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Abstract
The adult brain is made up of anatomically and functionally distinct regions with

specific neuronal compositions. At the root of this neuronal diversity are neural

stem and progenitor cells (NPCs) that produce many neurons throughout embryonic

development. During development, NPCs switch from initial expanding divisions

to neurogenic divisions, which marks the onset of neurogenesis. Here, we aimed

to understand when NPCs switch division modes to generate the first neurons in

the anterior-most part of the zebrafish brain, the telencephalon. To this end, we

used the deep learning-based segmentation method Cellpose and clonal analysis of

individual NPCs to assess the production of neurons by NPCs in the first 24 h of

zebrafish telencephalon development. Our results provide a quantitative atlas detail-

ing the production of telencephalic neurons and NPC division modes between 14 and

24 h postfertilization. We find that within this timeframe, the switch to neurogenesis

is gradual, with considerable heterogeneity in individual NPC neurogenic potential

and division rates. This quantitative characterization of initial neurogenesis in the

zebrafish telencephalon establishes a basis for future studies aimed at illuminating

the molecular mechanisms and regulators of early neurogenesis.
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Summary statement
Quantification of neuron production and neural progenitor division modes in

zebrafish embryonic telencephalon up to 24 h postfertilization using deep learning-

based segmentation and clonal analysis methods.
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1 INTRODUCTION

During embryonic development of the vertebrate brain, spa-
tially distinct regions with specific cognitive and information-
processing functions emerge. Underlying these different
functions is the spatiotemporally controlled generation of the
different types of neurons present in each brain region (Ge
et al., 2022; Lodato & Arlotta, 2015; Shohayeb et al., 2021).
At the root of this neuronal diversity are neural stem and pro-
genitor cells (NPCs) that are present within the developing
neuroepithelium and undergo cell division to generate new
neurons (Ortiz-Álvarez & Spassky, 2021).

In vertebrates, embryonic NPCs typically constitute polar-
ized and elongated cells with apical and basal processes
that span the neuroepithelium from the ventricular surface
to the meninges. As the cell cycle progresses, the NPC
nucleus moves apically in interkinetic nuclear migration. In
most vertebrate species, NPCs undergo mitosis exclusively
at the surface of the brain ventricle. In initial phases of
vertebrate brain development, NPCs undergo symmetric pro-
liferative divisions to expand their pool size. Subsequently,
NPCs switch to asymmetric and symmetric neurogenic divi-
sion modes to mediate the production of the first neurons at
the onset of neurogenesis (Casas Gimeno & Paridaen, 2022;
Delaunay et al., 2017). Newborn neurons arising from these
divisions detach from the ventricular surface and migrate
basally to their final position. Over time, different types of
neurons are generated from the same initial pool of NPCs as
development proceeds.

Despite the advances made in understanding how the
production of neuronal diversity from embryonic NPCs is
regulated (Ge et al., 2022; Lodato & Arlotta, 2015), our under-
standing of the molecular and cell biological mechanisms
underlying individual NPC division mode and fate decisions
is limited. For instance, studies using various NPC lineage-
tracing methods have demonstrated that there is remarkable
heterogeneity in the division modes used by individual NPCs
in the vertebrate nervous system (Dong et al., 2012; Gao
et al., 2014; Gomes et al., 2011; He et al., 2012; Hevia et al.,
2021; Llorca et al., 2019). Moreover, it is not clear whether
the embryonic NPCs present at the onset of neurogenesis are
equipotent in their ability to produce the different types of
neurons (Ge et al., 2022; Zechner et al., 2020). In order to
understand the factors and processes underlying individual
NPC biology in each part of the nervous system, it is impor-
tant to have a clear picture of the timing of neurogenesis and
NPC division mode changes in each brain region.

The most anterior part of the developing neural tube
gives rise to the telencephalon, the diencephalon, and the
retina. In the developing mouse dorsal telencephalon the
timing of epithelialization, spatiotemporal pattern of neu-

ron production, and the timing of NPC division mode
changes are well established. However, the early morpho-
genetic and neurogenic process of the dorsal telencephalon
in the zebrafish model has not been described in as much
detail. In zebrafish, the dorsal telencephalon constitutes the
embryonic primordium of the pallium, which is evolutionar-
ily related to the mammalian neocortex (Diotel et al., 2020;
Wullimann, 2009). Early fate-mapping studies showed that
the telencephalon arises from the most anterior territory in
the neural plate (Wilson & Houart, 2004). In the transition
from neural plate to neural tube in the zebrafish, NPC bodies
initially extend beyond the tissue midline where NPCs from
either side intercalate (Buckley et al., 2012; Symonds et al.,
2020; Tawk et al., 2007; Yang et al., 2009). Subsequently,
NPCs progressively polarize by subcellular trafficking of
polarity proteins to the tissue midline until a continuous api-
cal surface is formed along the midline. During this phase,
midline-crossing C-divisions, in which either daughter cell
segregates to opposite sides of the telencephalon, occur. These
C-divisions are important for proper ventricle lumen forma-
tion (Buckley et al., 2012; Symonds et al., 2020; Tawk et al.,
2007).

Seminal studies showed that the first neurons in the
zebrafish forebrain are born between 14 and 16 h postfertiliza-
tion (hpf) in two major neuronal clusters, the dorso-rostral and
ventro-rostral clusters (Korzh et al., 1993; Macdonald et al.,
1994; Ross et al., 1992; Wilson et al., 1990). These clus-
ters correspond to neurons of the prospective telencephalon
and ventral diencephalon, respectively. A more recent study
using time-lapse imaging of NPCs in the zebrafish forebrain
between 26 and 48 hpf provided the first description of NPC
division modes after the onset of neurogenesis (Dong et al.,
2012). However, the complete time course of individual NPC
division mode switches and how this connects to the produc-
tion of the first neurons in zebrafish pallium development has
not been described in detail.

Here, we set out to characterize neuron production and
individual NPC lineages during the first day of zebrafish pal-
lium development. Using machine learning-based NPC cell
segmentation and counting as well as sparse lineage trac-
ing techniques, we quantified neuron production within the
telencephalon. We observed variations in the total cell and
neuron counts between individual embryos of the same stage.
Inspection of individual NPC behavior showed heterogene-
ity in division rate and neurogenic potential during the initial
stages of neurogenesis in the zebrafish telencephalon. This
characterization of NPC biology during early neurogenesis
of the zebrafish pallium will be instrumental for future in-
depth study of the rules governing individual NPCs behavior
in establishing the neuronal diversity and complexity of the
adult brain.
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F I G U R E 1 Telencephalon development in zebrafish embryogenesis. (A) Frontal views of the anterior-most part of zebrafish embryo heads
stained with DAPI to label nuclei at the indicated timepoints. Dorsal is up. The developing neural territory is delineated by a yellow dashed line and
the developing telencephalon is highlighted by a green dashed line. At 20 h postfertilization (hpf), the structures labeled are optic cup (OC), olfactory
placode (OP), arrow: hypothalamus. Scale bar is 200 �m. (B) Dorsal view of a zebrafish embryo (flat-mounted) at 22 hpf stained with DAPI to label
nuclei and the pan-neuronal marker HuC/D (magenta). Anterior is to the left. The major segments of the CNS are highlighted with a yellow dash line.
The telencephalon (Tel) is delineated with a green dashed line. Scale bar is 150 �m. FB, forebrain; HB, hindbrain; MB, midbrain; SC, spinal cord.

2 RESULTS

2.1 Epithelialization of the zebrafish dorsal
telencephalon is complete by 17 hpf

To assess the overall morphological changes in the first 24 h
of telencephalon development, we first explored the general
tissue architecture of the anterior-most part of the neural tube
between 12 and 22 hpf. We examined forebrain morphogen-
esis by imaging fixed DAPI-stained samples (Figure 1). As
described previously (Affaticati et al., 2015; Werner et al.,
2021), the anterior neural tube transitioned from an initially
disorganized and unpolarized epithelium into a pseudostrat-
ified polarized neural tubelike structure (Figure 1A) with
the formation of optic vesicles between 14 and 18 hpf. As
described previously (Korzh et al., 1993; Macdonald et al.,
1994; Ross et al., 1992; Wilson et al., 1990), by 22 hpf neu-
rons were present within the telencephalon (as marked by
the neuronal-specific small RNA-binding proteins HuC/D)
(Figure 1B).

To examine telencephalon morphogenesis in more detail,
we introduced membrane-targeted fluorescent tag mKate2-
ras and performed time-lapse imaging of live embryos from
14 hpf up to 22 hpf (Figure 2A; Movie S1). At 14 hpf, a
slight constriction appeared at the prospective site of the optic

vesicle evagination, which marked the boundary between the
hypothalamus and the telencephalon (Affaticati et al., 2015;
Werner et al., 2021). At 14-hpf, the telencephalon lacked a
fully organized epithelial architecture and midline-crossing
C-divisions were still taking place (Figure 2A). In contrast,
the hypothalamus displayed apicobasal polarity typical of the
embryonic neuroepithelium with a well-defined and continu-
ous midline. This dorsoventral gradient in epithelialization is
similar to that previously described in the zebrafish anterior
neural tube (Symonds et al., 2020).

In order to visualize the timing of NPC polarization and
telencephalon epithelialization in more detail, we next inves-
tigated the dynamics of the polarity marker Par3 (Figure 2B,
Movie S2) between 14 and 24 hpf. Time-lapse imaging of
embryos expressing Par3 and a membrane-targeted fluores-
cent protein showed that at 14 hpf, Par3 was localized in a
punctate pattern in the midline zone (Figure 2B) where the
NPC cells are intercalating. Between 14 and 15 hpf, Par3
puncta were progressively localizing at the midline of the neu-
roepithelium, concomitantly to the establishment of a clear
midline (Figure 2B). This pattern is similar to the estab-
lishment of apicobasal polarity in the zebrafish hindbrain
(Buckley et al., 2012; Symonds et al., 2020; Yang et al., 2009).
Ultimately, around 17 hpf, Par3 was localized as a continu-
ous band along the midline (Figure 2B,C). We observed that
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F I G U R E 2 Epithelialization of the telencephalon. (A) Selected frames of a representative time-lapse movie recording telencephalon
morphogenesis (from 14 to 22 hpf) in a zebrafish embryo (n = 3) expressing the membrane marker mKate2-ras. The panel shows the more
superficial forebrain (rostral, upper row) and the deeper, caudal forebrain (bottom row) at the indicated timepoints. Dorsal is up. The approximate
orientation of the imaging plane for each stage is represented in the diagram. For easy visualization, the nascent telencephalon, diencephalon, and
optic recess were pseudo-colored in orange, blue, and yellow, respectively. Midline-crossing C-division occurring at the midline (red arrowhead).
The constriction at the telencephalon–diencephalon boundary is indicated with black arrowheads. (B) Selected frames of a representative time-lapse
recording of Par3-EGFP (green) and mKate2-ras (black) in the telencephalon of a zebrafish embryo (n = 7) between 14 and 18 hpf. The outline of
the telencephalon is indicated in orange and C-divisions are indicated with red arrowheads. Dorsal is up. (C) Graphs indicating the timepoint of the
last observed midline-crossing C-division (orange) and first observed continuous localization of Par3-EGFP along the midline (green). Each
datapoint represents one embryo. Dashed line indicates median values. (D) Representative images showing immunostaining against N-cadherin
(n = 3–5 per timepoint). C-divisions are indicated with red arrowheads. The outline of the telencephalon is indicated in orange and the hypothalamus
in blue. Scale bar is 50 �m.
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