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The vertebrate nervous system is composed of a wide range of neurons and
complex synaptic connections, raising the intriguing question of how neu-
ronal diversity is generated. The spinal cord provides an excellent model
for exploring the mechanisms governing neuronal diversity due to its sim-
ple neural network and the conserved molecular processes involved in neu-
ron formation and specification during evolution. This review specifically
examines two distinct progenitor domains present in the zebrafish ventral
spinal cord: the lateral floor plate (LFP) and the p2 progenitor domain.
The LFP is responsible for the production of GABAergic Kolmer-Agduhr
neurons (KA”), glutamatergic V3 neurons, and intraspinal serotonergic
neurons, while the p2 domain generates V2 precursors that subsequently
differentiate into three unique subpopulations of V2 neurons, namely gluta-
matergic V2a, GABAergic V2b, and glycinergic V2s. Based on recent find-
ings, we will examine the fundamental signaling pathways and
transcription factors that play a key role in the specification of these
diverse neurons and neuronal subtypes derived from the LFP and p2 pro-
genitor domains.

Introduction

The spinal cord is an excellent model for studying the
mechanisms that regulate the generation of neuronal
diversity because of its simple neural network and the
conserved molecular mechanisms involved in neuron
formation and specification. In the vertebrate spinal
cord, neurons and glia are organized into distinct classes
that arise from separate progenitor domains along the
dorsoventral axis of the embryonic neural tube (Fig. 1A)
[1-3]. The generation of different types of postmitotic

Abbreviations

neurons at different positions along the spinal cord axis
is facilitated mainly by two important gradients. First, a
dorsal to ventral gradient of morphogens, such as bone
morphogenetic proteins (BMPs) and wingless-integrated
(Wnt) released from the roof plate. Second, a ventral to
dorsal gradient of Sonic Hedgehog (Shh) released from
the floor plate. These gradients trigger the combinatorial
expression of transcription factors (TFs) in the progeni-
tor domains, leading to the production of distinct

BMPs, bone morphogenetic proteins; CSF-cNs, cerebrospinal fluid-contacting neurons; dpf, days postfertilization; GABA, y-aminobutyric
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Fig. 1. Antagonistic actions of Shh and BMP/Wnt divide the spinal cord into distinct progenitor domains from which specific postmitotic
neurons are generated. (A) The spinal cord is divided into 11 progenitor domains through the opposing actions of Shh, secreted from the
MFP, and BMP/Wnt, released from the roof plate (RP). These domains generate distinct postmitotic neurons. (B) The LFP progenitor cells
produce three neuronal populations—KA”, V3, and ISNs, while the progenitors in the p2 domain generate three V2 interneuron subtypes
designated as V2a, V2b, and V2s. The drawing depicts a zebrafish spinal cord.

neuronal types (Fig. 1A) [1-4]. Ventral progenitor
domains, including p3, pMN, p2, pl, and p0, give rise to
multiple types of postmitotic neurons with distinct anat-
omy, processes, connections, and functions. Further-
more, recent evidence suggests that some postmitotic
neurons may further diversify into molecularly and func-
tionally distinct subpopulations [1-5].

This review will focus specifically on two zebrafish
progenitor domains: lateral floor plate (LFP), which is
homologous to the mouse p3 domain [6], and the p2
progenitor domain. The LFP plays a crucial role in
the generation of neurons in the developing zebrafish
spinal cord. During embryonic development, it sequen-
tially produces different types of neurons, including
KA" neurons, V3 neurons, and intraspinal serotoner-
gic neurons (ISNs) (Fig. 1B) [7-13]. On the contrary,
the p2 precursor domain is responsible for the forma-
tion of three distinct subpopulations of V2 neurons,
each with unique functions, namely V2a, V2b, and
V2s interneurons (V2c in mouse) (Fig. 1B).

Recent studies have led to a better understanding of
the molecular mechanisms underlying the formation
and specification of these progenitor domains and
their derivatives [13-24]. In addition to the signaling

pathways mentioned above, several studies have dem-
onstrated the important role of the Notch signaling
pathway in determining the fate of ventral spinal cord
progenitor cells [7-9,11,13,14,16,25]. Specifically, in
ventral spinal cord progenitor domains, the Notch sig-
naling pathway maintains progenitor cells in an undif-
ferentiated state [9]. This mechanism ensures that only
a limited number of cells within a precursor domain
adopt a specific neuronal fate. By preventing neighbor-
ing cells from differentiating into the same cell type
and depleting the pool of progenitors, the Notch path-
way contributes to the generation of diverse neuronal
populations, including KA” cells, V3 interneurons, and
ISNs. In addition, the Notch signaling pathway also
influences binary fate decisions, ensuring that daughter
cells derived from a precursor cell assume distinct
fates. This mechanism contributes to the generation of
various subtypes of neurons, such as the V2 interneu-
rons (e.g., V2a, V2b, and V2s) [14,16].

The aim of this review was to provide a comprehensive
and up-to-date overview of the latest advances in our
understanding of neuron formation and specification in
the zebrafish ventral spinal cord, with a focus on the
genetic cascades and signaling pathways involved.
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The zebrafish lateral floor plate is the
most ventrally positioned neural
progenitor domain of the spinal cord

The floor plate, located in the ventral region of the spi-
nal cord, consists of two parts: the inner cells known as
medial floor plate cells (MFP) and the cells on either
side called LFP (Fig. 2A) [26]. Despite being adjacent
and sharing certain molecular markers, these structures
have distinct functions and originate from different
embryonic sources [27,28]. The MFP arises from
embryonic shield cells that migrate into the neural tube
[29-32]. Its primary role in neural tube and axon forma-
tion is achieved through the secretion of signaling mole-
cules Shh and Netrin-1, respectively (Table 1) [33-33].
On the contrary, the LFP consists of ventral neuroecto-
dermal cells [11,28], whose fate is induced by Shh sig-
nals released by the MFP and the notochord [27,28,36—
39]. Extensive genetic and fate mapping studies have
demonstrated that the zebrafish LFP represents the
most ventral progenitor domain of the spinal cord,
analogous to the mouse p3 domain [7,9,13]. Similar to
the mouse p3 domain, LFP cells are induced by Shh
and express characteristic p3 domain markers such as
nkx2.2a/b and nkx2.9 (Fig. 2B, Table 1) [12,27,40].
Additionally, the expression of these marker genes in
LFP cells relies on the presence of Shh. Recent research

(A) (B8)

Neural
tube

(D) 24 - 48 hpf

Transverse section
V3: slc17a6b, sim1a
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Table 1. Comparison of the marker gene expression profile of LFP
and MFP.

foxa2  ntnla Shh nkx2.2a/b nkx2.9

LFP + + + From 36 hpf [99]
MFP  + + + -

+

has further revealed that the LFP gives rise to V3 inter-
neurons, KA” cells, and ISNs, as shown in Fig. 1B
[7,8,11,13]. Moreover, the LFP also generates a popula-
tion of glial cells known as motor exit point glia [41-
43]. In the subsequent section, we will provide a brief
overview of the characteristics and roles of the three
neuronal populations originating from LFP progenitor
cells, along with a discussion on the molecular mecha-
nisms necessary for their development and specification.

Function and features of KA’ cells, V3
interneurons, and ISNs developed
from the zebrafish LFP

KA" cells

Kolmer—Agduhr neurons, a subgroup of cerebrospinal
fluid-contacting neurons (CSF-cNs), were initially identi-
fied by Kolmer and Agduhr (KA). These neurons extend
their apical projection into the cerebral ventricles and the

(©) 16 - 24 hpf

ISN: fev, tph2, 5-HT

Fig. 2. Floor plate is organized into MFP and LFP. The LFP generates sequentially specific neuronal types that are characterized by distinct
markers. (A) A transverse section through the zebrafish neural tube showing the ventral location of the MFP and LFP. (B-E) Images show the
floor plate and the sequential specification of interneurons from the LFP (dorsal view). (B) LFP cells are positioned adjacent to MFP cells and
are characterized by distinct markers. (C) GABAergic KA” neurons arise early in development from LFP progenitor cells and express several
specific markers. (D) Glutamatergic V3 neurons are generated between 24 and 48 hpf from the LFP progenitor. (E) Serotonergic neurons (5-
HT), known as ISNs, are generated between 60 and 96 hpf from LFP progenitor cells. Adapted from Huang et al. [7] and Jacobs et al. [9].

The FEBS Journal (2023) © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 3

Federation of European Biochemical Societies.

85U8017 SUOWIWIOD BA11e81D) 3ol jdde ayy Aq peuenob a1e sajole YO ‘SN JO SaInJ 0} Aiq1T 8UlUO A8|IA UO (SUORIPUOD-PUE-SWLBIAL00" A | IM AleId 1[pul [UO//:SdhU) SUOTPUOD pUe SWis 1 841 88S *[£202/80/€0] U0 Akeiqiauliuo A8]im ‘91Bojouyoe | 4 uonnisul eynsiey Aq ET69T SERI/TTTT OT/I0P/W0d A8 |1 Aiq 1 puljuo'sce)//sdny wouy pepeojumod ‘0 ‘859vZr.T



Neuronal Development in Zebrafish Spinal Cord

central canal of the spinal cord [11,44,45]. They have a
distinctive pear-shaped soma and express genes encoding
glutamic acid decarboxylases (gads), exhibiting immuno-
reactivity to y-aminobutyric acid (GABA) [46,47].

In zebrafish, two subtypes of KA cells have been
identified, both in direct contact with the central canal
and showing similar anatomical features. They are
GABAergic and share the expression of various TFs
such as gatala, gata3, tall, and tal? [12,45] (Fig. 2C).
However, they originate from different progenitor
domains [12,44,48,49].

KA’ neurons arise from the olig2-positive pMN
domain around 10-12-h postfertilization (hpf) and are
located dorsally compared with KA” cells. Molecu-
larly, KA’ neurons differ from KA” neurons by specifi-
cally expressing the somatostatin 1.1 gene (sstl.1) [44].

KA” cells emerge from the LFP at approximately
16.5 hpf [7,9]. They occupy a ventral position in the
spinal cord and, in addition to being GABAergic,
transiently express tphla, exhibiting temporary seroto-
nergic characteristics [50,51]. Furthermore, they are
distinct from KA’ cells due to their unique expression
of urotensin-related peptide 1 (urpl) and urotensin II-
related peptide 2 (urp2) [52].

As interneurons with processes in contact with the
central canal, KA neurons are believed to detect changes
and stimuli in the cerebrospinal fluid, possibly through
the putative chemo- and/or mechanosensitive polycystic
kidney disease 2-like I channel (pkd2I1) [53,54]. They can
transmit acquired information via projections to spinal
neurons involved in locomotion, such as the primary
commissural ascending interneurons and primary caudal
motor neurons of the central pattern generators [44,55].

Consequently, it is hypothesized that mechanosensi-
tive KA cells in zebrafish play a role in maintaining
balance and body posture [44,56-58]. Additionally,
they could serve as potential chemosensors, integrating
cues from the cerebrospinal fluid and potentially pos-
sessing secretory functions themselves [44].

V3 interneurons

V3 cells are a distinct type of interneuron derived from
the LFP and play a crucial role in locomotion regula-
tion. Early identification of V3 interneurons is based
on the expression of simla, while slc17a6b (formerly
known as vglut2a) serves as a later marker gene
(Fig. 2D) [9,11]. These excitatory glutamatergic inter-
neurons, adjacent to KA” cells in the LFP, are
thought to be involved in the control of locomotor
amplitude independently of locomotor frequency in
zebrafish larvae [59,60]. Recent research has demon-
strated that V3 cells are essential for recruiting spinal
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motor neurons and providing excitatory signals to acti-
vate them, ultimately leading to the initiation of fictive
swimming in larval zebrafish [60].

Although not yet studied in zebrafish, work conducted
on the mouse spinal cord have revealed the generation of
different subpopulations of V3 interneurons at distinct
developmental stages [61]. Later in this review, we will
use the example of the zebrafish p2/V2 domain to illus-
trate the possible molecular mechanisms involved in gen-
erating the diversity of neuronal subpopulations.

Intraspinal serotonergic neurons

Recent single-cell RNA sequencing (scRNA-seq)
approach revealed that ISNs are also derivatives of the
LFP in zebrafish [13]. These late-born neurons are
known to produce serotonin, along with the hindbrain
raphe nuclei, and maintain detectable levels of this
neurotransmitter in the spinal cord even after suprasp-
inal projections have been severed [62-65].

In zebrafish, ISNs with an oval-shaped morphology
emerge around 2.5-3 days postfertilization (dpf) and
undergo morphological changes until they mature at
approximately 5 dpf (Fig. 2E) [10]. Their caudally
extending processes appear to be axons terminating in
enlarged growth cones, while their rostrally extending
neurites branch into dendritic arbors [66,67]. Molecu-
larly, ISNs can be identified by the expression of
marker genes such as fifth ewing variant TF (fev; for-
merly known as PCI2 ETS factor 1, petl) (Fig. 2E)
[68] and tph2, which encodes the rate-limiting enzyme
Tph2 responsible for serotonin synthesis [69].

In contrast to ISNs in other vertebrates, zebrafish
ISNs are abundant and evenly distributed along the
anterior—posterior axis of the spinal cord [10,70-72].
This abundance suggests distinct functional properties
compared with mammalian ISNs [10,70,71]. In zebra-
fish, ISNs play a crucial role in locomotion as they are
closely positioned to motor neurons [66,67,72,73].
Interestingly, the development of ISNs and the estab-
lishment of beat-and-glide swimming patterns occur
simultaneously at 4 dpf, and this capability is main-
tained throughout adulthood in zebrafish. Further-
more, ISNs contribute to the regeneration of spinal
cord injuries and the restoration of motor circuitry by
releasing serotonin, which promotes axonal regrowth
of severed interneurons [74].

Molecular mechanisms of LFP
specification

Several studies have shown that Shh, secreted by the
MFP and the notochord, is essential for LFP
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formation [27,40]. When Shh reaches its target cells, it
triggers the production of active forms of zinc finger-
containing Gli transcriptional effectors. Through
mutant analysis of components in the Shh signaling
pathway, researchers have confirmed the significance
of these factors in inducing and forming the LFP [36—
38]. Once active, Gli proteins bind to the regulatory
sequences of downstream target genes of Shh, such as
nkx2.2a, nkx2.2b, and nkx2.9, and they thereby induce
the transcriptional expression of the respective genes in
cells destined to become LFP precursor cells (Fig. 3)
[75-77]. Loss-of-function studies on nkx2 genes have
further demonstrated that the activity of these TF
genes is critical for the proper development of progeni-
tor cells of the LFP [12].

Additionally, Schifer et al. [11] demonstrated that
the LFP is composed of heterogeneous cell popula-
tions in which p3, V3, and LFP progenitor cells are
intermingled. Moreover, their mutant studies already
suggested that the activity of Delta-Notch, Shh, and
Nkx2.2 is involved in the generation of both LFP pro-
genitor and p3 cells.

Recent studies shed light on the mechanisms under-
lying the specification of KA” and V3 interneurons
from LFP progenitor cells. In particular, the work of
Huang and Jacobs using a photoconvertible reporter
of signaling history has provided intriguing insights
into the sequential and time-dependent manner of LFP
progeny generation [7-9]. Especially, two of the major
signaling pathways, Shh and Notch signaling, got into
focus due to their involvement in governing cell fate
specification and in maintaining progenitor fate in

LFP progenitor cell
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vertebrates, respectively [25]. Their work has elegantly
shown that the two main signaling pathways are essen-
tial for the specification and maintenance of progenitor
fate in the LFP [25].

Molecular mechanisms involved in
KA’ cell, V3 interneuron, and ISN
specification

KA” cell specification

Cell lineage tracing experiments have provided insights
into the development of KA” cells from LFP progeni-
tor cells. These progenitor cells express nkx2.2a,
nkx2.2b, and nkx2.9 and undergo asymmetric or sym-
metric cell divisions between approximately 16.5 and
24 hpf, giving rise to KA” cells [7]. During KA” speci-
fication, the nkx2 family of TFs induces the expression
of gata2a, which activates the expression of gata3 and
tal2. The expression of tal2 is crucial for the transcrip-
tion activation of gadlb (also known as gad67), which
is involved in GABA synthesis (Fig. 3) [12,45].

In this model, LFP progenitor cells continue to be
responsive to Shh signals, whereas differentiated KA”
cells lose their responsiveness over time. Interestingly,
overexpression of Shh in KA” cells does not restore
their ability to respond to Shh signals. Additionally,
once KA” cells reach the postmitotic stage and com-
plete their specification, they cannot revert back to the
progenitor state even with extrinsic Shh signals [7].
The duration and termination of Shh signaling are
critical for proper KA” cell differentiation. Blocking

KA* interneuron V3 interneuron
AAR A
/ I

slc17a6b
A

/ \
urp1 tal2 pkd2l1 |

I
gataza —— ] sim1a

/

.
e
/‘//’

ascl1  nkx2.2a/b

Shh

Fig. 3. Signaling pathways involved in the induction of LFP, the maintenance of LFP progenitor cells, and their differentiation into KA” and
V3 neurons are shown. (Left) Induction of LFP cells by the Shh pathway. (Middle) Both Shh and Notch signalling pathways are necessary to
maintain LFP cells as progenitors. (Right) Inhibition of the Notch pathway allows the differentiation of LFP cells into KA” (16-24 hpf) and V3
(24-48 hpf) neurons. During KA” and V3 interneuron specification, crosstalk between the Shh and Notch signaling pathway could also be
mediated via the regulation of transcription or protein levels as observed during central nervous system development.
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Shh signaling at early stages leads to the elimination
of KA” cells, while blocking it later reduces their num-
ber partially. However, inhibiting the Shh pathway
from 18 hpf onwards does not disrupt KA” cell specifi-
cation since differentiated cells no longer depend on
active Shh signaling [7]. On the contrary, sustained
Shh signaling caused by constitutively active upstream
and downstream effectors results in an expansion of
KA” cells in the LFP and adjacent ventral domains
of the neural tube. Interestingly, constitutive Shh sig-
naling through forced gl/il expression prevents signal
termination and promotes the maintenance of the LFP
progenitor state over KA” cell specification [7,8].
Notch signaling, such as Shh signaling, is undetectable
in KA” cells, while LFP progenitors exhibit a high
Notch response. The level and duration of Notch sig-
naling play a crucial role in determining whether LFP
progenitors are maintained or KA” cells are specified
(Fig. 3) [7,9]. The interplay between Shh and Notch
signaling pathways regulates the transition from the
progenitor state to differentiating cells. Notch effectors
can maintain Shh responsiveness by facilitating the
trafficking of important Shh receptors and regulating
the transcription and protein levels of critical Gli acti-
vators. On the contrary, Gli factors have transcrip-
tional control over components of the Notch signaling
pathway. This intricate cross talk between Shh and
Notch signaling pathways is crucial for the develop-
ment of KA” cells and may also regulate interneuron
specification from the LFP [7,25].

In summary, Notch signaling is essential for Shh
responsiveness, and both pathways are required to
maintain the neural progenitor fate (Fig. 3). However,
KA” cell identity can only be established in the pres-
ence of Shh, and the final specification occurs through
the attenuation of both pathways. Inhibiting Notch
signaling allows the transition from the progenitor
state to differentiation in KA” cells (Fig. 3) [7].

V3 cell specification

V3 cell differentiation, such as KA” cells, is initiated by
nkx2 TF members. These members induce the expression
of the early V3 marker gene simla, which activates the
gene slcl7a6b responsible for encoding the V3-specific
glutamate neurotransmitter transporter [12,45]. How-
ever, there are differences between KA” cells and V3 cells
in terms of their differentiation process. While KA” cells
complete their differentiation by 24 hpf, V3 cells begin
to emerge from LFP progenitor cells through either
asymmetric division or no division at all, between 30 and
48 hpf. Despite this time shift, the same rules governing
KA” specification can be applied to V3 cells [7,9].

G. Cucun et al.

The differentiation of V3 cells from common LFP
progenitor cells follows a sequential process, which is
regulated by the amount, duration, and termination of
Notch signaling. The level and duration of Notch
activity determine the responsiveness to Shh, as dis-
cussed in the previous chapter, and ultimately influ-
ence the fate of these cells. LFP progenitors maintain
high levels of Notch signaling to remain in their pro-
genitor state, while V3 cells exhibit an intermediate
level of Notch activity, and KA” cells completely lack
Notch response at 24 hpf. Sustained Notch signaling
not only prevents the specification of KA” and V3
interneurons but also expands the LFP domain. Con-
trariwise, blocking Notch signaling early, from 18 to
30 hpf, increases the number of V3 cells in the anterior
part of the embryo, while the posterior regions mostly
lack these interneurons. Meanwhile, KA” cell numbers
remain unchanged in the anterior regions, but a signifi-
cant increase in KA” cells is observed in the posterior
parts of the spinal cord. These opposing changes in
cell numbers can be explained by the fact that the spi-
nal cord develops from anterior to posterior, with the
anterior spinal cord being at a more advanced embry-
onic stage compared with the posterior spinal cord at
a given time and that both KA” and V3 interneurons
develop from a common progenitor pool. Terminating
constitutive Notch activity even earlier, at 14 hpf,
results in an increase in KA” cells at the expense of V3
interneurons. On the contrary, terminating constitutive
Notch signaling at a later stage, specifically at 24 hpf,
leads to the absence of KA” cells and a significant
increase in the number of V3 interneurons. These
experiments highlight the significant impact of Notch
signaling duration, rather than just the levels of Notch,
on the specification of KA” and V3 cells (Fig. 3) [9].

In their search for a Notch signaling mediator
involved in this specification process, Jacobs et al.
(2022) identified Jag2b through morpholino knock-
down experiments. However, the absence of Jag2b
must be compensated by Jag2h-independent processes
that regulate the timing of KA”/V3 differentiation, as
the specification of these cells did not occur prema-
turely despite the lack of Jag2h. This indicates that
there may be other unknown external signals or path-
ways that could drive LFP specification, warranting
further investigation [9].

ISN specification

Despite the discovery of the LFP as the origin of ISNs
using scRNA-seq data analysis and knockdown experi-
ments, the specific molecular mechanisms responsible
for their development have remained unclear.
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However, upon further analysis of the scRNA-seq
data, it was found that the LFP progenitor cells
exhibit strong expression of genes involved in the
Notch signaling pathway, including the downstream
targeted her genes. Interestingly, when the Notch path-
way was inhibited between 2 and 3 dpf, there was an
observed increase in the number of ISNs. These find-
ings suggest that, alongside KA” and V3 interneuron
differentiation, the Notch signaling pathway may play
a role in the specification of ISNs [13].

Neural specification—the case of the
zebrafish p2 domain

V2 progenitor cells develop into three distinct V2
neuron subtypes

The p2 domain is one of 11 spinal cord precursor
domains, located between the pMN and pl domains
(Fig. 1A) [17,78]. The p2 domains of zebrafish and
mouse give rise to several distinct postmitotic subpop-
ulations of V2 interneurons. In zebrafish, three sub-
populations have been identified to date, termed V2a,
V2b, and V2s (Figs 1B and 4).

V2a interneurons play an important role in locomo-
tion by providing excitatory input to motor neurons
[19,79]. They are characterized by the expression of vsx/,
vsx2, and [hx3 genes, and they are glutamatergic

Dorsal

Neuronal Development in Zebrafish Spinal Cord

excitatory interneurons (Fig. 5) [14,19,80]. Studies have
shown that V2a cells are circumferential descending
interneurons (Fig. 4) that modulate swimming and escap-
ing movements [14,81]. The TF gene vsx/ has been identi-
fied as essential for the development of V2a interneurons,
and its inhibition leads to an increase in V2b cells expres-
sing tall. Vsx1 represses tall expression by directly bind-
ing to its cis-regulatory sequence (Table 2) [82].

V2b interneurons are inhibitory GABAergic neurons
that are Ventral Lateral Descending interneurons
(Fig. 4) [14,83]. The majority of V2b develops from a
first intermediate progenitor pool of V2a/b, the rest are
generated from a second intermediate progenitor pool
of V2b/s (Fig. 5) [15]. V2b expresses gata3, gatala, tall,
and tal2 genes (Fig. 5) [16,83]. Studies have shown that
V2b neurons have exclusive ipsilateral caudal innerva-
tions that connect directly to motor neurons, and they
play a role in controlling tail beat frequency in zebrafish
embryos [84,85]. tall has been identified as the most
important TF gene for the development of V2b cells
and their GABAergic phenotype [83]. Loss-of-function
studies have supported the crucial role of tal/l in the
development of V2b cells (Table 3) [83].

V2s are inhibitory glycinergic interneurons that
develop from an intermediate progenitor pool of V2b
and V2s [16]. They express soxla, soxIb, and nkx1.2lb
and have long ipsilateral descending axonal projections
with a short branch at the ventral midline (Fig. 5,

sox1a
slc6a5

Ventral

Central canal

Fig. 4. p2 domain gives rise to three functionally distinct V2 neuron subtypes known as V2a, V2b, and V2s. V2a interneurons (blue) are
glutamatergic interneurons with ipsilateral excitatory synapses. V2b neurons (green) are GABAergic and their projections are mainly
ipsilateral, with V2b axons descending toward the caudal end of the spinal cord. V2s neurons (orange) are glycinergic and have long
ipsilateral descending axonal projections with a short branch at the ventral midline.
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p2 domain

vsx1
foxn4
1hx3

Early
progenitor?

Notch off

thh on

G. Cucun et al.

Late
progenitor?

Notch off ?

Notch on ?

Fig. 5. Model of V2 subtype development from two distinct p2 intermediate progenitor pools. (Left) The first pool produces sister cells with
different levels of Notch activity, leading to differentiation into V2b and V2a neurons. (Right) The second pool generates V2b and V2s
neurons, with the decision between V2b and V2s also depending on Notch signaling. The first group of p2 intermediate progenitors is
probably generated earlier than the second group of p2 intermediate progenitors. The decision between V2b and V2s is also dependent on
Notch signaling, but the mechanism of action of this signaling is not yet well-documented.

Table 2. Characteristics of zebrafish V2 cells.

P2 V2a/b V2b/s
progenitor progenitor progenitor V2a V2b V2s
Marker genes vsx1 Ihx3 gataZa vsx2 (chx10) gataZa soxTa
foxn4 gataZa gata3 vsx1 gata3 sox1b
Ihx3 tall vglut2 (slc17a6b) tall nkx1.2 Ib
tal2 tal2 slc6a5
soxTa gad1b (GAD67)
Neurotransmitter  — - - Glutamatergic GABAergic Glycinergic
Excitatory/ - - - Excitatory Inhibitory Inhibitory
inhibitory
Anatomy - - - Circumferential Ventral lateral Ipsilaterally
descending descending descending

Table 2) [16]. V2s are believed to develop later than
V2a and most V2b and become fully glycinergic during
the second day of embryonic development. Studies
have shown that sox/a and sox1b expression and func-
tion are critical determinants for the formation and
specification of V2s interneurons (Table 3) [16]. In
soxla and soxIb double mutants, there is a clear
reduction of V2s at the expense of V2b, indicating the

importance of these genes in the development of V2s
(Table 3). Zebrafish V2s [16] and mouse V2¢ [21] are
likely to be homologous (Table 4). The differentiation
of both cell types depends on Sox1 activity, and they
develop late from a common precursor cell type, V2b/
¢ in mouse and V2b/s in zebrafish (Fig. 5) [15,16,21].
Zebrafish V2a, V2b, and V2s neurons are close to
each other, intermingled, and have all ipsilateral
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Table 3. Zebrafish mutants with a V2 neuron phenotype.

Neuronal Development in Zebrafish Spinal Cord

Target

Knock down/knock out

How are V2 cells affected?

References

vsx1

tall

gataZa

gata3

gataZa,
gatal3

soxla;
sox1b

Mind bomb
(ubiquitin

Knock down: Splice blocking morpholino
antisense oligonucleotide
Knock out: CRISPR-Cas9

Knock out: ENU-induced mutagenesis

Knock out: Zinc-finger nuclease

Knock out: Zinc-finger nuclease

Knock out: Zinc-finger nuclease

Knock down: Splice blocking morpholino
antisense oligonucleotide

Knock out: CRISPR-Cas9

Knock out

» Decreased number of excitatory V2a cells (slc17a6b,vsx2-
positive)

Increased number of tal7-expressing V2 cells

Increased number of inhibitory V2b cells (gad7b,tal1-positive)
No effect on V2s cells marker (sox7a and sox1b)

In vsxT overexpression, increased number of vsx2, decreased
number of tal7-expressing cells

Lost expression of pkd2/71 in V2 cells

Reduced number of GABAergic cells (gad7b expression)
Reduced number of sox7a cells

No tal2 expression

Almost no cells expressing sox1b

Normal number of gataZa and gata3-expressing cells

Reduced expression of pkd2/71 in V2 cells

Reduced number of GABAergic cells (gad7b expression)

No difference in the number of tal7 or tal2-expressing V2 cells
Slightly decreased number of gata3 cells

Reduced number of GABAergic cells (gad7b expression)
Decreased number of gataZa and tall

Strong reduction in the number of GABAergic cells (gad1b
expression) compare with single mutants

Increased number of V2b cells marker (gataZa, gata3, tal1 and
tal2) in spinal cord

Reduced number of glycinergic marker (s/c6a5)

No difference in the number of V2a cell marker (vsx7 and vsx2)
Reduction in the number of V2b at the expense of V2a

Loss of GABAergic cells in V2 domain

[82]

183]

[83]

[83]

183]

(16l

[14]

ligase)

descending projections, but they receive information
from different sources, connect to different targets and
are not connected to each other (Fig. 4) [15,84].

How are functionally distinct V2
neurons generated from molecularly
identical progenitor cells?

V2a, V2b, and V2s neurons are generated from pro-
genitor cells in the p2 domain of the spinal cord
(Fig. 5) [14,16,19]. p2 cells are located in the ventricu-
lar zone, are highly proliferative, and undergo multiple
divisions. Some of these cells exit the cell cycle,
become postmitotic, and move laterally. They begin to
express a specific combination of TF genes, which ulti-
mately results in the development of mature, function-
ally distinct neurons [17,24].

The early p2 domain is characterized by the expres-
sion of irx3a, nkx6.1, and nkx6.2 genes (Fig. 5,
Table 2) [86,87]. Progenitor cells within the p2 domain
express several TF genes, such as vsx/, [hx3, and foxn4
(Fig. 5, Table 2) [14,19,88]. After the final division,

some p2 cells generate two sister cells that differentiate
into distinct functional cell types. The sister cell groups
responsible for giving rise to V2a and V2b are referred
to as V2a/b intermediate progenitor cells (Fig. 5) [19].
Another population of intermediate progenitors,
known as V2b/s, has also been identified and develops
into V2b and V2s neurons (Fig. 5) [15,16]. V2a/b inter-
mediate progenitor cells produce approximately 75%
of mature V2 neurons, while V2b/s cells contribute to
only 25% [15]. It is suggested that V2b/s intermediate
progenitor cells may either develop after V2a/b cells,
or their specification into V2b and V2s neurons occurs
at a later stage, as zebrafish V2s neurons tend to
develop later compared to the majority of V2b and
V2a neurons (Fig. 5) [15,16].

Molecular mechanisms of V2a, V2bh,
and V2s specification

Research conducted on mouse and zebrafish models
has demonstrated that the Notch signaling pathway
plays a vital and conserved role in determining the

The FEBS Journal (2023) © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 9

Federation of European Biochemical Societies.

85U8017 SUOWIWIOD BA11e81D) 3ol jdde ayy Aq peuenob a1e sajole YO ‘SN JO SaInJ 0} Aiq1T 8UlUO A8|IA UO (SUORIPUOD-PUE-SWLBIAL00" A | IM AleId 1[pul [UO//:SdhU) SUOTPUOD pUe SWis 1 841 88S *[£202/80/€0] U0 Akeiqiauliuo A8]im ‘91Bojouyoe | 4 uonnisul eynsiey Aq ET69T SERI/TTTT OT/I0P/W0d A8 |1 Aiq 1 puljuo'sce)//sdny wouy pepeojumod ‘0 ‘859vZr.T



Neuronal Development in Zebrafish Spinal Cord

Table 4. Comparative table between mouse and zebrafish interneurons.

G. Cucun et al.

Pathway
involved in
Type of Developmental stage generation/ Marker
Organisms interneuron birth date and origin specification genes Function References
Zebrafish KA’ (dorsal) 10-15 hpf from pMN Shh sst1.1 Detects ipsilateral spinal [12,48,49,100,101]
gads bending, transmits
pkd2I1 mechanosensory input to
locomotor network for
slow swimming and
postural control
Mouse CSF-cN’ E13-E14 from late p2 Shh Pka2l1 Enhance locomotor speed  [94,102,103]
(dorsal) domain and dorsal GAD
half of pOL domain
Zebrafish KA” (ventral) 10-24 hpf from Shh and Notch  urp? Detects longitudinal spinal  [9,11,12,55,100,101,104]
progenitors of LFP gads bending, transmits
pkd2I1 mechanosensory input to
locomotor network for
fast swimming and
postural control
Mouse CSF-cN” E13-E14 from p3 Shh Pkd2I1 Enhance locomotor speed  [94,102,103]
(ventral) progenitors adjacent GAD
to the floor plate
Zebrafish V3 24-48 hpf from late Shh and Notch  sim7a In vivo fictive swimming, [12,17,60,105-107]
LFP that express shh slc17a6b locomotor amplitude
(vglut2a)
Mouse V3 E9.0-E12 from p3 Shh Sim1 Establishment of robust [59,108-112]
domain Vglut2 motor rhythm during
walking
Zebrafish ISN 2.5-3 dpf from late Shh and Notch  fev1 Beat-and-glide swimming,  [10,13,51,74,113]
progenitor of LFP (petl) spinal cord injury
tph2 regeneration and motor
circuitry reinstitution
Mouse ISN E16.5 from progenitors  Shh Pet1 Modulation of autonomic [114-119]
adjacent to the floor Tph2 functions, fictive
plate, located dorsal locomotor activity
to the central canal
Zebrafish V2a 17 hpf from p2a/b Notch off vsx2 Involved in control [14,19,80,81]
progenitors vglut2 movement amplitude
and ensuring left-right
alternation at higher
frequencies of swimming
Mouse V2a P2a/b progenitors Notch off Visx2 Involved in reach-and- [20,89,97,120-122]
(CHX10) grasp movement
Vglut2
Zebrafish V2b 17 hpf from p2a/b Notch on gata3 Involved in the ipsilateral [14,19,84,91]
progenitors gads inhibition in speed
control
Mouse V2b E10-E12 from p2a/b Dll4-mediated Gata3 Involved in flexor/extensor  [20,89,92,120,123-125]
progenitors Notch, BMP/  GAD1 alternation
TGFB
Zebrafish V2s 24 hpf from p2b/s Notch on soxTa Involved in fast escape [15,16,84]
progenitors soxT1b movement
slc6ab
Mouse V2c P2b/c progenitors Notch on Sox1 Unknown [21]
Slc6ab
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development of V2a and V2b cells from the intermedi-
ate progenitor pool of V2a/b cells [14,19,20,89-92].

In zebrafish mutants that lack Mind bombl (Mibl),
the absence of Notch signaling leads to an increase in
V2a cells at the expense of V2b cells. These findings
indicate that during the normal specification process, it
is crucial to deactivate Notch signaling in V2a progeni-
tors while maintaining its activation in V2b
progenitors (Table 3) [14]. The precise contribution of
different zebrafish membrane-bound Notch ligands
(DeltaA, DeltaC, and DeltaD) and Notch receptors
(Notchla, Notchlb, and Notch3) in this process has
been investigated, revealing that different combinations
of Notch ligands and receptors play distinct roles in the
development of V2 interneurons in zebrafish. Specifi-
cally, DeltaA and DeltaD, activated by the ubiquitin
ligase Mibl, work together to maintain p2 progenitors,
while DeltaA and DeltaC redundantly determine the
fate of V2a/V2b cells. Notchla, Notchlb, and Notch3
are involved in p2 progenitor proliferation, while
Notchla primarily contributes to the specification of
V2a/V2b cells [90]. Recently, a downstream effector
of the Notch pathway called heri5.1 has been discov-
ered to exhibit differential expression in the V2 lineage.
The early and transient expression of herl5.1 in imma-
ture V2b cells is crucial for the specification of V2b neu-
rons. Conversely, in mature neurons, the
downregulation of herl5.1 is necessary for the initiation
of axon genesis in the V2b neurons [91]. However, it
remains unclear which specific Notch genes regulate the
activity of herl5.1 and the precise roles of other zebra-
fish her genes in this process. Additionally, the combina-
tion of Notch and Delta molecules that function
upstream of herl5.1 activity has yet to be determined.

Another V2 intermediate progenitor group differenti-
ates into V2b and V2s neurons [15,16], and Notch sig-
naling is crucial for their development. Pharmacological
inhibition of the Notch pathway with LY411575 chemi-
cal between 16 and 24 hpf results in an increase in the
number of V2b and a reduction in the number of V2s,
suggesting that Notch needs to be turned on in V2s pre-
cursors and off in V2b for the correct specification of
V2b and V2s [16]. However, it is not clear why Notch
signaling is required for V2b specification in V2a/b pro-
genitor population but not in V2b/s. One possibility is
that there are intrinsic molecular differences between
these two V2b populations that determine their sensitiv-
ity to Notch signaling. Alternatively, the difference may
be related to the temporal regulation of Notch signaling
during the development of these two populations. Nev-
ertheless, the specific Notch receptors, ligands, and
effectors involved in V2s specification remain unknown.
While Notch signaling has been implicated in V2

Neuronal Development in Zebrafish Spinal Cord

specification in zebrafish, other developmental path-
ways such as BMP, fibroblast growth factor, and Shh
signaling pathways have also been associated with neu-
ronal development. Further research is necessary to
identify the specific signaling pathways, including Notch
components, involved in V2a, V2b, and V2s cell
specification.

Commonalities and differences in the
specification of neurons between
the LFP and p2 progenitor domains

At first glance, the processes of development and specifi-
cation of p2 domain and LFP domain neurons appear
to differ. As mentioned earlier in this review, LFP pro-
genitor cells sequentially generate three distinct popula-
tions of interneurons at different stages of embryonic
development. In contrast, in zebrafish, the p2 domain
was shown to generate only several subpopulations of
V2 interneurons. However, upon closer examination of
the processes and pathways involved in the specification
of the LFP and p2 domains, it becomes clear that very
similar mechanisms are used to generate distinct popu-
lations from the two progenitor domains. First, the gen-
eration of distinct V2a, V2b, and V2s interneurons also
occurs sequentially and at different embryonic stages,
with mature V2a interneurons and most V2b interneu-
rons being found in the spinal cord earlier than V2s
[15,16]. Second, the specification of different V2 sub-
populations, as well as distinct LFP neurons, relies on
the Notch signaling pathway. Third, in mouse, the p3
population gives rise to several V3 subtypes, namely
V3.1, V3.2, V3.3, and V3.4 [61,93]. These V3 subtypes
probably result from further specification of the p3
domain into different subtypes, similar to what is
observed in the p2 progenitor domain [14-16,18,20-23].
Furthermore, in mouse, some CSF-cNs (homologous to
zebrafish KA’) were shown to be generated late from
the p2 progenitor domain [94], indicating that, at least
in mouse, the p2 progenitor domain gives rise not only
to different V2 subtypes but also to distinct neuronal
populations at different periods of embryonic develop-
ment. It is still not known whether this is a mouse-
specific feature of the p2 domain or if it is common to
other vertebrates such as the zebrafish.

In summary, although the development and specifi-
cation of p2 domain and LFP domain neurons may
initially appear distinct, closer examination reveals that
they share similar mechanisms. Sequential generation
of specific interneuron populations, involvement of the
Notch signaling pathway, and subsequent specification
into subtypes are common features observed in both
domains.
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Unveiling the potential of zebrafish
model in spinal interneuron research

Numerous studies have presented compelling evidence
indicating a remarkable similarity in the key classes of
spinal interneurons involved in movement control, gene
expression patterns, and transcriptional gene regulatory
networks responsible for establishing the spinal neuro-
nal circuitry between zebrafish and mouse (Table 4)
[17,24,95,96]. Despite the significant evolutionary dis-
tance between vertebrates, this parallelism suggests a
shared basis in their spinal neuronal circuitry. This indi-
cates a highly conserved mechanism of spinal cord
development among vertebrates, specifically applying to
CSF-cNs (KA), V3, ISNs, and all three subsets of V2
interneurons discussed in this review. Table 4 provides a
summary of the developmental and functional aspects
of these cells in both mouse and zebrafish models. The
Zebrafish offers several advantages as a model organ-
ism, including advanced genetic tools, high regenerative
capacity, optical transparency of embryos, and short
generation time. These attributes provide significant
potential for exploring the complexities of spinal cir-
cuitry analysis. Researchers can now leverage the
strengths of the zebrafish model in conjunction with
cutting-edge genomic techniques such as CAGE-seq,
ATAC-seq, ChIP-seq, bulk, and scRNA-seq. This com-
bined approach enables the unveiling of crucial insights
into the development and function of spinal interneu-
rons. This comprehensive understanding of spinal cord
development and diversity bears profound implications
for the advancement of targeted therapies for neurologi-
cal disorders and spinal cord injuries. Encouraging
studies have already demonstrated the successful gener-
ation of functional V2a cells in cell culture [97] and the
development of dorsoventral human spinal cord orga-
noids [98], highlighting the potential of this research in
clinical applications.
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