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intraspinal serotonergic neurons

Fushun Chen,1 Melina Köhler,1 Gokhan Cucun,1 Masanari Takamiya,1 Caghan Kizil,2,3 Mehmet Ilyas Cosacak,2,4

and Sepand Rastegar1,4,5,*

SUMMARY

Sox transcription factors are crucial for vertebrate nervous system development.
In zebrafish embryo, sox1 genes are expressed in neural progenitor cells and neu-
rons of ventral spinal cord. Our recent study revealed that the loss of sox1a and
sox1b function results in a significant decline of V2 subtype neurons (V2s). Using
single-cell RNA sequencing, we analyzed the transcriptome of sox1a lineage pro-
genitors and neurons in the zebrafish spinal cord at four time points during em-
bryonic development, employing the Tg(sox1a:eGFP) line. In addition to previ-
ously characterized sox1a-expressing neurons, we discovered the expression of
sox1a in late-developing intraspinal serotonergic neurons (ISNs). Developmental
trajectory analysis suggests that ISNs arise from lateral floor plate (LFP) progen-
itor cells. Pharmacological inhibition of the Notch signaling pathway revealed its
role in negatively regulating LFP progenitor cell differentiation into ISNs. Our
findings highlight the zebrafish LFP as a progenitor domain for ISNs, alongside
known Kolmer-Agduhr (KA) and V3 interneurons.

INTRODUCTION

Differential expression and combinatorial action of distinct transcription factors (TFs) play crucial roles dur-

ing embryonic development by establishing unique transcriptional expression programs that determine

tissue-specific cell fate.1,2 In the vertebrate spinal cord, the coordinated expression of TF combinations

in neural progenitor domains along the dorsoventral (DV) axis is triggered by dorsal and ventral antago-

nistic signals.3–5 This process leads to the generation of diverse postmitotic neurons at specific DV posi-

tions.6–8 For instance, in the ventral spinal cord, the concentration of the morphogen Sonic hedgehog

(Shh) released from the notochord and the medial floor plate specifies the development of motor neurons

(MNs) and ventral interneurons (IN).9,10 Close to the source of Shh, KA", and V3 interneurons are generated

from progenitor cells of the lateral floor plate (LFP).11–14 Subsequently, the MN, KA’, V2, V1, and V0 inter-

neurons are produced from the progenitor domains pMN, p2, p1, and p0, respectively.3,14–16 Additionally,

certain populations of neural progenitor cells in the spinal cord differentiate into distinct neuronal sub-

types.17 For example, in the mouse and zebrafish embryo, the p2 progenitor domain located one level

below p1 gives rise to V2 neurons. These neurons generate at least three different subtypes of V2 interneu-

rons, called V2a, V2b, and V2c (V2s in zebrafish).18–24

In a whole-mount in situ hybridization gene expression screen for TFs expressed in the zebrafish spinal

cord, we identified two orthologs of the mammalian sox1 gene.25 We found that these genes were ex-

pressed in the p2 progenitor domain, KA00 and KA’ interneurons, as well as in a subset of V2 interneurons

called V2s.19 Furthermore, a transgenic reporter line, sox1a:eGFP, exhibited specific expression patterns in

KA" neurons, KA’ neurons, and V2s interneurons in the zebrafish spinal cord.19

To gain further insights into the transcriptome of sox1a lineage neural progenitors and neurons, we em-

ployed single-cell RNA sequencing (scRNA-seq) at 1-, 2-, 3-, and 5-day post fertilization (dpf) during zebra-

fish spinal cord development. Our data not only confirmed the previously described expression patterns of

sox1a in p2, KA, and V2s interneurons but also revealed its presence in intraspinal serotonergic neu-

rons (ISNs).
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ISNs in zebrafish are characterized as fev- (also known as pet1) and tph2-positive neurons located ventrally

in the spinal cord. Unlike many other ventral spinal cord neurons that develop earlier, ISNs emerge after 2

dpf.26,27 They possess ovoid/round soma and extend a single process toward the dorsal and lateral regions

of the motor spine.26,28–30 Pharmacological and optogenetic studies have demonstrated that ISNs

contribute to the generation and modulation of locomotor activity, with serotonin released from ISNs

reducing spine-generated locomotor activity.26 Additionally, ISNs play a crucial role in axonal regrowth

and restoration of spinal cord function following injury.31–34 Despite these findings, the precise progenitor

cells responsible for generating ISNs and the gene regulatory networks governing their development and

specification remain incompletely understood in the zebrafish.

Considering the close proximity of the LFP and ISNs in the ventral spinal cord and the identification of the

LFP as a domain of neural progenitors giving rise to KA" and V311–14 interneurons, we embarked on inves-

tigating whether ISNs also originate from LFP progenitor cells using our scRNA-seq data. By reconstructing

the trajectory of LFP progenitor cells, ISN precursors (ISN-pre), and ISNs, we confirmed that ISNs originate

from the most ventral progenitor domain of the spinal cord, namely LFP. Furthermore, pharmacological

inhibition of the Notch signaling pathway between 2 and 3 dpf indicates that this pathway is required to

negatively regulate the development of LFP progenitor cells into ISN populations.

RESULTS

Besides KA and V2s interneurons, sox1a is also expressed in ISNs and multiple neural

progenitor populations in the zebrafish spinal cord

To obtain an exhaustive overview of all cell populations in the zebrafish spinal cord expressing the High-

Mobility Group Box sox1a gene and to analyze the temporal changes in the transcriptional profile of

different sox1a-positive neural progenitors and neuronal populations, the body (trunk and tail) of the trans-

genic sox1a:eGFP zebrafish line at 1, 2, 3, and 5 dpf was manually dissected, cells were dissociated and

sorted GFP-positive (GFP+) cells were subjected to scRNA-seq (Figure 1A). Unsupervised cell clustering

by Seurat35 on the integrated data from all four developmental stages revealed 25 and 40 unique cell clus-

ters using the resolutions 0.5 and 1.5, respectively (Figures 1B and S1A–S1E), and the characteristic

marker genes expressed in the major cell types are displayed by heatmap (Figure 1C). Since we used the

Tg(sox1a:eGFP) line to sort the spinal cord cells, we checked for co-expression of the gfp and sox1a genes

in each cluster and found that gfpmRNAwas highly expressed in sox1a-positive cells (Figure 1D), especially

in cells corresponding to the lateral line and neuronal/interneuronal progenitors (Figure 1D). This co-

expression of gfp and sox1a confirmed the enrichment of sox1a cells in the zebrafish spinal cord. In addition

to these cell populations, we identified other groups, including mesoderm, fin fold, hematopoietic system,

cardiomyocytes, fast skeletal muscle, and vascular cells (Figures 1B and 1C; Table S1). Themain objective of

our studywas to obtain a comprehensive overview of all neural progenitors and neurons expressing sox1a in

the zebrafish spinal cord. To achieve this, we excluded cell populations that did not belong to these two cat-

egories, as well as the lateral line cell cluster, which was not relevant to our study. The resulting single-cell

sequencing data were re-analyzed using only the dataset corresponding to the neural progenitor/inter-

neuron cell populations (Figures 2A, S2A, and S2B; Table S2). Using the remaining cell populations, we iden-

tified distinct cell clusters corresponding to various progenitor cells, such as LFP (nkx2.9+) and V2 precursor

(V2-pre; vsx1+ and foxn4+) (Figures 2A–2E). Additionally, we identified several neural progenitor groups of

cells (NPro) that expressedmarkers of proliferation (mki67), as well as neural progenitors (sox2 and sox19a),

but as we could not conclusively link them to a known progenitor domain of the spinal cord, these groups

were designated as NPro1 to 4 (Figures 2A–2E). Furthermore, we identified another neural progenitor cell

cluster (mki67, sox2, and sox19a) that exhibited enriched expression of different zic genes (zic1 and zic2a)

and designated it as zic+. Among several other clusters, we also identified a glial population consisting

of ependymal radial glial cells (ERG; GFAP+, foxja1+, fabp7+), which correspond to neural stem cells of

the spinal cord (Figures 2A–2E). We also detected clusters of sox1a+ cells corresponding to KA", KA’,

and V2s neurons (Figures 2A and 2D) in agreement with the previous studies,18,19 thus validating our

approach and findings. Interestingly, one new sox1a cluster representing the ISNs (tph2+ and fev+)26,27

was also discovered (Figures 2A and 2C–2E; Table S2; Figures 3A–3C).

The ISN cluster is made of precursors and mature neurons

To characterize the newly identified ISN cell type, we determined the genes expressed in the correspond-

ing cell cluster (Figure 3A; Table S2). This cell cluster is characterized by the expression of the TF genes fev,

lmx1bb, gata3, gata2a, sox1a, and sox1b as well as genes involved in the synthesis, transport, and
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reception of the neurotransmitter serotonin, namely tph2 (tryptophan hydroxylase 2), slc6a4a (solute carrier

family 6 member 4) and htr1d (5-hydroxytryptamine (serotonin) receptor 1D, G protein-coupled) (Figure 3A;

Table S2;36). Analysis of the tph2+ cells in the ISN cluster indicated that 39% of the tph2+ neurons also ex-

pressed sox1a+ (68 sox1a+ in 172 tph2+ cells). Further analysis using hybridization chain reaction RNA-fluo-

rescent in situ hybridization (HCR RNA-FISH) on Tg(sox1a:eGFP) embryos showed that some of the sero-

tonergic (5-HT) neurons in close proximity to KA interneurons co-expressed GFP and 5-HT, as seen in

Figure 3B. To support these findings, HCR RNA-FISH was conducted on 3 dpf zebrafish embryos using

Figure 1. Integration of all single-cell datasets and annotation of main cell types

(A) Schematic workflow of scRNA-seq (part of it was created with BioRender.com).

(B) UMAP shows the main cell types annotated based on the top marker and known marker genes.

(C) A heatmap showing the representative marker genes expressed in main cell types.

(D) Feature Plots showing marker genes used to sort in-silico neural progenitor and neuronal cell populations. Note:

cldnb is used to exclude lateral line cells, which are gfp+.
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Figure 2. Re-analyses of the neural progenitor population and neurons identify several cell subtypes in the spinal

cord

(A) UMAP shows the neural progenitors and neuronal sub-clusters.

(B) The distribution of cells is based on the developmental stages.

(C) A heatmap showing the representative marker genes specifically expressed in each neural progenitor and neuronal

subtype.

(D) Expression of sox2 (progenitor marker), sv2a (neuronal marker) and sox1a on Feature Plots.

(E) Dot Plot showing the top 5 marker genes for each cluster.
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Figure 3. sox1a is expressed in several neuronal populations including ISNs in the zebrafish spinal cord

(A) Violin plots showing key marker genes of ISNs co-expressed with sox1a/b. (B-B00) Co-localization of 5-HT antibody staining with eGFP gene expression in

the zebrafish spinal cord at 3 dpf.

(B) Lateral view of the spinal cord showing GFP+ V2s, KA’, KA", more dorsal ISN (dISN) with strong eGFP expression (yellow arrowhead), and more ventral

ISN (vISN) with weak eGFP expression (blue arrowhead).

(B0 ) The white arrowhead indicates two 5-HT neurons.

(B00) Co-expression of 5-HT with eGFP (yellow arrow: strong eGFP expression, blue arrow: weak eGFP expression).

(B%) Optical transverse section showing a V2s neuron dorsal to the central canal (CC) and an ISN ventral to the CC.

(C–C00) Co-expression of sox1a and tph2 mRNA in the zebrafish spinal cord at 3 dpf using HCR-RNA FISH. (C) Yellow arrowheads indicate sox1a+ cells. (C0)
White arrowheads indicate three tph2+ neurons. (C00) Yellow arrows indicate neurons that are tph2+ and sox1a+ while white asterisks show a tph2+ and

sox1a-neuron.

(C%) Schematic showing the position of all sox1a+ neurons in the zebrafish spinal cord. (D-E) ISN cluster is constituted of diverse cell populations.

(D) UMAP shows the sub-clustering of the ISN cluster into three sub-clusters. (E) Distribution of cells based on developmental stages.
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sox1a and tph2 probes, and it confirmed that 46% of ventrally located serotonergic neurons in the zebrafish

spinal cord co-expressed sox1a with tph2 mRNA (out of 39 tph2+ cells counted in 7 embryos 18 cells were

double-positive), as illustrated in Figure 3C. Temporal analysis of sequencing data indicated that the ISN

cell population begins to emerge between 2 and 3 dpf (Figures S3A and S3B). Further analysis of the data

corresponding to the ISN cluster led us to subdivide this group into 3 subgroups with different and over-

lapping gene expression profiles (Figures 3D–3G). A cluster (cluster 1) mainly composed of cells from time

points 2 and 3 dpf showed expression of genes characteristic of ISN-pre (Figures 3D–3G; Table S3).37,38

Cells in this subcluster were positive for fev, gata3, gata2a, nkx2.2a and nkx2.2b, but negative for tph2

and ddc (Figure 3G). The other two subclusters were both positive for fev and tph2 (Figure 3G). The largest

cluster (cluster 0) is composed of cells exclusively from 5 dpf, while the smallest cluster (2) is composed of

cells from 2, 3, and 5 dpf (Figures 3D and 3E). This result demonstrates that the ISN cluster is a diverse group

of cells composed of a committed progenitor cluster (fev+ and tph2- ISN-pre) and a mature cluster (fev+

and tph2+ ISN) (Figures 3F and 3G).

ISNs develop from lateral floor plate progenitor cells

Previous cell lineage tracing and genetic data indicated that LFP progenitor cells give rise to KA" and V3

interneurons in a sequential manner.11,12,14,39 In this sequence of events, KA" cells are the first to be gener-

ated at about 16 hpf (hours post fertilization), followed by V3 cells at approximately 24 hpf. The specifica-

tion of LFP progenitor cells into different interneuron types depends on the duration of Notch signaling,

where LFP cells with high Notch signaling remain in a progenitor state and do not differentiate. Inhibition

of this pathway leads to the differentiation of progenitors into postmitotic interneurons.11,12,39

Since ISNs are located ventrally in the spinal cord, their precursors share the expression of several TF

genes with LFP cells such as foxa, nkx2.2a, and nkx2.2b (Figure S4A; Table S4). In mice, some seroto-

nergic neurons are generated from the ventral progenitor domain, which is positive for NKX2.2 and adja-

cent to the floor plate.40 Based on these results, we hypothesized that ISN-pre cells in the zebrafish spinal

cord likely originate from the LFP and are generated by inhibiting the Notch signaling pathway, similar to

KA" and V3 cells. To test this hypothesis, we revisited the integrated single-cell data from LFP, ISN-pre,

and ISN clusters. Using pseudotime analysis of gene expression in these clusters, with LFP serving as the

starting point, we predicted a single lineage trajectory that begins at LFP, passes through ISN-pre, and

ends at ISN (Figures 4A and S4B). These data also clearly show that LFP cells originate from 1 dpf devel-

opment stage (Figure S4C). The ISN-pre cells are composed of 2 and 3 dpf cells while the ISNs are at the

beginning of their trajectory composed of 2 and 3 dpf embryonic stage cells but at the end of the tra-

jectory, all ISNs are from the 5 dpf developmental stage (Figure S4C). Gene expression analysis

over pseudotime shows that nkx2.9 is exclusively expressed in LFP cells (Figure 4B; Figures S4D and

S4E; Table S4). nkx2.2a and b are expressed in the LFP and ISN-pre cells (Figures 4B, S4D, and S4E;

Table S4). foxa is expressed in LFP and ISN-pre cells and some ISNs (Figures 4B, S4D, and S4E;

Table S4). lmx1bb and fev marks ISN-pre and ISNs while tph2 is expressed mainly in ISNs (Figures 4B,

S4A, and S4E). In line with these observations, analysis of the expression level of the nkx2.9, nkx2.2a,

foxa, lmx1bb, fev and tph2 genes along the developmental trajectory confirmed that nkx2.9 is highly ex-

pressed in most LFP cells while tph2 is strongly expressed in ISNs. fev and nkx2.2a have a broader and

shallower pattern of cellular expression, both of which are co-expressed in some of the ISN-pre cells in

addition to ISNs (fev) and the LFP (nkx2.2a) (Figure S4E).

To identify the dynamics of gene expression during the specification of LFP to ISN cells, we used monocle

to identify gene modules and clusterProfiler for gene ontology (biological process) and pathway (KEGG)

analyses of the module-specific genes, (Figures 4C–4E; Tables S5, S6, and S7). This analysis indicated

that LFP cells (cluster 2) are enriched in marker genes belonging to the Notch signaling pathway, as

her6, notch3, her12 and her2 were among the top 25 genes of cluster 2 (Figures 4C, 4D, and 4F;

Tables S5, S6, and S7). Other genes in the top 25 were id1, sox3 and mki67, which implies that these cells

are neural progenitors (NPro) (Tables S5, S6, and S7). In agreement with this result, undifferentiated

LFP cells showed strong expression of Notch signaling and a decrease in this pathway triggered the differ-

entiation of progenitors toward neuronal fate (Figure 4F). As expected, the top 25 genes of cluster 1 (ISN,

Figure 3. Continued

(F) The majority of the ISN cluster consists of fev+ and tph2- (ISN-pre) or fev+ and tph2+ cells (ISNs).

(G) Feature plots showing key TFs specifically or co-expressed in ISN-pre and ISNs. In embryos (B) and (C), the dorsal side is facing upwards, while the ventral

side is facing downwards. The anterior side is on the left, and the posterior side is on the right. Scale bar: 25 mm.
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ISN-pre) were genes with a role in synaptic signaling, neurotransmitter transport or synthesis, and axono-

genesis such as synaptotagmin Ia (syt1a), dopa decarboxylase (ddc), tph2, fev, insm1a, opiate receptor-like

1 (oprl1), GTP cyclohydrolase 1 (gch1), gata3 and gata2a (Figures 4C, 4E, and 4F; Tables S5, S6, and S7).

Figure 4. LFP is the precursor of ISNs

(A) Pseudotime cell trajectory of LFP, ISN-pre, and ISN cells.

(B) The expression of key transcription markers for LFP and ISN is shown on pseudotime.

(C) Pseudotime heatmap showing pseudotime-dependent differentially expressed genes between clusters 1 and 2. GO and KEGG analyses of pseudotime-

dependent differentially expressed genes between clusters 1 and 2.

(D) KEGG pathway analyses.

(E) GO analyses for Biological Processes.

(F) The expression of key transcription markers for LFP and ISN is shown on pseudotime.
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The integrated single-cell RNA sequencing dataset from olig2:eGFP+ and sox1a:eGFP+

spinal cord cells confirmed the common origin of V3 interneurons and ISNs

Recent work has indicated that LFP progenitors generate KA" interneurons first, followed by V3 interneu-

rons later.12 Our findings suggest that ISNs, which are generated even later than V3 neurons, also develop

from LFP progenitors.

To further reinforce our results and provide evidence that both V3 and ISNs originate from LFP cells, we

decided in addition to our data to analyze the scRNA-seq data published by Scott et al., (2021;

Figures S5A and S5B).41 These sequencing data are particularly relevant to our study because they were

obtained from olig2:eGFP+ cells in the zebrafish spinal cord. Since olig2 and sox1a are co-expressed in

many ventral cells of the spinal cord, both sequencing sets include a significant number of cell clusters cor-

responding to neural progenitors and neurons, such as LFP, V2-pre, OPC, radial glia cells, KA" and KA’ in-

terneurons. Notably, the single-cell sequencing data of Scott et al. (2021)41 included two cell clusters cor-

responding to V3-pre (precursors) and V3 cell populations (Figure S5A), which are crucial for demonstrating

that V3 interneurons are generated from the LFP and these two clusters were not present in our sequencing

data. Therefore, we had to integrate a selected group of cells from the Scott et al. (2021) data into our

sequencing results to analyze the common origin of ISNs and V3 cells. Our analysis began with examining

the sequencing data of olig2+ cells at 48 hpf to identify cells that potentially corresponded to ISNs. Inter-

estingly, we were able to identify a small group of cells among those annotated as V3-pre that were positive

for fev, lmx1bb, and gata2a but negative for tph2. These findings suggested that these cells were ISN-pre

cells (Figures S5A and S5B). We performed a careful analysis of the cell cluster annotated as V3 in the olig2+

sequencing data and observed that not all cells in this cluster were sim1a+ (Figure S5C). Thus, we removed

all sim1a-cell sub-clusters from this cluster, which corresponded mainly to the lhx5+ group of cells (Fig-

ure S5C). Next, we pooled all sim1a+ cells, including V3-pre and V3 cells, into the LFP cluster cells, and

re-analyzed the integrated data (Figures 5A and 5B; Figure S5D). This analysis revealed six distinct clusters,

which corresponded to LFP, MN, NPC (neural precursor cell), ISN-pre, V3-pre, and V3 cells (Figure 5A). The

expression of genes specific to each of these clusters is shown in Figures 5B and S5D, and Table S8. We

then integrated these cell clusters into the previously identified LFP, ISN-pre, and ISN clusters from our

own sox1a+ sequencing results and analyzed the distribution and time points of origin of these clusters,

as well as their corresponding gene lists (Figures 5C, S5E, and S5F, Table S9). We observed that the first

population to be generated was V3-pre, followed by V3, ISN-pre, and ISN (Figures 5C, 5D, and S5E).

The developmental trajectory of the cells over pseudotime highlighted the LFP cells as the origin of

both neuronal populations (Figure 5D). This trajectory from the LFP cells transit over NPC further split

into two branches. The lower branches of the younger cell population correspond to V3-pre and V3, and

the upper branch of the older cell population contains the ISN-pre and ISN cells (Figures 5D, S5H, and

S5I). To analyze the marker genes involved in this transition, we identified four gene clusters using monocle

based on pseudotime (Figure 5E).

According to the heatmap, cluster 1 genes are highly expressed in ISNs, and their cell type-specific markers

are unique to differentiated ISNs (e.g., fev, gata3, Figure 5F; Table S10). Cluster 2 genes are significantly

expressed in V3 cells (e.g., sim1a, nos1, Figure 5F; Table S10). Cluster 3 genes are strongly expressed in

LFP cells and ISNs during the transition to V3 and ISNs (e.g., foxp4, fosab, Figure 5F; Table S10). Cluster

4 genes are specifically expressed in LFP and V3 cells during the transition to V3 and ISNs (e.g., nkx2.2a,

pcdh19, Figure 5F; Table S10).

Notch signaling controls the differentiation of LFP cells into ISNs

Our analysis of LFP cells using scRNA-seq revealed the expression of several genes associated with neu-

ral progenitor cells in proliferation, such as sox3, sox2, sox19a, and sox19b, along with cell cycle genes

including mki67, mcm5, and mcm2 (Table S2). Additionally, these cells exhibited a robust expression of

genes involved in Notch signaling, including notch3 receptor and downstream targets such as her12,

her2, her9, her6, her8a, and her4 (Table S2). Previous studies have shown that the differentiation of

KA" and V3 interneurons from LFP progenitors requires downregulation of the Notch signaling

pathway.12,39 To investigate whether the development of ISNs from LFP cells is also influenced by the

downregulation of the Notch signaling pathway, we treated wild-type (WT) embryos with the g-secretase

inhibitor LY411575, which inhibits Notch processing after ligand binding.42 By doing so, we aimed to

determine whether the downregulation of Notch signaling is necessary for the development of ISNs

from LFP cells.
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Figure 5. LFP is the precursor of both V3 and ISNs

(A) UMAP shows the integration of LFP, V3, and ISN-pre cells and their subtypes (publicly available dataset;

Tg(olig2:eGFP).41.

(B) Feature plots of marker genes for LFP (nkx2.9), V3 (sim1a), and ISN-pre (fev) cells.

(C) UMAP shows the integration of LFP, V3, and ISN cells and their subtypes (current study: Tg(sox1a:eGFP)) integrated

with the same cells from Tg(olig2:eGFP).

(D) Cell trajectory showing LFP as the precursor of V3 and ISN.

(E) Heatmap showing pseudotime-dependent differentially expressed genes between LFP and V3/ISN cells.

(F) The expression of key TFs for LFP and ISN/V3 is shown in pseudotime. Note that in (C), LFP-1 corresponds to

progenitor cells in proliferation originating from 24 hpf and 36 hpf, while LFP-2 represents older non-proliferative LFP

cells that correspond to cells coming from 2, 3, and 5 dpf. For this reason, LFP-2 is not included in the pseudotime analysis

in (D).
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To carry out the experiment, we treated WT zebrafish embryos with LY411575 from 2 to 3 dpf. We specif-

ically chose this time frame because it is when the first ISN-pre and ISN cells are observed in the ventral

position of the spinal cord, while KA" and V3 neurons are already specified. We previously found that treat-

ing embryos between 1 and 2 dpf had no effect on the number of tph+ cells (Figures S6C and S6C0).

To assess the impact of LY411575 treatment, we examined the number of tph2+ neurons in the trunk of

zebrafish embryos at 3 dpf (Figure 6)). Our results revealed a significant increase in the number of tph2+

cells in embryos treated with LY411575 compared to those treated with DMSO alone (Figures 6A–6C

and S6F and S6F0). However, we did not observe any noticeable changes in the number of cells expressing

urp1 (a KA" marker) regardless of the treatment time window (Figures S6A, S6A’, S6D, and S6D’). We

observed an increase in GABAergic neurons (Figures S6B, S6B’, S6E, and S6E’) that cannot be attributed

to the increase in KA" cells (since urp1 expression was not changed), but rather to other GABAergic neu-

rons in the spinal cord. These results suggest that the specification of ISN cells from 2 dpf onwards relies on

a reduction of Notch signaling, as previously established for KA" and V3 interneurons prior to 1 dpf and

from 1 dpf, respectively.12

DISCUSSION

Our sequencing data uncovered previously unknown expression domains for sox1a. In addition to KA and

V2 neurons, we discovered that sox1a is also expressed in certain ISNs located in the ventral spinal cord of

zebrafish. Our findings suggest that, like KA" and V3 interneurons, ISNs develop from LFP progenitor cells

through latent specification after 48 hpf, following the development of other interneuronal subtypes. The

specification of ISNs is dependent on the downregulation of the Notch signaling pathway, similar to KA"

and V3 interneurons.

How do LFP progenitor cells give rise to three molecularly and functionally distinct

populations of ventral neurons?

One question that arises is how LFP progenitor cells give rise to three molecularly and functionally distinct

populations of ventral neurons. The generation of different types of neurons, such as GABAergic KA" cells,

glutamatergic V3 interneurons, and serotonergic ISNs, from the same pool of LFP cells, remains unclear.

One crucial factor to consider is that the three neuronal populations are generated at different stages of

embryonic development. Consequently, the progenitor pool they originate from may not be exposed to

the same cellular environment or signaling pathways and their cues. This could lead to the activation of

different gene regulatory networks in each neuronal population, ultimately resulting in the specification

of distinct neuron types. During spinal cord development, the amount and duration of exposure to the

Figure 6. Inhibition of the Notch signaling pathway leads to an increase in tph2+ neurons

(A and B) HCR RNA-FISH against tph2mRNA. Arrowheads indicate tph2-expressing neurons. (A) Control embryo treated

with DMSO. (B) Embryo treated with the Notch inhibitor LY.

(C) Quantification of tph2+ neurons. Embryos were treated from 2 to 3 dpf. The dorsal side is oriented upwards, and the

anterior side is oriented toward the left. Statistical significance was assessed using Welch’s t-test, and the level of

significance is indicated by the number of asterisks: ** for p < 0.01. Scale bar: 20 mm.
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signaling protein Shh play a critical role in activating specific genes in neural progenitor cells along the DV

axis of the spinal cord.4,43 Similarly, the distinct progenitor cells in the LFPmay be exposed to different con-

centrations and durations of Shh, leading to the activation of different genes in each of the three progenitor

populations and ultimately resulting in the development of KA", V3, and ISNs. Furthermore, the temporal

and spatial expression pattern of Shh, which is initially limited to the medial floor plate until 36 hpf and later

extends to the LFP44 (Figure S5G), suggests that the progenitor cells generating KA" neurons (developing

before 1 dpf) and ISNs (developing after 1 dpf) are exposed to different concentrations of Shh. It is plau-

sible that the duration of exposure to the Shh signal significantly varies for each group of progenitor cells.

Differences in the concentration and duration of Shh exposure for distinct progenitor populations in the

LFP, as observed in different DV progenitor domains in the spinal cord, could be a possible mechanism

involved in the generation of the three different neuronal populations from a common pool of progenitor

cells.

Gene regulatory networks governing the development of serotoninergic neurons are

conserved during evolution

In mice, the signaling cascade involved in the specification of 5-HT neurons has been extensively studied in

the ventral hindbrain. Cells adjacent to the floor plate and positive for NKX2.2 develop into serotonergic

neurons,40 with NKX2.2 and FOXA2 acting upstream of the genes encoding for Gata2,Gata3, and Insm1.36

Activation of these TFs induces the expression of Lmx1b and Pet1.45 In postmitotic precursor neurons, Pet1,

Lmx1b, and Gata3 activate the expression of genes necessary for the synthesis of serotonin, such as Tph2,

Ddc, and Dch1.36,46,47 Consistent with this gene expression cascade, the binding sites of Gata and Pet1 on

the promoter regions of Pet1 and Tph2, respectively, have been identified and found to be essential for the

expression of these genes in serotonergic neurons.48–50 Genetic evidence points to a pivotal role of GATA2

in the generation of 5-HT neurons.45

In zebrafish ISN-pre cells appear slightly earlier than ISNs during spinal cord development (Figure S4B),

these cells are postmitotic (elavl3+) and express the same combination of TFs expressed in mouse seroto-

nin precursor neurons, such as gata2a, gata3, lmx1bb and fev (Figures 4B and S4B). Additionally, ISNs in

zebrafish also express several genes characteristic of serotonergic neurons in mice, including tph2, ddc,

and htr1d. This suggests that the gene regulatory network during the specification of ISNs in zebrafish is

conserved during evolution, involving genes and anatomical regions that are almost identical to those in

mouse embryos.

However, further experiments are necessary to characterize the gene regulatory network involved in the

development of serotonergic neurons in zebrafish. Several mutant lines in zebrafish for genes with poten-

tially relevant roles in ISN specification, such as gata3, gata2a, lmx1ba, and lmx1bb, are available.18,51

Detailed characterization of their phenotypes could provide insights into the possible role of these factors

in ISN development. Furthermore, the temporal and spatial contributions of specific TFs in ISN develop-

ment could be investigated using zebrafish transgenic lines with TF-specific Cre drivers. Simultaneously,

studying the transcriptional regulatory logic involved in the regulation of fev and tph2 expression in sero-

tonergic neurons would be interesting. A knockdown approach using morpholino suggests that nkx2.9 is

the most upstream TF gene in the genetic program leading to ISN specification (Köhler and Rastegar, un-

published). Generating a stable gene editing line through the CRISPR/Cas9 approach for nkx2.9 could

confirm the phenotype observed with the nkx2.9 morphant and provide a better understanding of the ge-

netic program required for upstream ISN development.

Although KA", V3, and ISNs are derived from LFP progenitor cells, they do not share a

common genetic program

The expression and combinatorial action of specific TFs determine the developmental fate and functions of

distinct cell populations. When comparing the expression of key TFs in KA", V3, and ISNs, we found only a

few common TFs between these cells, most of which are related to their shared geographic position in the

spinal cord. For example, these neurons express genes such as insm1a and several hox genes including

hoxb9a, hoxb10a, hoxc10a, and hoxc9a.

Interestingly, we observedmore shared TFs between KA" cells and ISNs, even though KA" cells develop at

an earlier embryonic stage than ISNs. Thus, KA" cells and ISNs share the expression of gata2a, gata3,

sox1a, sox1b, insm1a, and insm1b among other TFs.
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In mice,Gata2,Gata3, and Insm1 are part of the gene regulatory network of 5-HT neurons. GATA2 has been

shown to control Pet1 transcription in serotonergic neurons by directly binding to an upstream regulatory

sequence.48–50 Furthermore, GATA2 plays an important role in the generation of 5-HT neurons.45

Previous work has partially unraveled the gene regulatory network of KA" specification in zebrafish em-

bryos.14,18 Interestingly, in KA" interneurons, Gata2a function is required for the specification of

GABAergic KA" neurons and inhibition of V3 fate. Data frommouse ISNs (serotonergic neurons) and zebra-

fish KAs (GABAergic neurons) suggest an important role for gata2 in their specification. However, further

work is needed to better understand the role of the gata2a gene in the specification of ISNs in zebrafish and

to gain a comprehensive understanding of the gene regulatory network involved in ISN development. It

should be noted that the expression of a common set of TFs in two cell populations is not sufficient to

conclude the existence of a shared gene regulatory network. For example, we found that the same tran-

scription genes expressed in closely related GABAergic neurons KA" and KA’ have different functions in

each of these cells.14

Do ISNs consist of a heterogeneous subpopulation of tph2+ neurons?

scRNA-seq analysis of the sox1a:eGFP transgenic line revealed that ISNs in the zebrafish spinal cord orig-

inate from the LFP. Interestingly, our preliminary studies on ISN clusters demonstrated that not all ISNs

exhibit the same pattern of TF co-expression. This finding suggests that the ISN population may consist

of heterogeneous subpopulations with molecularly distinct identities. Specifically, we observed that only

39% of tph2+ neurons were positive for sox1a, while 88.5% of these neurons were sox1b+ and 36.6%

were triple positive (tph2, sox1a, and sox1b). The differential expression of sox1a and sox1b in ISNs rai-

ses the question of whether these distinct subpopulations have unique functions or distinct functions, as

has been shown for the V2a population in mice and zebrafish, where distinct types of spinal V2a inter-

neurons activate different motor neuron pools during fast locomotion, such as escape behavior in zebra-

fish.52–54 To fully understand the significance of these molecular differences, further investigations are

required. It is essential to analyze the morphology of axonal processes and synaptic connections in

molecularly distinct ISNs, as well as establish the relationship between marker gene expression, neuronal

morphology, and connectivity. These comprehensive analyses will provide valuable insights into the

existence of different ISN subpopulations and their potential distinct functions within the zebrafish spinal

cord.

Limitations of the study

The limitations of this study are as follows: First, the study focuses exclusively on the expression of sox1a in a

specific subgroup of ISNs, which may not represent all subtypes or populations of ISNs. Second, the inves-

tigation only examines the origin of ISNs from LFP progenitor cells at 2 days dpf, and other time frames of

specification remain unexplored. Further research is needed to investigate additional developmental

stages. Third, while the study highlights the importance of inhibiting the Notch signaling pathway for

the differentiation of LFP progenitor cells into ISNs, it is possible that other downstream mechanisms

are involved, requiring further investigation. Furthermore, the study does not delve into the molecular in-

teractions that govern the precise mechanisms involved in the sequential generation of GABAergic KA in-

terneurons, glutamatergic V3 interneurons, and ISNs from LFP progenitor cells. Future studies should

address these fine-tuning mechanisms.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Sepand Rastegar (sepand.rastegar@kit.edu).

Materials availability

All zebrafish lines utilized in this study have been duly deposited at the European Zebrafish Resource Cen-

ter (EZRC). For access to the remaining materials, please contact the lead researcher, Sepand Rastegar.

Data and code availability

d sox1a Single-cell RNA-seq data have been deposited at NCBI GEO and are publicly available with acces-

sion number GSE226494. olig2 Single-cell RNA-seq data can be accessed with access number

GSE173350.

d The code generated in this work has been deposited on Github and is publicly available at https://

github.com/Fushun-Chen/Sox1a_scRNA.git

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fish stocks and embryo collection

WT zebrafish were obtained from the ABO line, an inbred line initially derived from an intercross between

the AB andOX lines (European Zebrafish Resource Center). WT and transgenic zebrafish sox1a:eGFP,19 pe-

t1:eGFP55 were maintained on a 14 h/10 h light-dark cycle at 28.5�C in a recirculation system (Schwarz) and

fed commercial food and in-house hatched brine shrimp as described previously.62 Embryos were cultured

in an embryo medium and staged according to.63

For the scRNA-seq, Tg(sox1a:eGFP) and WT-AB fish were crossed and embryos were collected within

15 min to minimize the age difference between embryos. Dead and unfertilized eggs were removed at 4

hpf. Batches of 40 embryos were collected and kept in 30 mL of E3 zebrafish medium with methylene

blue at 28�C and in a dark incubator until they reached the desired developmental stage.
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METHOD DETAILS

Cell dissociation

Cell dissociation was performed as described.64,65 A total of 60 embryos at developmental stages 1, 2, 3

and 5 dpf were kept on ice for 10 min, then the trunk was separated from the head and the yolk removed.

The bodies were placed directly into the dissociation buffer and kept on ice. Dissociation was done at 28�C
by rotating the cells and trituration was done every 10 min until complete dissociation. Cells were filtered

through 40 mmfilters (Falcon, Cat#431750) and centrifuged at 300 g in 2% BSA and resuspended in 4% BSA.

A total of 22,000 cells were sorted based on the GFP signal and the cells were subsequently treated for

encapsulation.

Single-cell transcriptomics

Single-cell transcriptome sequencing was performed based on the 10xGenomics Single-cell transcriptome

workflow.66 Specifically, 22,000 FACS-sorted cells were recovered in BSA-coated tubes containing 5 mL

PBS. Accurate cell numbers were obtained using a Neubauer Hemocytometer. Cell samples were then

carefully mixed with Reverse Transcription Reagent (Chromium Single Cell NextGem 30 Library Kit v3.1)

and loaded onto a Chromium Single Cell G Chip to reach a recovery of up to 10,000 cells per sample.

The samples were processed further following the 10x Genomics user manual guidelines for single cell

30 RNA-seq v3.1. In short, the droplets were directly subjected to reverse transcription, the emulsion was

broken, and cDNA was purified using silane beads (Chromium Single Cell 30 Gel Bead Kit v2). After ampli-

fication of cDNA with 11 cycles, samples were purified with 0.6x volume of SPRI select beads to deplete

DNA fragments smaller than 400 bp and cDNA quality was monitored using the Agilent

FragmentAnalyzer 5200 (NGS Fragment Kit). 10 mL of the resulting cDNA was used to prepare scRNA-

seq libraries - involving fragmentation, dA-Tailing, adapter ligation and 10–13 cycles of indexing PCR

following manufacturers guidelines. After quantification, libraries were sequenced on multiple Illumina

NovaSeq 6000 S4 flowcells in 100 bp paired-end mode, aiming for 30,000 fragments per cell.

The raw sequencing data were processed with the ‘count’ command of the Cell Ranger software (v6.1.2)

provided by 10X Genomics. To build the reference, the zebrafish genome (GRCz11), as well as

gene annotation (Ensembl 104), were downloaded from Ensembl and the annotation was filtered with

the ‘mkgtf’ command of Cell Ranger to include gene of the following types: ‘protein_coding’,

‘lincRNA’, ‘antisense’, ‘IG_LV_gene’, ‘IG_V_gene’, ‘IG_V_pseudogene’, ‘IG_D_gene’, ‘IG_J_gene’,

‘IG_J_pseudogene’, ‘IG_C_gene’, ‘IG_C_pseudogene’, ‘TR_V_gene’, ‘TR_V_pseudogene’, ‘TR_D_gene’,

‘TR_J_gene’, ‘TR_J_pseudogene’, ‘TR_C_gene’. Sequence and annotation of the GFP construct were

included manually. Genome sequence and filtered annotation were then used as input to the ‘mkref’ com-

mand of Cell Ranger to build the appropriate Cell Ranger Reference.

Seurat clustering and integration of datasets

We used Seurat (version 4)35 and the following common steps for each round of analysis. Cells (i) with

more than 20% mitochondrial RNA genes, (ii) with less than 500 total reads (nCount_RNA), and 200 unique

genes (nFeature_RNA) were removed from analyses. Genes found in less than three cells were also

removed from analyses. The remaining cells were converted to Seurat objects, data was normalized

(NormalizeData), the top 2000 variable genes were identified (FindVariableFeatures), and all genes were

used to scale data (ScaleData) by regressing out nCount_RNA. The top 30 Principal Component Analyses

(PCAs) (RunPCA) were calculated and these PCAs were used for dimensional reduction (RunUMAP),

finding cell clusters (FindNeighbors, FindClusters) with resolution = 0.5. To integrate all datasets, we

used Seurat objects and the top 2000 variable genes identified above. First, the anchors were identified

(FindIntegrationAnchors), objects were integrated (IntegrateData), and all genes were used for scaling

data (ScaleData) by regressing out nCount_RNA. The top 30 PCAs (RunPCA) was calculated and

these PCAs were used for dimensional reduction (RunUMAP), finding cell clusters (FindNeighbors,

FindClusters) with resolutions 0.5, 1, 1.5 and 2. Unless indicated the above steps and settings were used

for sub-setting cells for iterative analyses.

Preliminary quality control

A preliminary analysis of 1 dpf embryos showed a cell population that is highly expressing hbb genes (e.g.,

hbbe1.1). We used scaled data from 1 dpf embryos Seurat object and labeled cells that are expressing the

hbbe1.1 gene more than 0.0. These cells were removed from 1 dpf embryos and another round of
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clustering was performed as above for 1 dpf raw counts (hbb cells removed). The remaining hbb cells, which

were clustered together, were removed as well. After quality control and removing hbb expressing cells

from the 1 dpf dataset, developmental stages 1, 2, 3 and 5 dpf datasets were converted to a Seurat object,

and the above settings were used for all datasets.

Identifying main cell types

After integration and clustering, we identified 25 and 40 clusters of cells using the resolutions 0.5 and 1.5,

respectively. We identified the marker genes using the FindAllMarkers function. We annotated the main

cell types using the top 20 marker genes and known marker genes from the literature. For example, we

used fabp7a/sox2/gfap for neural progenitors67,68 (NPro), elavl3/sv2a for neurons,67 cldnb/epcam/sox2

for lateral lines,69,70 meox1 for mesoderm,71 vcanb for fin fold,72 ccl25b for the hematopoietic system,73

pitx2 for cardiomyocytes,74 mylpfa for skeletal muscle75 and fli1a for the vascular system.76 The remaining

cells without clear markers were labeled as "unclassified" cells.

Iterative clustering of neurons and neural progenitors

To further analyze neurons and neural progenitors, we subset the cells annotated as NP and neurons and

generated new Seurat objects and integrated objects as described above. We annotated the cells based

on the following markers: sst1.1 (KA’), urp1 (KA"), slc6a5/nkx1.2lb (V2s), olig2/sox10 (oligodendrocyte pre-

cursor cells, OPC), zic1/zic2a (zic+), nkx2.9/sulf1 (lateral floor plate, LFP), fev/lmx1bb/tph2 (intraspinal sero-

tonergic neurons, ISN), fabp7a/gfap/foxj1a (ependymoradial glia, ERG), neurod4/neurog1 (neural precur-

sor cells, NPC), slc17a6a/slc17a6b (glutamatergic inhibitory neurons, GLU IN), foxn4/vsx1 (V2 precursor

cells, V2-pre), mki67/sox2/sox19a/her4 (Neural Progenitors, NP), isl1/isl2a (motor neurons, MN), twist1b

(mesodermal cells, MC) and epcam (keratinocyte cells, KC). The top markers genes and top TFs (obtained

from AnimalTFDB (v3.0))77 were identified from markers genes identified by FindAllMarkers function.

Similarly, we subset ISNs identified above and re-analyzed and integrated them as described above. Then,

we identified ISN precursor cells (fev and lmx1bb) and ISNs (fev and tph2).

Temporal analyses (pseudotime) of LFP, ISN and V3 cells

To generate the cell trajectory for LFP and ISN cells or V3 cells, we used monocle (version 2).78 The counts

and metadata from Seurat objects were used to generate input for monocle, estimateSizefactors, estima-

teDispersions, detectGenes, differentialGeneTest functions were used sequentially for normalization, esti-

mating dispersion, and selecting genes for ordering. Then, dimensional reduction (reduceDimension) and

cell orderings (orderCells) were done. We used a heatmap to visualize the changed genes (qval <0.00001)

based on pseudotime and the num_clusters = 2.

To perform cell trajectory between LFP and V3 cells, we used LFP and V3 cells and removed LFP_2 (late

stage) and MN clusters. We performed the same analyses using monocle. Additionally, we used a publicly

available dataset41 (GEO Accession: GSE173350) for LFP and V3 cells. In brief, we performed the same an-

alyses above using Seurat and annotated cells and subset LFP, V3-pre, and V3, using nkx2.2a/sim1a to

select V3. Then, we used monocle to generate cell trajectory and pseudotime as described above.

GO and KEGG pathway analyses

We used clusterProfiler58 package and gene list identified by Seurat or monocle to find enriched GO and

KEGGs. Terms with a q-value <0.05 were considered statistically significant.

Hybridization chain reaction RNA fluorescent in situ hybridization (HCR RNA-FISH)

HCR RNA-FISH was performed according to the protocol for whole-mount zebrafish embryos and larvae

(Molecular Instruments, Inc.). The tph2 HCR probe set (B5) for detecting ISNs, the sox1a HCR probe set

(B3), the urp1 HCR probe set (B5) and GAD1b HCR probe set (B1) were used at a concentration of

16 nM, while the HCR amplifiers (B5-546, B3-647, B3-488, B1-546) were used at a concentration of 6 nM.

The GFP-Booster ATTO488 (1:500, ChromoTek & Proteintech) was used to amplify the fluorescence signal

in GFP transgenic larvae.
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The head of stained embryos and larvae was cut off manually, and the embryos were embedded laterally in

Aqua-Poly/Mount (Polysciences).

Immunohistochemistry

All incubation steps were performed at room temperature unless stated otherwise. Embryos are rehy-

drated with gradual methanol in PBST (1x PBS containing 0.1% Tween 20) series for 5 min each. Then, em-

bryos are incubated in pre-warmed 150 mM Tris-HCI pH 9 for 15 min. After the incubation, embryos are

washed two times in PBST for 5 min and treated with acetone at �20�C for 20 min to increase penetration.

Embryos are incubated in a blocking buffer for 4 h, before incubation with primary antibodies in a blocking

buffer at 4�C overnight. The next day, embryos are washed four times with PBT (1x PBS containing 0,8 Triton

X-100) for 30 min, and then secondary antibody incubation is performed for 2 h. After staining, spinal cords

are mounted using Aqua-Poly/Mount.

LY411575 treatment

LY411575 (42; Sigma Aldrich, St. Louis, MO, USA) was reconstituted with dimethyl sulfoxide (DMSO) to a

stock concentration of 25 mM. Embryos were incubated in embryonic medium containing 10 mM

LY411575, 0.04% DMSO or 0.04% DMSO alone from 24 to 48 hpf or 48 to 72 hpf. and then washed with em-

bryonic medium containing 0.04% DMSO.19 After treatment, the embryos were fixed with 4% PFA for 2 h at

room temperature and transferred to 100% methanol at �20�C.

Imaging

For obtaining single-cell resolution images in both the control and LY411175 treated groups, an SP8 in-

verted confocal microscope (Leica) with an HC PL APO 933/1.30 GLYC CORR STED WHITE objective

was utilized. Fiji/ImageJ software was employed for image processing, such as generating Z-projects

and adjusting brightness or contrast.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell counting

To examine the effect of Notch inhibition on the number of cells expressing tph2+ and urp1+, the stained

cells were counted over the span of five somites above the yolk extension at 2 and 3 dpf.

Statistical analysis

To compare the number of cells expressing tph2 between control and treated larvae, theWelch’s t-test was

performed using GraphPad Prism 9. Significance was set at the level of 5%, meaning that a p value higher or

equal to 0.05 represents no significance (n.s.), whereas p values smaller than 0.05 show significant results.

The significance level is graded with the number of asterisks: * for p < 0.05, ** for p < 0.01, *** for p < 0.001

and **** for p < 0.0001.
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