nature communications

Article

https://doi.org/10.1038/s41467-025-61044-1

Axon targeting of transcriptionally distinct
pioneer neurons is regulated by retinoic acid

signaling

Received: 9 July 2024

Accepted: 11 June 2025

Published online: 01 July 2025

M Check for updates

Benjamin M. Woodruff®", Lauren N. Miller', Nicholas L. Calistri®?2,
Jacqueline R. McVay ®", Laura M. Heiser ®2 & Alex V. Nechiporuk®"

During nervous system development, pioneer neurons (pioneers) extend their
axons toward 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 transcriptionally 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 demonstrated 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 pioneers and followers and implicates RA signaling in
fidelity of pioneer axonal targeting.

The nervous system is an extensive and complex network of neural
connections, many of which are established during embryonic devel-
opment. Pioneer neurons (hereafter, pioneers) exhibit the remarkable
ability to navigate through developing tissue and build the initial
scaffold of the nervous system'?. Pioneers were first discovered about
50 years ago as a class of neurons that extend their axons into non-
innervated tissue, enabling 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 ablated” ™.

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® ™. This
definition has endured to the present day as pioneers are still largely
described by morphology and behavior'*". However, recent evi-
dence from our work, and from others’, shows at least 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’®. 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, Ret’. Finally, manipula-
tion of Jun kinase (JNK) activity in the Drosophila ventral nerve cord
selectively 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, we took advantage of the
zebrafish posterior lateral line (pLL) as a model system*'®, The pLL is a
mechanosensory system in aquatic vertebrates that detects water
movement and regulates swimming behaviors such as schooling,
predator and prey detection, and maintenance of rheotaxis'™.
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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 pla-
code, a thickening of the embryonic ectoderm, that forms shortly
after the end of gastrulation (10 — 14 h post fertilization or hpf)*
(Fig. 1A). At 22 hpf, pLL neurons initiate axon extension caudally
from a cranial ganglion (Fig. 1B). Between 3-6 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* (Fig. 1C). As the pLLP migrates, it deposits 5 to 6
cell clusters at regular intervals as well as a terminal cluster, which
differentiate into 2 to 3 NMs*"?, By the end of primordium migra-
tion, pioneer axons reach the end of the tail and selectively innervate
distal NMs. (Fig. 1D). Follower axons begin extension after pioneers,
co-fasciculate with pioneer axons, and selectively innervate prox-
imal NMs"'>?*?_ Besides distinct targets, pLL pioneers also have
larger cell bodies and more elaborate axon growth cones than
followers>”"2,

Components of the pLL are easily visualized by transgenic
reporter lines such as TgBAC(neurod1:EGFP)™ (referred to as neuro-
dlegfp) which labels neurons®®, and Tg(-8.0cldnB:LY-EGFP)*1%
(referred to as cldnB:memgfp)* 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 ana-
lysis and follow up studies to define the function of genes required for
pioneer axon growth and function.

Previous studies have 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 neurod’**°. By 18 hpf, the pLL pla-
code separates into committed sensory and neural progenitors®. One
of the signals required for the initial formation of the pLL placode is
retinoic acid (RA)*. RA is a small lipophilic molecule that acts as a
morphogen to regulate gene expression and cellular
differentiation®%, Upon cellular uptake, RA is translocated to the
nucleus where it binds nuclear receptors, RAR and RXR, to activate
transcription®**.. Some RA signaling pathway components are also
crucial mediators of RA signaling. For example, cellular retinoic acid-
binding protein 1b (Crabplb) binds intracellular RA to modulate signal
intensity****. RA signaling is also a well-established direct regulator of
hox gene family members, including hoxb5a***°. RA has been well
studied in many systems, including neurodevelopment; however,
whether the RA signaling network remains active through neurogen-
esis 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
single-cell RNA-sequencing (scRNA-seq), we found that pioneers
exhibit a transcriptional profile distinct from followers, including
differential expression of neurotrophin receptors and components
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 the pioneer state is acquired. 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. Ablation of pLL pioneer neurons revealed that they are
required for follower axon extension in the pLL, further under-
scoring their essential role in axon guidance. We also show that the
RA pathway is initially active in all pLL progenitors and is subse-
quently downregulated specifically in pioneers. This, in turn, is
required for the expression of neurotrophic factor receptor Ret,
which directs targeting of pioneer axons to distal sensory organs.
We propose that a unique molecular program underlies the dis-
tinctive behavioral characteristics of pioneer neurons.

Results

scRNA-seq identifies two distinct populations of neurons within
the pLL

We previously showed that pLL pioneers, in addition to having distinct
morphology and target innervation, are enriched with the neuro-
trophic factor receptor Ret’. Based on these observations, we hypo-
thesized that pLL pioneers are transcriptionally 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 neurodl:egfp
embryos (Fig. 1E), as this transgene marks both CNS and PNS neurons
including the pLL?. Fortuitously, the transgene is expressed at higher
levels in cranial ganglia at 30 hpf, including the pLL**; thus, we FAC
sorted the top 2% brightest EGFP-expressing cells. This approach
yielded 9242 cells, most of which were neurons, as well as some neu-
rodI-expressing pancreas cells® (Fig. 1F and Fig. S1B), represented in
30 clusters. Using known tissue-specific markers, we identified each
cell population (Fig. S1A). We identified the pLL by expression of
known LL markers, such as ret’, stmn2a®, bmper”, and rspo2>
(Fig. 1G-J), and exclusion of markers of other cranial sensory popula-
tions, such as irxIa®* (otic) and phox2bb> (epibranchial) (Fig. S1A), as
well as anterior LL marker alcama®.

We then performed unsupervised subclustering of pLL cells which
yielded two distinct subpopulations (Fig. 1K), one of which was highly
enriched for ret (Fig. 1L, P). 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; Supplementary Table 1). Some examples of genes with the
highest log, fold change in either the ret+ or ret- populations are
gfrala, ntrkl, and rpz5, or ntrk3a, nr2f2, and zfhx3, respectively.
(Fig. 1L-O and Fig. S2). The DE genes included several neurotrophin
receptors: ret, gfrala, and ntrkI were upregulated in ret+ cells, whereas
ntrk3a was upregulated in ret- cells (Fig. 1P). In addition, we found that
the RA pathway member crapbib and known transcriptional targets of
RA in other systems (hoxbSa, nr2f2, and zfhx3) were upregulated in the
ret- population***>*-°°_ 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 suggest that the ret+ cells
are pioneers, whereas the ret- cells are followers.

Pioneer and follower neurons are transcriptionally distinct
Next, we validated our sequencing data expression profiles. We per-
formed whole-mount fluorescent in situ hybridization (FISH) using
RNAscope®®2, We used the cldnB:memgfp transgenic as it labels cell
membranes in the pLL ganglion?®®® which allows identification of
individual neurons for signal quantification (Fig. 2A, B). We probed for
genes differentially expressed in the ret+ and ret- clusters in pairwise
combinations (Fig. 2C-E). We found that genes in each cluster had high
correlation coefficients amongst each other, indicating expression
within the same neurons (Fig. 2F, G, and I, Fig. S3A, B). By contrast,
comparing gene expression between ret+ and ret- clusters displayed
low correlation coefficients, (Fig. 2H, I, Fig. S3C, D), indicative of
mutually exclusive expression. These data validate our scRNA-seq
findings that ret+ and ret- cells express distinct gene sets.

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
rpzS locus using the mBait strategy®’. We chose rpzS because it is the
most specific and highly enriched gene within the ret+ subpopulation
(Fig. 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. S4A, B), indicating that the transgene
faithfully recapitulates endogenous expression of rpz5. As shown in
Fig. 2J, mRuby marks a subset of pLL neurons during axon outgrowth
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Fig. 1| scRNA-sequencing identifies two transcriptionally distinct populations
of pLL neurons. A-D Schematic of pLL development. A At 14 hpf, the posterior
lateral line placode contains both neural and sensory progenitors. B At 22 hpf, the
pLLP begins migrating and pioneer axons are already embedded within it. C At
30 hpf, the pLLP and pioneer axons reach halfway down the trunk. D At 48 hpf,
the pLLP and lateral line pioneer axons have reached the end of tail. Abbreviations:
pLLg - pLL ganglion; L1 - L5 are lateral trunk NMs; Ter - terminal cluster of NMs.
Created in BioRender. Lab, N. (2025) https://BioRender.com/vij5z6b. E neurodl: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 pm.
F UMAP of all 30 hpf, 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 sub-
populations 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.
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(40 hpf). pLL neuron cell bodies that target distal neuromasts (i.e., pio-
neer neurons) localize dorsally in the pLLg after 30 hpf*'>; we observed
that mRuby+ cells occupied dorsal positions at 40 hpf. Importantly,
mRuby consistently labeled the distal-most pioneer axons that comi-
grate within the pLLP during pLL nerve extension (Fig. 2K). We identified
between three and seven mRuby+ cells within the ganglion (Fig. S4C).
This is consistent with our previous observation demonstrating three to
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six pioneer growth cones within the migrating pLLP°. In summary, our
data demonstrate that pLL pioneer and follower neurons are tran-
scriptionally distinct during axon extension.

pLL pioneer neurons are required for follower axons’ extension
A typical behavioral characteristic of pioneer neurons is their
ability to guide followers. To determine whether this mechanism is
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Fig. 2 | Validation of scRNA-seq data identifies ret+ neurons as pioneers.

A Schematic of a 30 hpf embryo, a stage utilized for FISH. Membranes are labeled
by cldnB:memgfp transgene (green). Created in BioRender. Lab, N. (2025) https://
BioRender.com/mdz3df6. B 3D reconstruction of individual pLL neurons by Imaris
using membrane-tagged cldnB:memgfp fluorescence. Subsequently, binned fluor-
escent 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 rpzS, 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. Gene expression within the same pLL subcluster is strongly
correlated, whereas gene expression between different pLL subclusters is not.

I Heatmap shows pairwise Kendall tau-beta gene correlation coefficients based on
examining expression of gene pairs by FISH. Empty squares represent 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 (n = 6). K Confocal image of the migrating pLL pri-
mordium from the same animal shown in (J). Note the presence of mRuby-positive
axons embedded 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 um. All images scaled the same.

present in the pLL, we used a two-photon cell ablation strategy to
selectively remove pioneer neurons®. We utilized a transgenic line,
TgBAC(ret:EGFP)** (hereafter, ret:egfp), to visualize ret-expressing
pLL neurons at the onset of axon extension®® (Fig. 3A, B, Fig. S5A). At
this stage, two to five pLL neurons begin expressing the transgene. In
situ hybridization with the ret probe showed that the endogenous ret
expression correlated relatively well with ret:egfp (65% of EGFP+ were
also ret+), with the brightest EGFP+ cells being the strongest expres-
sers of ret (Fig. S5B, C). We ablated EGFP+ neurons between 22 and
23 hpf and tracked axon extension using the neurodi:mCherry trans-
gene for 5 to 10 h (Fig. 3A). In unablated controls, the pLL nerve
migrated an average of 6.7 somites (Fig. 3B, C, Supplementary Movie 1;
Table 1). In contrast, the 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. 3D, E, Supplementary Movie 2; Table 1). When only a
subset of ret:egfp+ neurons were ablated, the pLL nerve extended
comparably to controls, indicating that the ablation procedure itself
does not impair pLL nerve extension (Fig. 3F, G; Supplementary
Movie 3). It also showed that as few as two pioneer axons are sufficient
to support pLL nerve extension, a finding consistent with previous
pioneer ablation studies®’. These experiments demonstrate that pLL
pioneers are required for follower axon extension.

To identify potential pLL pioneer specific signals that guide fol-
lowers, we used the CellChat package to search for transmembrane
cell-to-cell communications networks®®. We used pLLP cells as a posi-
tive control (Fig. S6A), as several signaling networks between extend-
ing pLL neurons and pLLP, including Ret-Gdnf and Ntrk1-Ngf, have
been previously defined®®’°. Indeed, both receptor-ligand pairs were
identified by CellChat (Fig. S6A, B). Ncam, Cadm3, and teneurin-
latrophilin signaling had the highest communication probability of
signaling between pioneers and followers (Fig. S6B-E). Notably,
Cntnlb was the only pioneer-specific transmembrane molecule that
had a follower specific partner (Fig. S6B-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.

Follower-specific markers define pLL neuron ground state

To investigate the cellular events that drive the diversification of pLL
progenitors into pioneers and followers, we first performed live ima-
ging of pLL neurogenesis. We used the cldnB:memgfp transgene to
label pLL placodal cells and Tg(neurodl.Zebrabow)™"* to visualize pLL
progenitors undergoing neurogenesis. Consistent with a previous
report”, neural (neurodI+) and sensory progenitors (neurodI-) were
initially intermixed with the pLL placode at the onset of neurogenesis
at 15 hpf (Fig. 4A; Supplementary Movie 4). However, within a few
hours, neurodi+ cells delaminated from the pLL placode and migrated
anterodorsally, while sensory progenitors moved caudally to form the
pLL primordium (Fig. 4B, C). Concurrently, we observed extension of
the first few pioneer neurites within the forming pLLP (Fig. 4C, D).
Consistent with previous reports”’*, we did not observe cell divisions

among neurodI+ cells, corroborating the conclusion that neural pLL
progenitors are post-mitotic at this stage.

Live imaging revealed several distinct steps in pioneer and fol-
lower neuron differentiation, including the onset of neurogenesis (14-
15 hpf), separation from sensory progenitors (18 hpf), and initiation of
pioneer axon extension concurrent with pLL primordium migration
(22 hpf). Thus, we investigated pioneer and follower gene expression
dynamics during these critical stages using scRNA-seq. We also inclu-
ded a 48 hpf timepoint to assay whether gene expression differences
between pioneers and followers persist at the end of axon extension.
neurodl: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. 5A). Cranial ganglia, CNS and PNS, as well as
pancreas were annotated using markers in Fig. S1. Closely clustered
cells often reflect differentiation states within a particular lineage”.
Therefore, we subclustered cells closely associated with pLL neurons
(Fig. 5B). The presence of neurogI™*°’*”” (an early neurogenesis mar-
ker) and absence of snap25a’®’° (a differentiated neuron marker)
indicate that this population represents undifferentiated neural
progenitors’®*° (Fig. 5C, D). Trajectory inference applied to the scRNA-
seq profile of pLL neurons supported this finding® (Fig. SE). Con-
sistently, 14 and 18 hpf cells clustered within the progenitor popula-
tion, whereas differentiated clusters of pioneers and followers were
dominated by cells from 30 and 48 hpf (Fig. 5F).

To analyze expression dynamics during pLL neurogenesis, we
examined pioneer (rpz5 and ret) and follower (hoxbSa and zfhx3)
markers (Fig. 5G-J). Follower markers were expressed in most pLL
progenitors at 14, 18, and 22 hpf (Fig. 51, ). In contrast, pioneer markers
were largely absent at 14 hpf and were expressed by only a small subset
of cells at 18 and 22 hpf (Fig. 5G, H). Interestingly, we observed several
neurogl-positive progenitors at 30 hpf (Fig. 5F). These presumably
represent previously described, later-born neurons that innervate
secondary trunk NMs after 2 dpf”. 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. 5K, L),
potentially indicating a transitional state. To more broadly analyze
the expression of pioneer and follower genes at these early stages, we
generated pioneer and follower marker gene signatures (top 20
upregulated genes at 30 hpf in each population) using the AddMo-
duleScore function in Seurat. The follower gene signature was present
broadly in cells from early timepoints (Fig. 5SM), whereas the pioneer
gene signature was present only in a few 22 h cells at the end of the
differentiation trajectory (Fig. SN). Consistent with these observations,
follower gene expression was maintained at similar levels over time—
initially in progenitors and subsequently in followers—whereas pioneer
genes were upregulated during the later stages of neurogen-
esis (Fig. 50).

Finally, we observed that transcriptional differences between
pioneers and followers persisted at 48 hpf, after initial axon extension
had concluded (Fig. 5F). Altogether, these experiments showed that
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Fig. 3 | pLL pioneer neurons are required for follower axon extension.

A Schematic depicting ablation strategy. EGFP+ neurons were ablated between 22
and 23 hpf and then imaged live using confocal microscopy. Created in BioRender.
Lab, N. (2025) https://BioRender.com/vij5z6b. 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 three EGFP+ neurons. E Stills from timelapse recorded after complete ablation in
(D). F pLLg before and after ablation (F’) of three out of five 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 pm. All images
scaled the same.

follower-specific markers are expressed in early differentiating pLL
progenitors, defining the pLL ground state. They further suggest that
pioneers represent a later developmental state derived from follower
progenitors. Additionally, we concluded that pioneers and followers
maintain distinct transcriptional profiles through the completion of
pioneer axon extension.

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 (ntrki) and follower (nr2f2) genes at early
timepoints between 14 and 20 hpf (Fig. 6A-C). The cldnB:memgfp
transgene marks all pLL placode cell membranes, while the neu-
rodl:mCherry transgene marks pLL progenitors undergoing neuro-
genesis. Consistent with scRNA-seq, mCherry-positive neuroblasts
expressed nr2f2 but not ntrkl at the onset of neurogenesis (Fig. 6A).
Within the next 2 hours (15-17 hpf), we observed a few ntrki+/ nr2f2-
cells in the process of delamination from the placode (cells marked by

arrows in Fig. 6B, C). Simultaneously, several cells within the placode
coexpressed both ntrki and nr2f2 (cells marked by arrowheads in
Fig. 6B, C). Overall, 17.0% of cells coexpressed ntrkl and nr2f2 between
14 and 20 hpf (Fig. 6D), whereas at 30 hpf coexpression was rare,
at only 1.8% (Fig. 6E). These observations suggest that pioneer neuron
precursors delaminate first from the pLL placode after transitioning
from a follower ground state.

To observe this process in real time, we marked leading delami-
nating cells by photoconversion in the Tg(neurodl:Kaede)™ (here-
after, neurodl:kaede) transgenic line and followed these cells by live
imaging to visualize their axon terminals (Fig. 6F-H; Supplementary
Movie 5). After delaminating, these cells displayed a multipolar mor-
phology that changed to spindle-like, just prior to extending their
neurites. Marked cells consistently became pioneer neurons (n =4 of 4
cells; Fig. 6H). We next labeled cells within the more distal region of the
pLL placode. As evidenced by their axons lagging behind the pLLP
(Fig. 61-K; Supplementary Movie 6), most of these cells became fol-
lowers (n=7 of 9 cells; Fig. 6L).
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We also used an alternative method to visualize both differ-
entiating pioneer and follower precursors. One-cell stage
cldnB:memgfp embryos were injected with a neurod:mCherry con-
struct. Because the incorporation of plasmid during development is
stochastic, we screened for embryos with mosaic mCherry expression
in a small number of pLL cells to visualize cellular morphology and
behavior. Differentiating pLL neurons exhibited two distinct beha-
viors. One subset rapidly adopted a spindle-like morphology by 17-
18 hpf and extended a peripheral neurite that invaded the field of
differentiating sensory progenitors (Fig. 6M-0O; Supplementary
Movie 7). These neurites remained within the field of sensory pLL
progenitors, and long-term tracking of these neurons identified them
as pioneers (Fig. 60; Supplementary Movie 7). Interestingly, pioneer
precursors were positioned anterodorsally, consistent with our pre-
vious observation that these cells are the first to delaminate.

In contrast to pioneers, follower precursors maintained a dynamic
multipolar morphology until late stages of neurogenesis (Fig. 6P-R;
Supplementary Movie 8). At -20 hpf, they began extending their

Table 1| Ret+ pioneer neurons are required for the pLL nerve
extension

Embryo Condition Axial change (somites migra-
ted, 23-28 hpf)

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

n Complete 2

12 Complete 0

13 Partial (3 of 5) 5

14 Partial (6 of 7) 2

Means between nonablated controls and complete ablations are statistically significant:
p=0.0013 (one-tailed Mann-Whitney non-parametric test).

'~ - -~ “pLL placods

sensory
y-progenitors

Membrane

Fig. 4 | Live imaging defines cellular events during pLL morphogenesis.

A-D Stills from a timeseries (Supplementary Movie 4) visualizing formation of the
pLL system between 15 and 23 hpf. The pLL placode is marked by the cldnB:memgfp
transgene, while pLL progenitors undergoing neurogenesis are visualized by
Tg(neurodl: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

peripheral neurites; however, they never invaded the field of sensory
progenitors (Fig. 6P; Supplementary Movie 8). These cells were posi-
tioned posteroventral to pioneers and close to sensory progenitors,
presumably due to delaminating later than pioneers. Overall, these
data suggest that pioneer precursors first enter a transitional state,
followed by upregulation of ntrkI and delamination. During this pro-
cess, they initially display multipolar behavior, but then rapidly adopt
a bipolar morphology and extend their peripheral neurites well before
follower precursors do.

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
enter a transitional state in which 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 crabpib** and
known transcriptional targets of RA in other systems, hoxb5a, nr2f2, and
Zfhx3'>5%, were expressed in pLL progenitors between 14 and 22 hpf
(Fig. 51,J, O, and Fig. S7). Interestingly, scRNA-seq also revealed that the
pathway remained active in followers, but not in pioneers, during axon
extension stages (Fig. 51, J). 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 ani-
mals with individually labeled pLL neurons for expression of the three
genes at 30 hpf (Fig. SSA-F). Modulation of RA signaling had no sig-
nificant effect on nr2f2 or zfhx3 expression levels. In contrast, activation
of RA increased, and inhibition of RA decreased, hoxb5a expres-
sion levels (Fig. S8G-J). These results indicate that hoxb5a—but not nr2f2
or zfhx3—is an RA target in pLL neurons.

Next, we asked whether RA signaling plays a role in pioneer neu-
ron differentiation. Using the the same strategy, we mosaically over-
expressed 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. 7A, B-G). Control neu-
rons expressing EGFP-CAAX projected randomly between L1 and
terminal cluster NMs (Fig. 7H). Activation of the RA pathway via caRAR
expression caused a striking shift in axonal targeting toward proximal
neuromasts (Fig. 7F, H), which are known targets of follower
neurons™?**. Notably, none of these labeled neurons projected to the

s?parationt
KE:}'O progenitors

o

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 pm. All images scaled the same.
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terminal cluster, which is typically targeted by pioneers. In contrast,
repression of RA signaling using dnRAR caused axons to pre-
ferentially innervate distal NMs (Fig. 7H). This bias in axon targeting
indicates that active RA signaling within pLL neurons promotes
innervation of follower targets, while attenuation of RA signaling bia-
ses neurons toward innervation of pioneer targets.
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Retinoic acid negatively regulates ret and is critical for correct
pioneer neuron axon targeting

We next aimed to identify a mechanism by which RA directs pLL axon
targeting. Our previous study demonstrated that the neurotrophin
factor receptor ret regulates pLL axon extension. ret mutant embryos
exhibit a nerve truncation phenotype: proximal NMs are innervated
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Fig. 5 | Follower is a transcriptional ground state of pLL progenitors. A UMAP
plot of all cells derived from 14, 18, 22, 30, and 48 hpf neurodI:egfp embryos. Major
cell types are indicated. B UMAP of the pLL progenitors, pioneers, and followers.
C, D Feature plots showing neurogenesis marker, neurogl, and neural differentia-
tion marker, snap25b. E Trajectory inference plot showing the predicted differ-
entiation trajectory, consistent with the expression patterns of neurogenesis and
differentiation markers in (C, D). F UMAP plot of pLL progenitors, pioneers, and
followers grouped by timepoint. The pLL cell counts at each timepoint are as
follows: 14 hpf, 23 cells; 18 hpf, 167 cells; 22 hpf, 67 cells; 30 hpf, 340 cells; and 48
hpf, 50 cells. G, H Pioneer markers rpz5 and ret are predominantly expressed in
pioneers, but not in progenitors. I, J Follower markers hoxbSa and zfhx3 are

expressed in both progenitor and follower populations. K, L Feature plots showing
coexpression of pioneer (ret or ntrkI) and follower (zfhx3 or nr2f2) genes during
differentiation (14-22 hpf). Note that a subset of cells coexpress both pioneer and
follower markers at these stages (white cells): 25 cells co-express ret and zfhx3,
and 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. The follower gene
signature is present broadly at earlier stages, while the pioneer gene signature is
strongest in cells from 22 hpf. O 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 differ-
entiation stages.

normally but most terminal NMs are not>. Accordingly, we investigated
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 ret and hoxb5a (positive control) expression levels in EGFP-
positive neurons (Fig. 8A-E). As expected, hoxb5a became almost
undetectable in neurons expressing dnRAR. Conversely, RA activation
via caRAR significantly increased expression of hoxbSa (Fig. 8A-D). In
EGFP expressing controls, we observed two groups of ret-expressing
cells: ret high and ret low, presumably corresponding to pioneers and
followers, respectively (Fig. 8E). However, neurons expressing caRAR
showed comparably lower levels of ret (Fig. 8B, E), while neurons
expressing dnRAR exhibited elevated levels of ret (Fig. 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 hoxbSa locus (Fig. S9A). Oxford Nanopore
sequencing of the locus in the injected embryos (crispants) revealed
that the biallelic knockdown frequency was 99.32% (individual guide
frequencies were 73, 93, and 82%; Fig. S9A). We found that ret
expression was significantly increased in hoxbSa crispants at 30 hpf
(Fig. S9B-D). Altogether, these results demonstrate that RA signaling,
through Hoxb5a, negatively regulates ret levels in pLL neurons.

Previous studies have shown that RA and Fgf signaling pathways
can antagonize each other during development, including during pLL
placode induction®*>%, To determine whether this interaction occurs
in the pLL during neuronal specification, we treated embryos with
75 uM SU5402, a well-characterized Fgf receptor inhibitor®®, between
14-18 or 14-20 hpf and assayed for ret and hoxbSa expression
(Fig. SI0A-D). While hoxbSa was unchanged, ret expression was
increased at 18 hpf, but not at 20 hpf (Fig. SIOE-H). Thus, while Fgf
signaling regulates ret expression during initial stages of the pLL
development, it appears to do so independently of RA.

Based on the axon targeting bias resulting from RA modulation
(Fig. 7H) and the associated changes 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 those
expressing caRAR and ret-mCherry’ (Fig. 8F). As expected, we observed
a dramatic increase in neurons projecting toward proximal targets
among caRAR;mCherry positive neurons (Fig. 8G, H, and K) while none
projected beyond NM L4. Overexpression of ret-mCherry with caRAR
repressed this effect: these neurons exhibited a strong bias toward
distal targets (Fig. 8I, J, and L). These experiments demonstrate a
mechanism by which RA regulates innervation of peripheral pLL axons:
elevated levels of RA direct axons towards proximal sensory organs,
whereas low RA signaling directs pioneer axons to distal sensory
organs via the neurotrophin factor receptor ret.

Discussion

Summary and novelty of study

The term “pioneer neurones” was first coined in 1976'. Since then, they
have been the subject of extensive research investigating their unique
characteristics. While their morphological and behavioral properties

have been well described in many model systems, a comprehensive
molecular analysis has remained elusive due to the lack of genetic tools
to specifically label pioneers. As a result, although some differentially
expressed genes have occasionally been reported, it has remained
unclear whether pioneers constitute a molecularly distinct cell type
from followers. Here, using single-cell transcriptomics, we present the
first global transcriptional profile of pioneer and follower neurons,
revealing that pioneers possess a unique molecular signature that
underlies at least some of their distinct migratory and navigational
behaviors. We further demonstrate that pioneers arise from a neural
progenitor pool with a default follower identity, indicating that
the pioneer subtype is acquired later. In addition, we show that pLL
pioneers are essential for follower axon extension. Finally, our results
reveal that modulation of RA signaling biases axonal innervation of pLL
neurons toward either pioneer or follower targets. Collectively, this
evidence establishes that pioneers and followers are not merely
functional states but represent transcriptionally and functionally dis-
tinct neuronal subtypes.

A model of pioneer versus follower lineage specification

We found that the transcriptional profile of pLL progenitors is strik-
ingly 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; they initially exhibit a multipolar mor-
phology, which transitions to a spindle-like shape. These cells also
move anterodorsally and were the first to exhibit detectable expres-
sion of pioneer marker ntrki. The reproducible, spatiotemporal spe-
cification of pioneers suggests that instructive signaling occurs early
during neurogenesis. However, it remains unknown whether pioneer
fate is induced by an external signal or by the escape of an inhibitory
signal produced within the placode during delamination.

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®™®’®, Given the proximity and
direction of pioneer precursor migration, it is possible these cells are
exposed to Fgf ligands. In support of this idea, we found that Fgf
signaling is required for expression of ret, an early pioneer marker
(Fig. S10). Additionally, Fgf and RA form countervailing gradients to
regulate neural®®® and pLL induction®. However, this mechanism is
unlikely to be engaged during pLL neurogenesis, as inhibition of the
Fgf signaling did not affect hoxb5a, a transcriptional target of RA.
Future studies will uncover signaling mechanisms that induce pioneers
from the progenitor ground state.

Regulation of the pLL pioneer development by RA

During development, RA is required for the formation of the pLL
placode™. Thus, it is not surprising that RA is active in all pLL pro-
genitors. We also found that downregulation of RA signaling, as well as
its transcriptional target, hoxb5a, in maturing pLL neuroblasts is
necessary for the expression of at least one pioneer gene, ret. This, in
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turn, is required for proper innervation of pioneer targets. This raises  relatively small (-20 cells) at the time of differentiation; thus, it seems
the question of the specific mechanism leading to downregulation of  unlikely that a substantive morphogenic gradient could be established
RA in pioneers. RA is produced in paraxial mesoderm during somito-  within such a confined space. In addition, neural progenitors within the
genesis and acts as a morphogen controlling A-P embryonic pattern-  pLL placode are not uniformly distributed (Fig. 4A)*, further compli-

ing, primarily through the transcriptional

regulation of Hox cating the notion of morphogen-based instruction in this system.

genes®>**385% However, the population of neural pLL progenitors is Instead, pioneer precursors may actively downregulate intracellular
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Fig. 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 ntrkI and nr2f2
(two replicas; n =10 total animals). D, E Quantification of ntrkI and nr2f2 expression
between 14 and 20 hpf (D) or 30 hpf (E). Dashed red lines indicate cells that
coexpress both markers. Note the significant number of co-expressing cells at
14-20 hpf (51/300 cells: 17%) compared to 30 hpf (5/285 cells: 1.8%): p = <0.001, Chi-
Square test. F-H Stills from a time series using neurodl:kaede photoconversion at
16 hpf. F-H The first delaminating tip cell was photoconverted and tracked to
visualize its peripheral axon. Note that the axon projects into the pLLP. Arrow-
heads = photoconverted axons, arrows = pioneer axons. I-K A photoconversion of
a distal cell. Note the labeled axons lagging behind the pLLP. Arrowheads =

photoconverted axons, arrows = pioneer axons. L Schematic summary of photo-
conversions at 16 hpf. Cell location shows the region where it was photoconverted,
and color indicates whether it became pioneer or follower. Delaminating tip cells
became a pioneer 4 of 4 times. In labeled distal cells, 7 of 9 became followers, and 2
became pioneers. M-0 Stills from a timeseries of two individually labeled neurons
between 17 and 25 hpf. M Anterodorsal neurons appear spindle-shaped with early
neurite projections. N Their pioneer neurites localize within the pLLP. O Pioneer
neurons extend their axons with the primordium during migration. Pioneer neur-
ites marked by arrowheads. P-R Stills from a timeseries of three individually
labeled neurons beginning at 17 hpf. Note the absence of neurites in the pLLP
through the time series. Follower neurites marked by arrowheads. For experiments
shown in (M-R), we imaged 7 embryos that contained 4 pioneers and 7 followers.
Membrane = cldnB:memgfp (green). All scale bars =20 um. All images scaled

the same.

target

Neuron eﬁ;ressing
EGFP/caRAR/

Labeling pLL nerve dnRAR

Fig. 7 | Retinoic acid regulates pioneer neuron axon targeting. A Schematic of
mosaic labeling strategy. Tg(hsp70Ll:mCherry, en.sill)™° embryos were injected
with one of the following plasmids: SILL:EGFP-CAAX, SILL:caRAR-CAAX, or SILL:dn-
RAR-CAAX at the one-cell stage. Animals were grown to 3 days and assessed for the
presence of single EGFP-positive neurons in the pLL ganglion and the location of
EGFP-positive axon terminals. Created in BioRender. Lab, N. (2025) https://
BioRender.com/vij5z6b. B-G Representative confocal images of single labeled
neurons in the pLLg and their targets following overexpression of EGFP (B, E),

EGFP
n=234
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n=14
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Neuromast Target
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caRAR (C, F), or dnRAR (D, G). The following number of cells were examined in 3
independent experiments (1 cell/animal): EGFP - 34; caRAR - 31, and dnRAR - 14.
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 pum. All images scaled
the same.

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 future studies.

Our analysis revealed that Ret functions downstream of RA in
pLL axon targeting, as overexpression of Ret is sufficient to suppress
the effects of RA activation in pLL neurons. However, it remains
unclear to what extent RA might more broadly governs pioneer cell
fate. RA typically regulates many transcriptional targets, so it is
plausible that pioneer genes are expressed as a result of RA pathway
downregulation. One interesting alternative is the potential regula-
tion 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 broader 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. Alter-
natively, inhibition of RA may specifically regulate pioneer axon
targeting without affecting specification.

It appears that the function of RA signaling—to inhibit axon
extension—is conserved in at least one other developmental context*®.
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 decline®’. In
this system, RA reduction resulted in vagal neuron expression of
the neurotrophin receptor met, enabling 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 initiate axon outgrowth.
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Do pioneer and follower neurons retain molecular differences
over time, after the initial axon extension is complete?

Are pLL pioneers and followers merely transient neuronal identities, or
do their differences persist beyond developmental stages? Our ana-
lyses focused on the period between early neurogenesis (14 hpf) and
the end of axon extension (48 hpf), prior to activation of the pLL
circuit (72 hpf). Notably, previous studies have identified two

physiologically distinct circuits in the pLL: one innervating distal tail
NMs (large-caliber, fast-conducting pioneers), and the other inner-
vating more proximal NMs (innervated by small-caliber, slower-
conducting followers)'*". This is not surprising, as there are mechan-
ical differences in hydrodynamics between the tail, where water flow is
quicker, and the trunk, where flow is steadier’. Accordingly, patch
clamp recordings showed that a higher level of stimulation was
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Fig. 8 | Retinoic acid negatively regulates ret. A-C Representative single confocal
Z-slices of pLL ganglia expressing EGFP (A), caRAR (B), or dnRAR (C) in individual
cells (dashed outlines). Expression of ret (yellow) and hoxbSa (magenta) was
assessed by FISH. D, E Quantified expression levels of hoxb5a and ret after injection
of RAR constructs. We analyzed the following numbers of embryos from two
independent experiments: EGFP control: 21; caRAR: 15, dnRAR: 12. Each plot shows
minimum, Q1, median, Q3, and maximum. Nonparametric Kruskal-Wallis test
values are shown on plots: *p < 0.05; ***p < 0.0001. Exact p-values are as follows:
hoxbSa, GFP vs caRAR < 0.0001; GFP vs dnRAR = 0.0340; caRAR vs dnRAR <
0.0001; ret, GFP vs caRAR = 0.0135; GFP vs dnRAR = 0.1024; caRAR vs dnRAR <
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

neurodl promoter. Following injection, embryos were screened at 72 hpf for the
position of colabeled axon terminals. Created in BioRender. Lab, N. (2025) https://
BioRender.com/vij5z6b. G, H Confocal image of the neuron cell body (G) and its
axon terminal (L1) labeled by caRAR and mCherry (H,H’). 1, J Confocal image of the
neuron cell body (I) and its axon terminal (terminal NMs) labeled by caRAR and ret-
mcCherry (J,))). K, L Frequency of NM targeted by labeled neurons coexpressing
either caRAR-2A-EGFP+mCherry or caRAR-2A-EGFP + ret-mCherry: p = 0.0002, Chi-
square test. The following number of cells were examined in 2 independent
experiments (1 cell/animal): caRAR-2A-EGFP + mCherry - 10; caRAR - 10, and caRAR-
2A-EGFP + ret-mCherry - 18. All images are lateral views with anterior to the left.
Scale bars =20 pm. All images scaled the same.

required in the distal neuromast (L5) compared to the proximal neu-
romast (L2)'°. In conclusion, the molecular differences we identified,
combined with the distinct physiological properties of circuits formed
by pioneers and followers, support the idea that pLL pioneers and
followers maintain distinct identities even after mature circuits are
established.

Is pioneer cell state molecularly distinct in other systems?

We were able to transcriptionally distinguish pioneers and followers in
the pLL as distinct subpopulations. Is there evidence from other sys-
tems that pioneers and followers represent discrete cell types? One
argument supporting this idea comes from the result of ablation or
replacement experiments demonstrating that followers cannot com-
pensate for pioneer function in other systems. We showed that in the
pLL, pioneer ablation leads to a complete halt of nerve extension,
indicating that followers cannot compensate for pioneers in this sys-
tem. Similar results have been reported in the Drosophila ventral nerve
cord®, zebrafish spinal neurons®®?, and mammalian CNS****, Thus,
multiple studies lend credence to the notion that pioneer neurons
have a unique molecular profile that endows them with capabilities
absent in follower neurons.

In summary, our work reveals that pLL pioneer neurons exhibit
significant molecular differences compared to followers. Importantly,
key features of pioneer behavior and morphology are conserved
across multiple systems. However, whether this translates into tran-
scriptional similarity among pioneers across different systems is yet to
be determined. Our work provides a foundation for identifying the
mechanisms by which pioneer neurons arise and are specified, which
will enhance our broader understanding of pioneer neurons. Finally,
identifying the main factors regulating pioneer neuron fate commit-
ment and differentiation will generate a list of novel therapeutic tar-
gets for research on nerve injury and regeneration.

Methods

Oligo sequences and key reagents are summarized in Supplementary
Tables 2 and 3.

Animal husbandry

All experiments were approved by the Institutional Animal Care and
Use Committee at Oregon Health & Science University (Protocol
#TRO3_IPO0000495). 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.”2. Strains utilized in this study were *AB, TgBAC(neurod1:egfp)™,
Tg( - 8.0cldnB:LY-EGFPY¥%, TgBAC(ret:EGFP)*™, Tg(rpz5:mRuby)"?,
Tg(Skbneurodl:mCherry)"®, Tg(prim:lyn2-mCherry)®”’, Tg(neurodl:
kaede)"?, and Tg(hsp70l:mCherry, en.sill)™°.

Embryo dissociation
TgBAC(neurodl:egfp)+ embryos were dissociated following a modified
version of the protocol from the Lawson lab®. 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 min. Embryos were then
transferred to a 1.5mL 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 a p200, then transferred to
the warmed protease solution. 27 uL of Collagenase P/HBSS (160 U/
mL) was added followed by pipette mixing. Plates were incubated at
28.5 °C for 15min with trituration every 5min 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 350 x g at
4 °C for 5 min and supernatant was removed. The cell pellet was rinsed
by adding 1 mL chilled suspension solution (1% FBS, 0.8 mM CaCl,,
50 U/mL penicillin, 0.05 mg/mL streptomycin, DMEM) and then spun
down again at 350xg at 4 °C for 5min; the by supernatant was
removed. The cell pellet was resuspended in 700 pL suspension solu-
tion 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 uL 1XPBS/2% BSA in
siliconized microcentrifuge tubes. Cell suspension was spun down at
350 x g at 4 °C for 5 min and the top 50 uL was removed to enrich for
viable cells.

Single cell RNA sequencing

EGFP+ cells from 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 ~50,000 reads per cell. Reads were aligned to
GRCz11 using CellRanger version 3.1.0 (10X Genomics). Primary ana-
lysis was performed using Seurat v4°¢. Data were filtered to retain cells
with: 1,000-75,000 UMI counts, 1,900-9,000 unique genes expressed
and <5% mitochondrial RNA. After quality control filtering the number
of cells retained were: 1759 cells 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 set”. All data sets, except one 30 hpf data set®®, were gener-
ated 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 (irxIa 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 neurogl expression.

Differential expression and gene signature analysis

To identify genes enriched in pioneer or follower pLL neuron sub-
populations, differential expression (DE) analysis was performed with
a minimum difference threshold set at 25% and FDR <5% using the
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‘FindMarkers’ function of Seurat. This analysis yielded 101 genes: 60
expressed in pioneers, 41 in followers. Genes with an average log, fold
change > 0.7 and p-value below 1x107° were considered enriched (20
enriched pioneer genes, and 7 enriched follower genes).

The Seurat function AddModuleScore was used to create gene
signatures for pioneers and followers. Each signature consisted of top
20 DE gene at 30 hpf (sorted by log, fold change; Table S1). The range
of expression for each signature was normalized from O to 1in order to
visualize both signatures on the same scale (Fig. 5M, N).

Fluorescent in situ hybridization (RNAscope®)

Embryos were fixed in BT-fix (4% paraformaldehyde, 0.15 mM CaCl,,
4% sucrose, 0.1 M PO, buffer, pH =7.3) overnight at 4 °C. Fixative was
removed by 3 x5min washes in 1x PBS/0.01% Tween, followed by
dehydration in a methanol series. Samples were then stored at —20 °C
until processing. The RNAscope® Multiplex Fluorescent Detection Kit
v2 following the Gross-Thebing et al. 2014 protocol was used 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 over-
night 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
Amp]1-3 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 2 x 15 min 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 min at RT. Fixative was then removed and embryos were
washed in PBST (1x PBS/0.1% Triton) 3 x 20 min and blocked with 2%
goat serum for 1 h at room temperature. Primary antibody (anti-EGFP
1:1000 and anti-mCherry 1:1000) was added and samples were incu-
bated overnight at 4 °C with agitation. The primary antibody was
removed with 3 x15min washes with PBST and secondary antibody
(goat anti-chick or anti-rat 1:1000) was added and incubated for 4 h 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 Fluo-
view3000 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

The published two-photon axotomy protocol®® was followed with
adaptations for whole cell ablations. Embryos were mounted at -~
22 hpf, at the onset of pLL axon extension, on the multiphoton
ZeissLSM980NLOmicroscope. 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, for visual confirmation that cells were
ablated. After ablation, embryos were placed on the FV3000 confocal
microscope and recorded for timelapse imaging over a period of
5to10h.

Plasmid construction

The following plasmids were used or generated for this study: 5kb-
neurodI:retS1-mcherry’, Skb-neurodl:EGFP-CAAX, Skb-neurodl:caRAR-
EGFP-CAAX, 5kb-neurod1:dnRAR-EGFP-CAAX, hsp7OLEGFP-CAAX:en.sill,
hsp70l:caRAR-EGFP-CAAXen.sill, and hsp70l:dnRAR-EGFP-CAAXen.sill
using the Tol2kit®. Plasmids containing middle entry dnRAR and
caRAR were generously provided by the Waxman and Moens labs**°.
Final constructs contained a 5 Skb-neurodl promotor'® or a 3’ sill
enhancer'. 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(rpzS:mRuby)™” was created by knocking-in mRuby into the rpzS
locus using a previously published mBait knock-in strategy'®>. 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 pro-
geny were validated via FISH using probes against mRuby and the
endogenous rpz5 message (Fig. S4A).

Tg(neurodl:mCherry)"™, Tg(neurodl:kaede)"” and
Tg(hsp70l:mCherry, en.silll)"* were created by injecting 5 picograms of
each plasmid into fertilized embryos together with 35 picograms of
codon-optimized transposase’. 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 and mosaic analysis

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. We labeled one cell per embryo, imaging total of 13 embryos.
For mosaic analysis, embryos were generated by injection of 5 pico-
grams neurodI:mcherry plasmid at the one-cell stage. Embryos were
sorted for 1-3 labeled pLL neurons. We imaged 7 embryos that con-
tained 4 pioneers and 7 followers.

Hoxb5a CRISPR-mediated knock down

Three guides targeting exon 1 of hoxbSa were designed as described
according to published studies®%%. Five hundred picograms of
this triplex was injected into cldnB:memgfp embryos at the one-cell
stage. At 30 hpf, EGFP-positive embryos were either fixed and
processed for FISH or dissociated for DNA extraction and sequen-
cing to assess indel frequency. PCR amplified the region targeted by
all three guides and was sequenced through Premium PCR
Sequencing by Plasmidsaurus using Oxford Nanopore Technology
with custom analysis and annotation. All guides were efficient in
producing indels: guide 1, 73%; guide 2, 93%; guide 3, 82% (Fig. S9A).
Based on this, the estimated biallelic knockdown frequency
is ~99.32%.
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Quantification of axon targeting

To mosaically label neurons, embryos were injected with 10 picograms
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 bodies and
neuromast targets were recorded. Only embryos containing 1 to 2
neurons were used for the 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 con-
structed 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 0-10, with 10 as the maximum and O
as the minimum observed in each embryo, for standardization across
embryos.

SU5402 drug treatment

Embryos were incubated in 75 uM SU5402 in 1% DMSO between 14-18
or 14-20 hpf. Following 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 R-Studio. 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. Mann-Whitney test was used for single comparisons
between two groups of nonparametric data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNAseq datasets generated for this study have been deposited
in the Gene Expression Omnibus (GEO) database under accession
codes GSE266312 and GSE264323. One 30 hpf scRNA-seq dataset has
been published previously and is available under accession code
GSE240721%. Source data are provided with this paper.

Code availability
R-code used in this study is available on GitHub: https://github.com/
anechipor/Nechiporuk-lab-Woodruff _et_al 2024.
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