA-seq profile of pLL neurons supported this finding132 (Fig. 2-5E). Consistently, all 14
hpf cells clustered within the progenitor population, whereas differentiated clusters of

pioneers and followers were dominated by cells from 30 and 48 hpf (Fig. 2-5F).

To analyze expression dynamics during pLL neurogenesis, we examined pioneer
(rpz5 and ret) and follower (hoxb5a and zfhx3) markers (Fig. 2-5G-]). Follower markers were
expressed in most pLL progenitors at 14, 18 and 22 hpf (Fig. 2-51,]). In contrast, pioneer
markers were largely excluded from 14 hpf, and were expressed by only a small number of
cells at 18 and 22 hpf (Fig. 2-5G,H). Interestingly, we noted a number of neurog1-positive
progenitors at 30 hpf (Fig. 2-5F). These presumably represent previously described, later
born neurons innervating secondary trunk NMs after 2 dpf12¢6. As these late progenitors do
not contribute to pioneer neurons, we focused our analysis on 14, 18, and 22 hpf stages. Co-
expression analysis revealed a number of cells containing both follower and pioneer markers
at these three stages (Fig. 2-5K,L), potentially indicating a transitional state. To more broadly
analyze expression of pioneer and follower genes at these early stages, we generated pioneer
and follower marker genes signatures (top 20 upregulated genes at 30 hpf in each
population) using the AddModuleScore function in Seurat. The follower gene signature was
present broadly in cells from early timepoints (Fig. 2-5M), while the pioneer gene signature
was present only in a few 22-hour cells at the end of the differentiation trajectory (Fig. 2-
5N). Consistent with these observations, follower gene expression was maintained at similar
levels over time, initially in progenitors and then in followers, whereas pioneer genes were

upregulated during later stages of neurogenesis (Fig. 2-50). Finally, we observed that
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transcriptional differences between pioneers and followers persisted at 48 hpf, after the
initial axon extension concluded (Fig. 2-5F). Altogether, these experiments showed that
follower-specific markers are expressed in early differentiating pLL progenitors, defining
the pLL ground state. They also suggested that pioneers are a later developmental state
derived from follower progenitors. We also concluded that pioneers and followers maintain

their distinct transcriptional profiles after pioneer axon extension is completed.
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timepoint are as follows: 14 hpf, 23; 18 hpf, 167; 22 hpf, 67; 30 hpf, 340; 48 hpf, 50 cells. (G,H) Pioneer
markers rpz5 and ret are mainly expressed in pioneers, and not in progenitors. (I,]) Follower markers hoxb5a
and zfhx3 are expressed both in the progenitor and follower populations. (K,L) Feature plots showing
coexpression of pioneer (ret or ntrk1) and follower (zfhx3 or nr2f2) genes during differentiation (14 - 22
hpf). Note that a subset of cells coexpress a pioneer and follower markers at these stages (white cells): 25
cells co-express ret and zfhx3; 25 cells co-express ntrkl and nr2f2. Low expression cut off is set at 3 UMI per
cell. (M,N) Gene signature plots of cells between 14 and 22 hpf. Follower gene signature is present broadly
at earlier stages, while pioneer gene signature is strongest in cells from 22 hpf. (0) Gene expression over
time as cells differentiate from progenitors to followers or pioneers. Note that follower gene expression is
similar across stages, whereas pioneer genes are upregulated during later differentiation stages.

2.3.5 Pioneer precursors exhibit distinct cellular behavior

To identify pioneer precursors and to confirm the presence of a follower-to-pioneer
transitional state in vivo, we used FISH to visualize expression of pioneer (ntrk1) and
follower (nr2f2) genes at early timepoints, between 14 and 17 hpf (Fig. 2-6A-C). The
cldnB:memgfp transgene marks pLL placode membranes and the neurodl-5kb:mCherry
transgene marks pLL progenitors undergoing neurogenesis. Consistent with scRNA-seq,
mCherry-positive neuroblasts expressed nr2f2 but not ntrk1 at the onset of neurogenesis
(Fig. 2-6A). Within the next two hours (15-17 hpf), we observed a few ntrk1+ but nr2f2- cells
in the process of delamination from the placode (cells marked by arrows in Fig. 2-6B,C). At
the same time, we also noted a several cells within the placode that coexpressed both ntrk1
and nr2f2 (cells marked by arrowheads in Fig. 2-6B,C). Overall, 17.0% of cells coexpressed
ntrk1 and nr2f2 between 14 and 20 hpf (Fig. 2-6D), whereas at 30 hpf coexpression was rare,
at 1.8% (Fig. 2-6E). These observations imply that pioneer neuron precursors delaminate

first from the pLL placode after undergoing a transition from a follower ground state.

To observe this process in real time, we marked leading delaminating cells by
photoconversion in the Tg(neurodl:Kaede)"2° (hereafter, neurodl:kaede) transgenic line
and followed these cells by live imaging to visualize their axon terminals (Fig. 2-6F-H; Movie
5). Indeed, marked cells always became pioneer neurons (n = 4 of 4 cells; Fig. 2-6H). We next
marked cells within the more distal region of the pLL placode. As evident by their axons
lagging behind the pLLP (Fig. 2-61-K; Movie 6), the majority of these cells became followers
(n =7 of 9 cells; Fig. 2-6L).

We also used an alternative method to visualize both differentiating pioneer and

follower precursors. We injected one-cell stage cldnB:memgfp embryos with a

29



neurod:mCherry construct. Since the incorporation of plasmid during development is
stochastic, we screened for embryos with mCherry expressed mosaically in just a few pLL
cells to visualize cellular morphology and behavior. Differentiating pLL neurons exhibited
two distinct behaviors. One subset of neurons rapidly changed their morphology by 17-18
hpfto spindle-like and extended a peripheral neurite that invaded the field of differentiating
sensory progenitors (Fig. 2-6M-0; Movie 7). These neurites remained within the field of
sensory pLL progenitors, and tracking these neurons over time identified them as pioneers
(Fig. 2-60; Movie 7). Interestingly, pioneer precursors were positioned antero-dorsally,
consistent with our previous observation that these cells delaminate first. In contrast to
pioneers, follower precursors exhibited a dynamic multipolar morphology until late
neurogenesis (Fig. 2-6P-R; Movie 8). At ~20 hpf, they began extending their peripheral
neurites; however, they never invaded the field of sensory progenitors (Fig. 2-6P; Movie 8).
These cells were positioned posteroventral to pioneers and close to sensory progenitors,
presumably due to delaminating later than pioneers. Overall, these data suggest that pioneer
precursors first undergo a transitional state, followed by upregulation of ntrkl and
delamination. During this process, pioneer precursors attain bipolar morphology and extend

their peripheral neurites well before the same occurs in follower precursors.
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2-6 Pioneer precursors exhibit distinct cellular behavior. (A-C) A single confocal Z-slice through the pLL
ganglion labeled with FISH probes against ntrk1 (yellow) and nr2f2 (cyan) between 14 and 16.5 hpf. Cell
membranes are labeled by cldnB:memgfp, whereas pLL neuroblasts are marked by neurod1:mCherry. Dashed
line outlines pLL and otic placodes. Arrows mark leading tip cells upregulating pioneer marker ntrki.
Arrowheads mark neuroblasts co-expressing ntrkl and nr2f2. (D,E) Quantification of ntrk1 and nr2f2
expression between 14 and 20 hpf (D) or 30 hpf (E). Dashed red lines indicates cells that coexpress both
markers. Note the significant number of co-expressing cells at 14-20 hpf (51/300 cells: 17%) compared to
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30 hpf (n = 5/285 cells: 1.8%) stages: p<0.001, Chi-Square test. (F-H) Stills from a time series using
neurod1:kaede photoconversion at 16 hpf. (F-H) The first delaminating tip cell was photoconverted and
followed over time to visualize its peripheral axon. The converted neuron projected its axon into the pLLP,
consistent with pioneer axon behavior. Arrowheads = photoconverted axons, arrows = pioneer axons. (I-K)
A photoconversion of a proximal cell. The labeled neuron projected its axons later and did not invade the
pLLP, identifying it as follower. Arrowheads = photoconverted axons, arrows = pioneer axons. (L) Schematic
summary of photoconversions at 16 hpf. Cell location shows the region where it was photoconverted, and
color indicates if it became pioneer or follower. When the delaminating tip cell was labeled by
photoconversion, it became a pioneer 4 of 4 times. When distal cells were labeled, 7 of 9 became followers,
and the remaining cells became pioneers. (M-0) Stills from a timeseries of two individually labeled neurons
between 17 and 25 hpf. (L) The neurons, located anterodorsally, appear spindle-shaped with early neurite
projections. (N) Their pioneer neurites localize within the pLLP. (O) Pioneer neurons extend their axons
with the primordium as it begins migrating. Pioneer neurites marked by arrowheads. Membrane =
cldnB:memgfp (green). (P-R) Stills from a timeseries of three individually labeled neurons beginning at 17
hpf. (P) The neurons appear more rounded when compared to pioneer precursors at this stage. (Q) Notably,
the neurites did not extend into the pLLP. (Q) At 22 hpf, the follower neuron cell bodies display spindle-like
morphology, but their neurites lag behind the migrating primordium. Follower neurites marked by
arrowheads. Membrane = cldnB:memgfp (green). For experiments shown in (M-R), we imaged 7 embryos
that contained 4 pioneers and 7 followers. All scale bars = 20 pum.

2.3.6 Downregulation of retinoic acid is required for proper pioneer axon
targeting

We next sought to examine molecular signals that regulate pioneer and follower
neuron differentiation. Because pioneer precursors appear to undergo a transitional state
where follower genes are downregulated, we searched for a pathway that was active in early
pLL progenitors but absent in pioneers. We noted that RA pathway member crabp1b191 and
known transcriptional targets of RA in other systems, hoxb5a, nr2f2, and zfhx3102.114-116 were
expressed in pLL progenitors between 14 and 22 hpf (Fig. 2-51,],0, and S2-7). Interestingly,
scRNA-seq also showed that the pathway continued to be active in followers, but not
pioneers, during axon extension stages (Fig. 2-51,],0). Thus, we asked whether hoxb5a, nr2f2,
and zfhx3 act downstream of RA signaling in the pLL neurons. To address this, we mosaically
overexpressed either constitutively-active RAR (caRAR-2A-EGFPCAAX, hereafter caRAR) or
dominant-negative RAR (dnRAR-2A-EGFPCAAX, hereafter dnRAR) constructs and evaluated
animals with individually labeled neurons for expression of these three genes at 30 hpf (Fig.
S2-8A-F). Modulation of RA signaling had no significant effect on nr2f2 or zfhx3 levels; in

contrast activation of RA increased and inhibition of RA decreased hoxb5a levels,
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respectively (Fig. S2-8G-]). These results show that hoxb5a is, and nr2f2 and zfhx3 are not,
RA targets in the pLL neurons.

Next, we asked whether RA signaling plays a role in pioneer neuron differentiation.
We used the same strategy to mosaically overexpress caRAR, dnRAR, or EGFP-CAAX control
and evaluated animals with individually labeled neurons for pLL axon targeting at 72 hpf as
a proxy for pioneer differentiation (Fig. 2-7A, B-G). Control neurons expressing EGFP-CAAX
projected randomly between L1 and terminal cluster NMs (Fig. 2-7H). When the RA pathway
was activated via caRAR expression, we observed a striking shift toward proximal
neuromasts (Fig. 2-7F,H), which are known to be targets of follower neurons+7.83.86, Notably,
none of these labeled neurons projected to the terminal cluster, targeted by pioneers. By
contrast, when RA signaling was repressed using dnRAR, the axons tended to innervate distal
NMs (Fig. 2-7H). This bias in axon targeting indicates that active RA signaling within pLL
neurons promotes innervation of follower targets. Further, the attenuation of RA signaling

biases neurons towards innervation of pioneer targets.
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terminals. (B-G) Representative confocal images of single labeled neurons in the pLLg and their targets
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following overexpression of EGFP (B,E), caRAR (C,F), or dnRAR (D,G). (H) Frequency of neuromast targeting
along zebrafish trunk by neurons labeled with EGFP, caRAR, or dnRAR. Difference in axon targeting assessed
by Chi-Square: EGFP vs.caRAR p = 0.0011; EGFP vs.dnRAR p = 0.0795; caRAR vs dnRAR p = 0.0001. All images
are lateral views with anterior to left. Scale bars=20 um. Schematic created with BioRender.com.

2.3.7 Retinoic acid negatively regulates ret and is critical for correct pioneer

neuron axon targeting

We next set out to identify a mechanism by which RA directs pLL axon targeting. Our
previous study showed that the neurotrophin factor receptor ret regulates pLL axon
extension. ret mutant embryos exhibit a nerve truncation phenotype, such that proximal
NMs are innervated normally but most terminal NMs are not*6. Accordingly, we explored
whether RA regulates ret expression in pLL neurons. Using the same strategy, we mosaically
overexpressed EGFP (control), caRAR, or dnRAR. We then fixed these embryos at 30 hpf and
performed FISH to measure levels of ret and hoxb5a (positive control) in EGFP-positive
neurons (Fig. 2-8A-E). As expected, hoxb5a became almost undetectable in neurons
expressing dnRAR. Conversely, RA activation by caRAR significantly increased expression of
hoxb5a (Fig. 2-8A-D). In EGFP expressing controls, we observed two groups of ret-expressing
cells: ret high and ret low, which are presumably pioneers and followers, respectively (Fig.
2-8E). However, neurons expressing caRAR had comparably lower levels of ret (Fig. 2-8B, E).
By contrast, neurons expressing dnRAR had high levels of ret (Fig. 2-8C,E). We next asked
whether RA regulates ret expression through Hoxb5a. To disrupt hoxb5a, we injected a
combination of three CRISPR guides targeting the hoxb5a locus (Fig. S2-9A). Oxford
Nanopore sequencing of the hoxb5a locus in the injected embryos revealed that the biallelic
knockdown frequency was 99.32% (individual guide frequency were 73, 93, and 82%; Fig.
S2-9A). We found that ret expression was significantly increased in hoxb5a crispants at 30
hpf (52-9B,C). Altogether, these results demonstrate that RA signaling, through Hoxb5a,

negatively regulates ret levels in pLL neurons.
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= p < 0.0001. (F) Schematic of mosaic labeling using coinjection of two constructs: caRAR-2A-EGFP and
mCherry (control) or caRAR-2A-EGFP and ret-mCherry driven by neurod1 promoter. Following injection,
embryos were screened at 72 hpf for the position of colabeled axon terminals. (G,H) Confocal image of the
neuron cell body (G) and its axon terminal (L1) labeled by caRAR and mCherry (H,H’). (L]J) Confocal image
of the neuron cell body (I) and its axon terminal (terminal NMs) labeled by caRAR and ret-mCherry (J,J’).
(K,L) Frequency of NM targeted by labeled neurons coexpressing either caRAR-2A-EGFP+mCherry (N=10
embryos) or caRAR-2A-EGFP+ret-mCherry (N=18 embryos): p = 0.0002, Chi-square test. One cell was labeled
in each embryo. All images are lateral views with anterior to the left. Scale bars = 20 um. Schematic created
with BioRender.com.

Previous studies have shown that RA and Fgf signaling pathways can antagonize each
other during development>1.63-66, To determine whether this interaction occurs in the pLL
during neuronal specification, we treated embryos with 50 uM SU5402, a well-characterized
Fgf receptor inhibitor133, between 10-18 or 10-22 hpf and assayed for ret and hoxb5a
expression (Fig. S2-10A-D). While hoxb5a was unchanged, ret expression was increased at
18 hpf, but not at 22 hpf (Fig. S2-10E-H). Thus, while Fgf signaling regulates ret expression

during early stages of the pLL development, it appears to do so independently of RA.

Based on the axon targeting bias resulting from RA modulation (Fig. 2-7H) and the
corresponding change in ret expression, we asked whether ret acts downstream of RA to
direct pioneer axon targeting. To test this, we again used mosaic overexpression and
compared axon targeting of pLL neurons expressing caRAR and mCherry to neurons
expressing caRAR and ret-mCherry*® (Fig. 2-8F). In caRAR;mCherry neurons (Fig. 2-8K),
similarly to Figure 7 we observed a dramatic increase in neurons projecting toward proximal
targets (Fig. 2-8G,H,K) while none projected beyond NM L4. Overexpression of ret-mCherry
with caRAR was able to repress this effect: these neurons exhibited a strong bias toward
distal targets (Fig. 2-8l],L). These experiments demonstrate a mechanism by which RA
regulates innervation by peripheral pLL axons: high levels of RA will direct axons towards
proximal sensory organs, whereas low RA signaling directs pioneer axons to the distal

sensory organs via neurotrophin factor receptor ret.
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2.4: Discussion

2.4.1 Summary and significance of study

The term “pioneer neurones” was first coined in 1976% Since then, they have been
the subject of intense research investigating their unique characteristics. While their
morphological and behavioral characteristics have been described in many model systems,
molecular analysis has proved challenging without genetic tools that specifically label
pioneers. Accordingly, whether pioneers constitute a molecularly distinct cell type from
followers has not been shown. Here, we demonstrate that pioneers exhibit a unique
transcriptional profile that underlies at least some of their behavioral differences,
specifically, navigation through tissue towards targets distinct from followers. We also find
that pioneers in the pLL are derived from a pool of neural progenitors with a follower ground
state. Finally, we show that modulation of RA signaling biases axonal innervation of pLL
neurons toward pioneer or follower targets. Collectively, this evidence argues that pLL

pioneer and follower neurons are indeed two molecularly distinct cell types.

2.4.2 Do neurons retain molecular differences over time, once wiring is

complete?

Are pLL pioneers and followers just transient neuron identities or do their differences
persist beyond developmental stages? Our analyses are focused on dynamics between 14
(early neurogenesis) and 48 hpf (end of axon extension). However, previous studies have
identified that there are two physiologically distinct circuits in the pLL: one innervating
distal, tail neuromasts (large caliber, fast conducting pioneers), and the other of more
proximal neuromasts (innervated by small caliber, slower conducting followers)*>47. This is
not surprising, as there are mechanical differences in hydrodynamics between the tail,
where water flow is quicker, and the trunk, where flow is steadier34. Accordingly, patch
clamp recordings show a higher level of stimulation is required in distal neuromasts (L5)
compared to proximal neuromasts (L2)%5. In conclusion, the molecular differences we

identified, combined with the distinct physiological properties of circuits wired by pioneers
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and followers, support the idea that pLL pioneers and followers maintain distinct identities

even after mature circuits are established.

2.4.3 Is pioneer cell state molecularly distinct in other systems?

We were able to transcriptionally separate pioneers and followers in the pLL into
distinct subpopulations. In the case where pioneer neurons set up the initial innervation
pattern, is there evidence in other systems where pioneers and followers are discrete cell
types? One argument in favor of this idea is the result of ablation or replacement experiments
demonstrating that followers cannot compensate for pioneer function in other systems. In
the pLL, ret mutant embryos exhibit a nerve truncation phenotype, as the nerve fails to
extend to the tail and stops about 2/3 down the trunk#. Our studies further explored this
dependency on pioneer axon tracts using ablation (Fig. 2-3). Similar results have been shown
in the Drosophila ventral nerve cord!3, zebrafish spinal neurons!7.18, and mammals20.21, Thus,
multiple studies lend credence to the notion that pioneer neurons have a unique molecular

profile that equips them with abilities absent from follower neurons.

2.4.4 A model of pioneer versus follower lineage specification

We found that the transcriptional profile of pLL progenitors is strikingly similar to
followers: progenitors express a number of genes that then persist in follower neurons
during later stages. The pioneer transcriptional state, on the other hand, appears to be
acquired after pLL neuroblasts exit the pLL placode. Live imaging experiments showed that
the cells fated to become pioneers tend to delaminate from the pLL placode first and take on
a spindle-like morphology. These cells also migrated anterodorsally and were the first to
exhibit detectable expression of pioneer marker ntrk1. The reproducible, spatiotemporal
specification of pioneers suggests that instructive signaling occurs early during
neurogenesis. However, it is unknown whether it is an external signal which induces pioneer
fate, or an inhibitory signal produced within the placode that pioneer precursors escape

while delaminating.

One potential candidate is FGF. For example, the neural tube secretes Fgf ligands that

are required for the induction of the otic and epibranchial placodes at this stage?23.52.135, Given
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the close proximity and direction of pioneer precursor migration, it is possible they are
exposed to these ligands. In support of this idea, we found that Fgf signaling is required for
expression of ret, an early pioneer marker (Fig. S2-10). Additionally, Fgf and RA form
countervailing gradients to regulate neural®313¢ and pLL induction51. Of note is how RA and
Fgf work in antagonism to control the timing of neural crest cell emigration in chick
embryos136. In the pLL however, it is unknown which molecular cues drive delamination of
neuroblasts. At the stages we investigated a countervailing Fgf/RA gradient does not seem
to be evident, as the inhibition of the Fgf signaling does not affect hoxb5a, a transcriptional

target of RA.

One signal that is known to specify pLL placodal progenitors into either sensory or
neural cell types is Delta/Notch signaling>0. Delta is a well-established neurogenic driver>3-
55, and is required for motility of pioneer growth cones in Drosophila'3’. Considering this,
Delta/Notch, or another cell-cell signaling system, could play a similar role in specifying
pioneer vs. follower states during pLL progenitor differentiation. Future studies will uncover

signaling mechanisms that specify pioneers from the progenitor ground state.

2.4.5 Regulation of the pLL pioneer development by retinoic acid

During development, RA is required for the formation of the pLL placode>l. Thus, it is
not surprising that RA is active in all pLL progenitors. We also found that RA downregulation
in maturing pLL neuroblasts is necessary for expression of at least one pioneer gene, ret,
which in turn is required for proper innervation of pioneer targets (Fig. 2-8). Finally, we
show that Hoxb5a regulates ret expression (Fig. S2-9). This raises the question of the specific
mechanism leading to downregulation of RA in pioneers. RA is produced in paraxial
mesoderm during somitogenesis and acts as a morphogen that controls A-P embryonic
patterning, primarily through the transcriptional regulation of Hox genes>1.93113114138
However, the population of neural pLL progenitors is relatively small (~20 cells) at the time
of differentiation; thus, it seems unlikely that a substantive morphogenic gradient could be
established in such a confined space. In addition, neural progenitors within the pLL placode
are not uniformly distributed (Fig. 2-4A)>9, further complicating the notion of morphogen-

based instruction in this system. Instead, pioneer precursors may actively downregulate
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intracellular RA signaling as they exit the pLL placode. The mechanisms by which RA is
differentially regulated in pLL pioneer and follower neurons will be addressed in further

studies.

Downregulation of RA in pioneers is necessary for expression of ret, which is required
for correct pLL axon targeting. Our analysis points to Ret as a crucial factor in axon targeting
as overexpression of Ret is sufficient to suppress RA activation in pLL neurons. This implies
that, in this particular context, Retis an RA target. However, it remains unclear to what extent
RA might more broadly command pioneer cell fate. RA typically has many transcriptional
targets, so it is plausible that pioneer genes are expressed as a result of RA pathway
downregulation. One interesting alternative is potential regulation of pioneer genes by Ret
via retrograde signaling. It is known that in pLL axons, activated Ret is retrogradely
transported to the cell body where it can regulate gene transcription#®. It is possible, then,
that Ret initiates a larger signaling cascade to activate a pioneer-specific genetic program.
More studies are necessary to uncover whether pioneer cell fate is regulated by modulation
of RA. Alternatively, inhibition of RA may specifically regulate pioneer axon targeting, but

not specification.

It appears that the function of RA signaling - to inhibit axon extension - is conserved
in at least one other developmental context!%0, The first neurons to innervate pharyngeal
arches, vagal pioneer motor neurons, are regulated by a receding wave of RA such that the
timing of expression of key axon outgrowth genes is initiated by RA declinel90. In this system,
RA recession resulted in vagal neuron expression of neurotrophin receptor met, and this
allowed the axons to respond to target-derived hepatocyte growth factor (HGF) in the
pharyngeal arches. Thus, in both systems, neural precursors require the downregulation of

RA to commence axon outgrowth.

2.4.6 Summary

In summary, our work reveals that pLL pioneer neurons display significant
molecular differences from followers. Importantly, general features of pioneer behavior and
morphology are conserved in many systems. However, whether this translates into

transcriptional similarity between pioneers in different systems is yet to be determined. Our
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work provides a foundation for identification of mechanisms by which pioneer neurons arise
and how they are specified, which will be relevant to our understanding of pioneer neurons
more broadly. Finally, identifying the main factors regulating pioneer neuron fate
commitment and differentiation will create a list of novel therapeutic targets for studies

involving nerve injury and regeneration.

2.5: Materials & Methods

Zebrafish husbandry

Adult zebrafish were maintained at 28.5°C. Embryos were derived from natural matings and
were raised in embryo medium either at 28.5°C (standard) or at 23.5°C (to slow
development). Embryo staging was conducted according to Kimmel et al. 199540, Strains
utilized in this study were *AB, TgBac(neurod1:EGFP)"1, Tg(-8.0 cldnB:LY-EGFP)#106,
TgBAC(ret:EGFP)P1331,  Tg(rpz5:mRuby)27, TgBAC(neurod1l:mCherry)n2s, Tg(prim:lyn2-
mCherry)88, Tg(neurod1:kaede)"'2%, and Tg(hsp70l:mCherry, en.silll)"30,

Embryo dissociation

TgBac(neurod1:EGFP)+ embryos were dissociated following a modified version of the
protocol from the Lawson lab13°. Briefly, 1.2 mL of protease solution (0.25% trypsin, 1 mM
EDTA, pH 8.0 in PBS) was warmed in a 24-well plate at 28.5°C for 10 minutes. Embryos were
then transferred to a 1.5 mL tube and embryo media was removed and replaced with 100 pL
of calcium-free Ringer’s solution. Embryos were deyolked by gentle pipetting 15 times with
ap200, then transferred to the warmed protease solution. 27 pL of Collagenase P/HBSS (160
U/mL) was added followed by pipette mixing. Plates were incubated at 28.5°C for 15 minutes
with trituration every 5 minutes by pipetting with a p1000. Digestion was halted by addition
of 6x stop solution (30% calf serum, 6 mM CaCl2, PBS), and the entire volume of each well
was transferred to a microcentrifuge tube. Tubes were spun at 350xg at 4°C for 5 minutes
and supernatant was removed. The cell pellet was rinsed by adding 1 mL chilled suspension
solution (1% FBS, 0.8 mM CacClz, 50 U/mL penicillin, 0.05 mg/mL streptomycin, DMEM) and
then spun down again at 350 x g at 4°C for 5 minutes; the by supernatant was removed. The
cell pellet was resuspended in 700 pL suspension solution and passed through a 40 um cell
strainer into a FACs tube on ice.

FACS

Dissociated cells were sorted based on EGFP fluorescence and gated such that only the top
2% brightest EGFP+ cells were collected for analysis for 30 and 48 hpf. Cells were sorted into
50 pL 1xPBS/2% BSA in siliconized microcentrifuge tubes. Cell suspension was spun down
at 350xg at 4°C for 5 minutes and the top 50 pL was removed to enrich for viable cells.
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Single Cell RNA Sequencing

EGFP+ cells from, on average, 50-100 disassociated embryos were used to create scRNA-seq
libraries with Single Cell 3’ v3 (10X Genomics) gene expression Kits following manufacturer
protocol. Samples were sequenced targeting approximately 50,000 reads per cell. Reads
were aligned to GRCz11 using CellRanger version 3.1.0 (10X Genomics). Primary analysis
was performed using Seurat v4149, Cell containing droplets were filtered to retain cells with:
1,000-75,000 UMI counts, 1,900-9,000 unique genes expressed and less than 5%
mitochondrial RNA. After quality control filtering we retained: 1759 for 14 hpf; 10136 for 18
hpf dataset; 1378 for 22 hpf dataset; 9242 for two 30 hpf datasets; and 2107 for 48 hpf data
setl41l All data sets, except one 30 hpf data set142, were generated for this study. The pLL
cluster was identified by expression of known lateral line markers but lack of marker
expression of other cranial sensory neurons (irxI1a and phox2bb) as well as anterior lateral
line neurons (alcama). This cluster was then subjected to unsupervised subclustering, which
yielded two distinct subpopulations, one of which was enriched for ret. Trajectory inference
of pLL neurons from 14, 18, 22, 30, and 48 hpf was performed using Monocle3 with default
parameters, with trajectory inference rooted (originating) at the pLL cell with the highest
normalized neurog1 expression.

Differential Expression and Gene Signature Analysis

To identify genes enriched in pioneer or follower pLL neuron subpopulations, we performed
a differential expression (DE) analysis with a minimum difference threshold set at 25% and
FDR < 5% using the ‘FindMarkers’ function of Seurat. This analysis yielded 101 genes: 60
expressed in pioneers, 41 in followers. Genes with an average logz fold change >0.7 and p
value below 1x10-> were considered enriched (20 enriched pioneer genes, and 7 enriched
follower genes).

We used the Seurat function AddModuleScore to create gene signatures for pioneers and
followers. Each signature consisted of top 20 DE gene at 30 hpf (sorted by logz fold change).
The range of expression of each signature was normalized from 0 to 1 in order to visualize
both signatures on the same scale (Fig. 2-5M,N).

Fluorescent in situ hybridization (RNAscope®)

Embryos were fixed in BT-fix (4% paraformaldehyde, 0.15 mM CaClz, 4% sucrose, 0.1 M PO4
buffer, pH=7.3) overnight at 4°C. Fixative was removed by 3x5 min washes in 1x PBS/0.01%
Tween, followed by dehydration in a methanol series. Samples were then stored at -20°C
until processing. We used the RNAscope® Multiplex Fluorescent Detection Kit v2 following
the Gross-Thebing et al. 2014 protocol with several modifications. Methanol was removed
and samples were rehydrated with 1x PBS - 0.01% Tween. The protease step was omitted
for samples younger than 48 hpf. Samples were then incubated overnight at 40°C in 1:50
diluted probes. Probes were recovered and samples were washed in 0.2X SSCT (0.2X SSC and
0.01% Tween). Samples were then incubated at 40°C according to the protocol in Amp1-3
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using 2 drops of solution. After amplification, 2 drops of HRP matching the probe channel
were added and samples were again incubated at 40°C. Opal dyes 405, 570, and 650 were
used at 1:1000. Washes between Amp solutions, HRP solutions, and Opal dyes were
conducted using 1 quick rinse and 2x 15-minute 0.2x SSCT rinses. HRP blocker was used
between channels prior to conjugating new HRPs but omitted before antibody incubation.

Immunofluorescence

Fluorescent in situ hybridization was followed by immunostaining to enhance transgene
fluorescence. Samples underwent postfixation in 4% PFA for 10 minutes at RT. Fixative was
then removed and embryos were washed in PBST (1x PBS/0.1% Triton) 3x 20 minutes and
blocked with 2% goat serum for 1 hour at room temperature. Primary antibody (anti-EGFP
1:1000, anti-mCherry 1:1000) antibody was added and samples were incubated overnight
at 4°C with agitation. The primary antibody was removed with 3x 15-minute washes with
PBST and secondary antibody (goat anti-chick 1:1000) was added and incubated for 4 hours
at 4°C with agitation. Secondary antibody was washed out the same way, and DAPI (1:10000)
was added to the final wash for samples requiring DNA labeling.

Confocal Microscopy

For live imaging, embryos were mounted in 1.5% low melting point agarose in embryo
medium on a glass cover slip and submersed in embryo media containing 0.02% tricaine. To
observe neurogenesis and axon extension, embryos were imaged beginning at 14 hpf at 5-8
min intervals. All live imaging was performed on an upright Fluoview3000 confocal
microscope (Olympus) using a 40x NA=1.25 silicon oil immersion lens. Images through the
pLLg or axon terminals were acquired with sufficient depth to capture the entire structure
and all labeled cells/growth cones present. For fixed imaging, embryos were mounted in
50% glycerol/1x PBS and imaged on an upright Fluoview3000 confocal microscope
(Olympus) using a 60x NA=1.4 oil immersion lens.

Two-photon Ablation

We followed the published two-photon axotomy protocol!2! with adaptations for whole cell
ablations. Embryos were mounted at ~ 22 hpf, at the onset of pLL axon extension. on the
multiphoton Zeiss LSM 980 NLO microscope. Small, circular ROIs were drawn within each
EGFP+ neuron and ablation was conducted using 80% laser intensity for 1 microsecond at
910 nm. A brief 10 frame timelapse was taken, spanning the ablation, to ensure cells were
ablated. After ablation, embryos were placed on the FV3000 confocal microscope and
recorded for timelapse imaging over a period of ~10 hours.

Plasmid Construction

The following plasmids were generated for this study: 5kb-neurod1:ret51-mcherry*6, 5kb-
neurod1:EGFP-CAAX, 5kb-neurodl:caRAR-EGFP-CAAX, 5kb-neurodl:dnRAR-EGFP-CAAX,
hsp70l:EGFP-CAAX;en.sill,  hsp70l:caRAR-EGFP-CAAX;en.sill, and  hsp70l:dnRAR-EGFP-
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CAAX;en.sill using the Tol2kit143. Plasmids containing middle entry dnRAR and caRAR were
generously provided by the Waxman and Moens labs100.144, Final constructs contained a 5’
5kb-neurod1l promotor4> or a 3’ sill enhancer!4¢, Plasmids were purified using Qiagen
column purification. Five to ten picograms of DNA constructs were injected into embryo
cytoplasm at the 1- or 2-cell stage.

Creation of transgenic zebrafish lines

Tg(rpz5:mRuby)"27 was created by knocking-in mRuby into the rpz5 locus using a previously
described mBait knock-in strategyl4’. Briefly, dualTRE mBait-hsp70:mRuby plasmid was
injected into fertilized embryos together with the gRNA/Cas9 RNPs. gRNA targeted the start
site at the rpz5 locus: AGCGGTGTTTATGACTTCCG. The mBait-mRuby3 construct was a gift
from the Raible lab which modified the original Shin-Ichi Higashijima’s mBait-GFP construct.
They generated the mBait-mRuby3 construct via Gibson assembly (Gibson et al., 2009),
replacing the GFP protein sequence for the coding sequence of mRuby3. Following injections,
fish were raised to adulthood and screened for transgene integration via fluorescence.
Positive F1 progeny were validated via FISH using probes against mRuby and the
endogenous rpz5 message (Fig. S2-4A).

TgBAC(neurod1:mCherry)28, Tg(neurod1:kaede)™2° and Tg(hsp70l:mCherry, en.silll)"30 were
created by injecting 5 pg of each plasmid into fertilized embryos together with 35 pg of
codon-optimized transposasel43. Following injections, FO fish were raised to adulthood and
their progeny were screened for transgene integration via fluorescence. Positive F1 adults
were outcrossed one additional time before performing experiments to minimize use of
animals with multiple integrations.

Kaede photoconversion

Photoconversions were performed using 40x NA=1.25 silicon oil lens. Once the target cell
was identified, a 20x zoom was used to magnify a region within the cell. An approximately 1
um circular ROI was created and the region was scanned 20x with the 405 nm laser at 10%
laser power. N = 7 embryos imaged, 11 neurons analyzed (4 pioneers, 7 followers).

Pioneer and Follower mosaic analysis
Mosaic embryos were generated by injection of 5 pg of neurod1:mcherry at the one-cell stage.
Embryos were sorted for 1-3 pLL neurons labeled.

Quantification of axon targeting

To mosaically label neurons, embryos were injected with 10 pg of plasmid. They were then
screened at 48 hpf to identify embryos with 1-2 fluorescent cells. To track axon targeting,
embryos were imaged between 48 and 72 hpf. Axons were followed from cell body and
neuromast target was recorded. Only embryos containing 1 to 2 neurons were used for the
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analysis, as additional labeled neurons impose greater difficulty in resolving single axon
targets.

Quantification of fluorescent in situ hybridization

Confocal stacks of the pLLg were exported to Imaris (Bitplane) and analyzed using the Cells
function. Neuron cell borders were constructed using the green channel from cldnB:memgfp.
Accuracy of total cell numbers was achieved by counterstaining with DAPI such that every
cell contained exactly one nucleus. The amplification from RNAscope results in detectable
individual mRNA transcripts, so fluorescent puncta were totaled in each cell. mRNA counts
were separated into distinct bins from 0 to 10, with 10 as the maximum and 0 as the
minimum observed in each embryo, for standardization across embryos.

CRISPR-Cas9-mediated knockout

Three guides targeting exon 1 of hoxb5a were designed and injected as described
previously48, 5 pg of this triplex was injected into cldnB:memgfp embryos at the one-cell
stage. At 30 hpf EGFP+ embryos were screened and either fixed for RNAscope or dissociated
for hoxb5a sequencing to assess indel frequency. All guides were efficient in producing
indels: guide 1, 73%; guide 2, 93%; guide 3, 82% (Fig. S2-9A).

SU5402 drug treatment

Embryos were incubated in 50 uM SU5402 in 1% DMSO between 10-18 or 10-22 hpf.
Followed incubation embryos were fixed in 4% PFA in 1x PBS and processed for in situ
hybridization as described above.

Statistical Analysis

Statistics were performed in either GraphPad or in RStudio. Kendall Tau beta correlation
coefficient was used to compare pairwise expression of candidate genes by FISH. When
comparing expression of ret and hoxb5a after overexpression of RAR constructs, Kruskal-
Wallis test with Dunn’s multiple comparisons was used as the data were nonparametric.
When performing a single comparison between two groups for nonparametric data, such as
ret expression after hoxb5a CRISPR knockout, and ret/hoxb5a expression after SU5402
treatment, Mann-Whitney test was used.
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2.7: Supplemental Information

2.7.1 Movie Legends

Movie 1: pLL nerve extension in control embryos. neurod1:mCherry; ret:EGFP embryo
was mounted at 23 hpf for timelapse imaging. The pLL nerve reaches axial level 8 by 28 hpf.
EGFP+ neurons are marked by yellow arrowheads, whereas pLL axon terminals are marked

by white arrowhead. Z-stacks were collected every 5 min.

Movie 2: Complete pioneer neurons ablation blocks pLL nerve extension.
neurod1:mCherry; ret:EGFP embryo was mounted at 23 hpf for timelapse imaging after all
ret:EGFP-positive neurons were ablated. Note that the pLL nerve does not enter the trunk
over 10 hours of imaging, although axon terminals remain dynamic. Axon terminals are

marked by white arrowhead. Z-stacks were collected every 5 min.

Movie 3: pLL nerve extension is comparable to controls when pioneers are partially
ablated. neurod1:mCherry; ret:EGFP embryo was mounted at 23 hpf for timelapse imaging
after 3 out 5 EGFP+ neurons were ablated. Note the pLL axon terminals extended to axial
level 7 by 28 hpf, comparable to the control. EGFP+ neurons are marked by yellow
arrowheads, whereas pLL axon terminals are marked by white arrowhead. Z-stacks were

collected every 5 min.

Movie 4: Separation of neural and sensory progenitors during formation of the pLL
system. Time lapse confocal movie from the embryo carrying cldnB:memgfp and
Tg(neurod:Zebrabow) transgenes between 15 and 28 hpf (6.6 min intervals). The pLL and
otic placodes as well neural tube are outlined. Note that Tg(neurod:Zebrabow)-positive cells
begin delaminating from the placode at ~16 hpf. Sensory and neural progenitors fully

separate by 18 hpf. Scale bar = 20 pm.

Movie 5: Cell that delaminates first from the pLL placode differentiates into pioneer
neurons. Time lapse confocal movie from the embryo carrying neurodl:kaede and
cldnB:memgfp transgenes between 15 and 25 hpf at 6 min intervals. Kaede was

photoconverted just before the beginning of timelapse in the leading, delaminating cell. Note
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that the labeled neurite comigrates with the pLLP (marked by cldnB:memgfp) identifying it

as the pioneer axon.

Movie 6: Late delaminating cells differentiate into follower neurons. Time lapse
confocal projections of neurod1:kaede;cldnB:memGFP expressing cells in a wild-type embryo.
Embryo was imaged between 15 and 25 hpf at 6 min intervals. Kaede was photoconverted
in the cell located a few cell diameters proximal to leading cells, just before the beginning of
timelapse. Note that the labeled neurite lags behind the pLLP, identifying it as the follower

axon.

Movie 7: Pioneer neuron precursors exhibit distinct morphology and behavior.
Pioneer neurons were transiently labeled using neurod5kb:mCherry plasmid injections into
cldnB:memgfp embryos and imaged between 17 and 27 hpf at 6.6 min intervals. Note that
two mCherry positive pioneer neurons precursors have a spindle-like shape at the movie

onset (17 hpf) and their peripheral neurites (arrows) contact the pLL sensory cells.

Movie 8: Follower neuron precursor morphology is distinct from pioneer morphology.
Follower neurons were transiently labeled using neurod5kb:mCherry plasmid injections into
cldnB:memgfp embryos and imaged between 17 and 27 hpf at 6 min intervals. Note that in
contrast to pioneers, follower precursors initially have multipolar morphology. Their

neurites (arrows) do not invade the sensory domain.
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2.7.2 Supplemental Figures
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52-1 scRNA-seq identifies many neural populations. (A) Expression of genes used to identify individual

clusters from 30 hpf UMAP plot shown in (B).
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sz-2Volcano plot of differentially expressed genes in ret+ and ret- neurons. (A) Differentially expressed
genes in ret+ and ret- neurons. Dotted line set at p = 0.05. Average log2 fold change set at 0.07.
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um. (C, D) Quantification of images represented by A and B.
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Sz-4rpz5:mRuby transgene expression largely recapitulates endogenous rpz5. (A) Representative single
confocal Z-slice of the pLL ganglion from the Tg(rpz5:mRuby)"27; cldn:memgfp transgenic animal at 36 hpf
was assessed for expression of rpz5 (yellow) and mRuby (magenta). Scale bar = 10 pm. (B) Venn diagram
demonstrating a majority (91%) of mRuby-positive cells also express the endogenous transcript. (C)
Quantification of number of mRuby+ pioneer cell bodies per ganglion.
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Figuresz-5
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ret:EGFP22; sox10:mcherry88149 transgenic animal was assessed at 22 hpf for expression of ret (magenta)
and presence of EGFP (green). Scale bar = 10 pm. (B) Dotplot showing EGFP intensity against binned ret
puncta counts per cell. (C) Venn diagram showing the proportion of overlap between EGFP+ cells and ret

expressing cells.
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526 CellChat identifies candidate ligand-receptor (L-R) pairs that signal between pioneers and
followers. (A) UMAP clustering of pioneer and follower neurons (pLLg), as well as leaders, followers, and
proliferating lateral line primordium cells (pLLP). Markers of pioneers (ret), followers (nr2f2), and pLLP
(hmx2). (B) CellChat output showing a heatmap of incoming and outgoing signaling pathways present in cell
populations shown in (A). (C) Bubble plot illustrating specific L-R pairs proposed to signal from pioneers to
followers. (D) Heatmaps illustrating top three L-R pairs that signal between pioneers and followers. (E)
Proposed contribution of specific L-R for each pathway shown in (D).
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Figures2-7
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52-7 pLL progenitors and neurons express RA pathway target genes. (A) Violin plot showing expression
of RA pathway member crabp1b as well as known transcriptional targets of RA hoxb5a, nr2f2, and zfhx3 at

14,18, 22, 30, and 48 hpfin pLL progenitors as well pLL neurons.
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Figuresz-8
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528 hoxb5, but not nr2f2 and zfhx3, are RA target genes in pLL neurons. (A-F) Representative images of
EGFP, caRAR, or dnRAR-expressing neurons in the pLLg. Fluorescent in situ hybridization of hoxb5, nr2f2,
and zfhx3. Dotted outline = labeled neuron. Scale bar = 10 pm. (G-J) Quantified expression levels of hoxb5a,
nr2f2, and zfhx3 after injection of RAR constructs. Nonparametric Kruskal-Wallis test values are shown on

plots: * =p < 0.05; ** = p < 0.001; *** =p < 0.0005; **** = p < 0.0001.
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Figuresz-9
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529 hoxb5a CRISPR knockdown shows upregulation of ret in the early pLL. (A) Sequencing results
showing the region of exon1 in hoxb5a targeted by three guides. >99% of sequences have one or more indels
in exon 1. Black arrowheads = cut sites. (B, C) Representative single Z-slice confocal images through the pLL
ganglion in cldnB:memgfp (green) embryos showing ret expression in uninjected control embryos (A) and
hoxb5a crispants (B). (D) Quantification of ret expression from B and C (n = 11 embryos each).
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Figuresz-10
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2.7.3 Key Resources Table

REAGENT or RESOURCE

 SOURCE

IDENTIFIER

Antibodies

Chicken anti-GFP 1:1000

Aves Labs Inc.

Cat# GFP-1020

Rat anti-mCherry 1:1000

Thermo Fisher Scientific

Cat# M11217

Alexa Fluor 488 Goat anti-chicken Invitrogen Cat# A-11039
Alexa Fluor 568 Goat anti-rat IgG | Invitrogen Cat# A-11077
(H+L)
Bacterial and virus strains
Commercial TOP10 Cells Thermo Fisher Scientific Cat# C404003
Chemicals, peptides, and recombinant proteins
DAPI ThermoFisher Cat# D1306
N-phenylthiourea Sigma Cat# P7629
Low Melt Agarose GenePure Cat# E-3216-125
Tricaine Pentair = Aquatic Eco | Cat# TRS1

Systems
Opal dye 405 Biotium Cat# 96057
Opal dye 570 Akoya Biosciences Cat# FP1488001KT
Opal dye 650 Akoya Biosciences Cat# FP1496001KT
SU5402 Selleck Chemicals Cat# S7667
Critical commercial assays
QIAprep Spin Miniprep Kit Qiagen Cat# 27104

RNAscope Multiplex Fluorescent V2
Assay

Advanced Cell Diagnostics

Cat# 323100

Deposited data

Single cell RNA-sequencing data This paper GSE266312,
GSE264323

Single cell RNA-sequencing data 142 GSE240721

Experimental models: Organisms/strains

TgBAC(neurod1:EGFP)"'1;
neurod1:EGFP

87

Tg(-8.0  cldnB:LY-EGFP) 106 88 ZDB-TGCONSTRCT-
cldnB:memgfp 070117-15
Tg(rpz5:mRuby)ni27 This paper N/A
TgBAC(ret:EGFP)b1331; 122 ZDB-TGCONSTRCT-
ret-gfp 240415-3
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TgBAC(neurod1:mCherry)ni2s; This paper N/A

neurod1:mCherry

Tg(prim:lyn2-mCherry); 88 ZDB-TGCONSTRCT-

sox10:mcherry 190412-1

Tg(neurod:Zebrabow) 4131 124,125 ZDB-TGCONSTRCT-
130816-1

Tg(5kbneurod1:kaede)"'2%; This paper N/A

neurodl:kaede

Tg(hsp70l:mCherry, en.silll)n30 This paper N/A

Oligonucleotides

ret Probe Advanced Cell Diagnostics | Cat# 579531

gfrala Probe Advanced Cell Diagnostics | Cat# 1053251

ntrkl Probe

Advanced Cell Diagnostics

Cat# 1036971

ntrk3a Probe

Advanced Cell Diagnostics

Cat# 873841

ngfra Probe Advanced Cell Diagnostics | Cat# 1036991
hoxb5a Probe Advanced Cell Diagnostics | Cat# 1036951
zhx3 Probe Advanced Cell Diagnostics | Cat# 1036961
nr2f2 Probe Advanced Cell Diagnostics | Cat# 881151
rpz5 Probe Advanced Cell Diagnostics | Cat# 1053231
tpst1 Probe Advanced Cell Diagnostics | Cat# 1053291
Recombinant DNA

Plasmid: 5kb-neurod1:ret51-mCherry | 46 N/A

Plasmid: 10XUAS:EGFP-CAAX-pA 100,144 N/A

Plasmid: 10XUAS:DN-hRARa-2A-EGFP- | 100,144 N/A

CAAX-pA

Plasmid: 10XUAS: CA-RARga-2A-EGFP- | 100,144 N/A

CAAX-pA

Plasmid: neurod1:EGFP-CAAX This paper N/A

Plasmid: neurod1:mcherry This paper N/A

Plasmid: neurod:caRAR-2A-EGFP- | This paper N/A

CAAX

Plasmid: neurod:dnRAR-2A-EGFP- | This paper N/A

CAAX

Plasmid: SILL-EGFP-CAAX This paper N/A

Plasmid: SILL-caRAR-2A-EGFP-CAAX This paper N/A

Plasmid: SILL-dnRAR-2A-EGFP-CAAX | This paper N/A

Software and algorithms
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BioRender

http://www.biorend
er.com

Custom R Code This Paper https://github.com/a
nechipor/Nechiporuk
-lab-
Woodruff et_al 2024

GraphPad Prism GraphPad http://www.graphpa
d.com

Imaris Bitplane http://imaris.oxinst.c
om

Image] 150 N/A

[llustrator Adobe http://adobe.com

RStudio/R Posit https://posit.co/
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Chapter 3: Conclusions and Future Directions

Section 3.1: Summary

This body of work presents several key findings that deepen our understanding of
pioneer neurons. First, computational analysis via scRNA-seq in Chapter 2 provides strong
evidence that pioneers and followers in the pLL are transcriptionally distinct populations—
a conclusion rigorously supported through in situ hybridization and the generation of the
rpz5:mRuby knock-in line. Additionally, two-photon ablations confirm that pLL follower
neurons rely on pioneers for proper axon extension. We also discovered that delamination
timing controls pioneer cell fate: using timelapse microscopy, we observed that the first
neurons to delaminate become pioneers. By probing our early scRNA-seq datasets, we found
that progenitor default is a follower state, suggesting that pioneer identity is an acquired
state dependent on RA downregulation. Furthermore, we demonstrated that RA signaling
regulates both pioneer axon extension and at least one key pioneer marker, ret. Lastly, we
show that the pLL pioneer gene signature is shared by other neuronal populations across the
nervous system, indicating that pioneer neurons may be similarly distinct in other systems
beyond the pLL. These findings open several avenues for future research, particularly in
uncovering the broader functional significance of pioneer neurons and the mechanisms that

regulate their identity across different contexts.

Section 3.2: Future Directions

The findings presented in Chapter 2 are both illuminating and compelling, yet, as
with many scientific inquiries, they provoke novel ideas and unveil intriguing unanswered
questions. These discoveries lay the groundwork for future studies aimed at further
dissecting the molecular mechanisms that distinguish pioneers from followers. Further,
addressing these open questions will not only improve our understanding of neural
development, but may also have broader implications for regeneration and repair in the

nervous system.
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Subsection 3.2.1: An updated view of pLL delamination

Chapter 1 discussed a commonly held hypothesis regarding placodal delamination
in relation to neural crest delamination: that while there are parallels between the two, there
are also key distinctions??. It is certainly tempting to compare neural crest delamination to
placodal delamination, but our studies necessitate a more nuanced model. For example, in
Chapter 2, we provide evidence that supports a hypothesized distinction between the neural
crest and placodal delamination. During pLL placodal delamination, neuroblasts adopted a
multipolar morphology just before migration, similar to neural crest cells, followed by a
transition to a bipolar neuron morphology (Fig. 3-1). This contrasts with studies in mouse
and chick, which report that delaminating placodal neuroblasts immediately take on a
bipolar morphology after delamination?834, Qur studies also revealed a key similarity—one
that challenges the prevailing view. In the pLL, this dynamic shift in cell shape was not
accompanied by expression of canonical EMT markers such as Snail, Twist, or RhoB243233 3
finding that is consistent with previous reports. Considering that these EMT markers are
known to drive expression of enzymes that degrade the basement membrane3?, this suggests
that delaminating pLL neuroblasts do not actively break down ECM. Instead, they may
migrate opportunistically, after the ECM is broken down separately. If that is the case, what
facilitates the breach in the ECM that allows neuroblasts to escape from the placode? One
possibility is that a local stream of neural crest cells plays this role ahead of delaminating
cells in a coordinated manner. There is evidence that the postotic stream of cranial neural
crest migrates adjacent to the pLL placode?>151.152 Additionally, there is a significant
interaction and cooperation between the aLL and cranial neural crest, such that aLL
neuromasts are disrupted in the absence of neural crest!>3. Still, the extent of the pLL
interaction with local neural crest stream, including the cellular and molecular bases of this
cross talk is not known. Investigating these potential interactions could provide insight into

how the local environment influences pLL delamination and migration.
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Figure3-1

Posterior Lateral Line Placode

Delamination l ; :

Migration l * Neuroblasts

Yol
Aggregation l Q%gg

Y,

3-1Schematic of early pLL development. Cells from the thickened pLL placodal epithelium delaminate and
transition to multipolar forms. They take on bipolar morphology as they migrate together and form a
ganglion (pLLg). Pioneers extend their axons outward first, while follower axons extend later, trailing
behind. Adapted from Breau and Schneider-Maunoury 2015%°.

Subsection 3.2.2: Notch signaling in neuron specification

Our results show that each pLLg contains an average of five pioneers among 20-30
pLL progenitors. How is this subset of progenitors selected to become pioneers? During this

stage of pLL development, robust mechanisms must be in place to specify pioneers within
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the larger pool of progenitors. As discussed in Chapter 2, the pLL employs Notch signaling
early on to direct placodal progenitors toward either a neural or sensory fate>0. Could this
same system be repurposed to further partition neurons into pioneers vs followers? The
Notch/Jagged signaling pathway is known to mediate lateral inhibition, patterning a
relatively uniform population into distinct cell types arranged in a mosaic pattern!>4. Among
our findings, one particular result supports this hypothesis in the pLL: in Chapter 2, Figure
S2, we show that jag1b is enriched in pioneers. Temporal trajectory analysis revealed that
this gene is upregulated in pLL progenitors, maintained in pioneers, and downregulated in
followers—one of very few genes to follow this expression pattern. This trend will need to
be validated in vivo by fluorescent in situ hybridization. To further study this pathway, notch
depletion and notch gain-of-function experiments could be used to interrogate the effects on
specification. For example, using a heat shock inducible transgenic that drives notch
intracellular domain would allow temporal control over Notch overexpression>0. CRISPRs
targeting specific notch receptors or jag1b could be used for gene depletion studies. These
experiments will test whether the lateral inhibition through notch and jag1b specify pioneers

and followers.

Subsection 3.2.3: Retinoic acid downregulation in pioneers

Another unresolved question from Chapter 2 concerns the mechanism of RA
downregulation in pLL neuroblasts. Our findings show that RA levels decrease in neuroblasts
slated for differentiation into pioneers, a process necessary for ret expression and distal axon
targeting. However, the exact mechanism of RA attenuation remains unknown. One
possibility is that an external factor, such as Fgf, antagonizes RA signaling in the pLL, as has
been demonstrated during earlier stages of pLL placode induction>l. Another possibility is
internal deregulation via metabolic enzymes like CYP2699.155, However, scRNA-seq data did
not reveal particularly high or differential expression of cyp26. Interestingly, Chapter 2
results indicate that a known RA shuttle, the cellular retinoic acid binding protein,
crapb1b101156 is expressed in followers. This protein is thought to transport intracellular RA
for degradation?®8157.158 but whether this activity actively drives differentiation into pioneers
or simply modulates RA signal intensity remains unclear. Finally, the spatial transition of
neuroblasts as they migrate from the pLL placode to anterodorsal positions may expose
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them to a new signaling environment, separate from the placodal epithelium. This movement
could remove neuroblasts from a region of active RA signaling, potentially subjecting them
to different regulatory cues. Determining how these spatial and molecular cues converge to

regulate RA downregulation in pioneers will be crucial for uncovering their specification.

Subsection 3.2.4: Interactions between pioneers and followers

As discussed, pioneers play a crucial role in establishing initial pathways of the
nervous system, but the function of these pathways is dependent on interactions with
followers that reinforce and extend along these routes. Ablation experiments from Chapter
2 demonstrated followers’ dependency on pioneer axons, so what regulates interaction
between the two? Pioneers and followers of the pLL must coordinate ganglion aggregation,
axon extension timing, and differential target innervation, so how do they communicate to
one another? We probed our scRNA-seq dataset for clues directing us toward potential
pioneer-follower signaling networks using CellChat (Fig. S2-6). L1 and NCAM signaling were
highly expressed by both pioneers and followers; these factors are known to regulate
neuronal migration, axon guidance, and axon fasciculation in the pLL!>%160, These findings
suggest that cell adhesion molecules play a role in these processes in the pLL. It could
indicate that pioneers and followers express these molecules to form axon bundles and
maintain fasciculation. Alternatively, if they are also expressed during delamination, they
could be used to guide neuroblast migration after delamination. We also observed strong
expression of additional cell-cell contact molecules, including N-cadherins. Given the close
association between pioneers and followers, and their axons, cadherins may primarily
mediate cell-cell contact or axon fasciculation. However, previous studies suggest a more
profound role for N-cadherins, such as those involved in epithelial detachment and
neuroblast differentiation161-164, The precise role of these molecules in coordinating pLL
development remains unclear, but their presence suggests a strong dependence on cell-cell

communication.
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Subsection 3.2.5: Tool development for early stages of pioneer and follow

development

Chapter 2 utilized two key genetic zebrafish models that allowed specific labeling of
pioneers, rpz5:mRuby and ret:EGFP. As discussed, specific genetic markers of pioneers were
the first step that enabled us to study them in depth. However, the contribution of follower
neurons to the nervous system should not be understated. Hence, tools to reliably label
followers specifically would further benefit studying neurodevelopment. Similarly to
rpz5:mRuby, knock in remains a viable strategy to generate a follower-specific label. The fact
that pioneers stem from a follower-like progenitor state does complicate this endeavor,
however, as fluorescent proteins often have long half-lives165166, One possible approach is to
use shorter-lived, destabilized fluorescent variants, which are better suited for molecular
labeling in cells, such as pLL progenitors, that experience dynamic gene expression167.168,
Another promising alternative is the use of genetically encoded affinity reagents (GEARSs), a
modular tagging system that bypasses the need for proper protein folding!¢°. This approach
enables fluorescent detection based on in vivo binding of small variable chain fragments to
their protein targets. Because these fragments are expressed ubiquitously, rather than by a
gene of interest’s promotor, fluorescence is detectable almost instantly once the tagged
protein is present. Applying GEARs to the pLL could provide a reliable method both for early
labeling of pioneers and for specifically labeling followers while avoiding labeling nascent
pioneers. It would allow us to visualize proteins associated with pioneer and follower
identity as soon as they are translated. We would likely utilize an early pioneer marker, such
as ntrkl1, to label pioneers at early timepoints. The benefits of creating these tools extends
beyond helping to differentiate pioneers from followers—it would also provide deeper
insight into the molecular transitions that shape neuronal identity. With more precise
labeling strategies, future studies could dig deeper into what sets these populations apart

and how they contribute to neural development and regeneration.

Subsection 3.2.6: Pioneers in the context of regeneration

Perhaps the most clinically relevant reason to study pioneer neurons is their potential

to inform strategies for axon regeneration after injury. In organisms and tissues with
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regenerative capacity, the mechanisms driving regeneration frequently mirror those of
development170171, Lijkewise, the question of why mammals exhibit such a stark deficit in
regenerative ability has fueled extensive researchl72-174, These efforts have uncovered
fascinating regenerative mechanisms in a variety of models, including flatworms,
amphibians, zebrafish, and neonatal mice. In mammals, it is generally accepted that CNS
axons lack the ability to regenerate after injury75-177, and albeit to a lesser extent, PNS axons
as well. However, nervous system repair is a complex, multi-faceted challenge, with
outcomes depending heavily on the nature of the injury. Injured neurons face a range of
obstacles, including re-epithelialization, glial scarring, immune responses, and—most
relevant to pioneer neurons—axon regrowth173174177-179 For successful regeneration,
damaged neural tissue requires two key elements: an injury environment conducive to
repair and neurons capable of axon regrowth. Both are defining features of the
developmental context in which pioneer axons extend. By studying the molecular regulation
of pioneer neurons, we can begin to pinpoint which signals or capacities are missing in

mature, adult neurons, bringing us closer to unlocking their regenerative potential.

Together, these proposed directions will expand our knowledge of how pioneer
neurons emerge and function. Addressing the unanswered questions regarding molecular
specification, environmental interactions, and regenerative potential will provide further

insight into fundamental mechanisms within neurodevelopment and their clinical relevance.
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