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Abstract

Notch signaling plays a pivotal role in regulating various developmental processes, particularly in controlling the timing
of neuronal production within the developing neocortex. Central to this regulatory mechanism is the oscillatory pattern of
Delta, which functions as a developmental clock modulator. Its deficiency profoundly impairs mammalian brain formation,
highlighting its fundamental role in brain development. However, zebrafish carrying a mutation in the functional ortholog
DeltaC (dlc) within their functional ortholog exhibit an intact forebrain structure, implying evolutionary variations in Notch
signaling within the forebrain. In this study, we unveil the distinct yet analogous expression profiles of Delta and Her genes
in the developing vertebrate forebrain. Specifically, for the first time, we detected the oscillatory expression of the Delta gene
dlc in the developing zebrafish forebrain. Although this oscillatory pattern appeared irregular and was not pervasive among
the progenitor population, attenuation of the dlc-involved Notch pathway using a y-secretase inhibitor impaired neuronal
differentiation in the developing zebrafish forebrain, revealing the indispensable role of the dlc-involved Notch pathway in
regulating early zebrafish neurogenesis. Taken together, our results demonstrate the foundational prototype of dlc-involved
Notch signaling in the developing zebrafish forebrains, upon which the intricate patterns of the mammalian neocortex may
have been sculpted.
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Introduction

Sensory processing in the vertebrate forebrain allows us to
react to environmental stimuli. Although the neural induc-
tion process, such as neural tube formation, is generally
conserved, the cell alignment in tetrapod forebrain differs
from that in zebrafish forebrain [1]. In the developing tetra-
pod forebrain, the neural progenitors reside on the shore of
ventricles within a pipe-like structure named the ventricular
zone, while neural progenitors sit on the coast of the dorsal
sector with a stream spreading to the medial region, form-
ing a T-shaped germinal zone in the developing forebrain of
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zebrafish. Despite their place of residence, these progeni-
tors serve as a source for producing neurons. The generated
neurons migrate in a species-specific manner toward the
final destination and form connections to establish sensory
circuits. Although the cytoarchitecture may vary among ver-
tebrates, a conserved molecular expression profile has been
identified in multiple species, such as progenitor genes Pax0,
Hesl, and Sox2; intermediate progenitor gene Eomesa/Tbr2;
and neuronal gene HuC [1-4].
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The conserved molecular expression profile suggests a
preserved molecular mechanism for regulating neurogenesis.
Notch signaling is critical in regulating the transition of neu-
roepithelial cells to radial glial cells and the differentiation
of radial glial cells to intermediate progenitors or neurons
[5-7]. DIl1, the primary Notch ligand in mammals, interacts
with Notch receptors on the signal-receiving cells to deliver
Notch signaling. DIl1-Notch interaction triggers the release
of the Notch intracellular domain (NICD), which activates
the transcription of downstream genes, such as the progeni-
tor gene Hesl. In the signal-receiving cells, Hes1 suppresses
the expression of the proneuronal gene Ngn2 to maintain
progenitor identity and prevent neuronal differentiation. The
downregulation of Ngn2, in turn, leads to a decrease in DII1
expression, which is opposed to the signal-sending cells. The
reciprocal expression of DII1 and Hes1 in the neighboring
cells is known as lateral inhibition [8]. While this simple and
one-directional regulation is known to be the primary Notch
signaling pathway in invertebrates, such as drosophila [9],
additional crosstalk among cells and complicated regulation
of effector protein metabolism have been found to modulate
the Notch signaling within a population in the developing
complex tissues of vertebrates, such as the somite, and in
mammals, such as the forebrains [10, 11]. In mammalian
cortical progenitors, the downregulation of DII1 effector
gene Hesl, due to its self-transcriptional suppression and
a short half-life, induces the upregulation of the proneu-
ronal gene Ngn2, which in turn activates the downstream
gene DI, leading to the induction of Hesl expression in
the neighboring cells. As a consequence, the expression of
DIl1, Hesl1, and Ngn2 oscillate in undifferentiated cortical
progenitors before sustained high Ngn2 expression drives
neural differentiation [12]. Nevertheless, it remains unclear
why the dynamics of Notch signals change during evolution
and what the relationship is between the complicated oscil-
lated Notch signal gene expression pattern and neurogenesis.

Even though the molecular mechanism of neurogen-
esis during the development of pallium in larval zebrafish
remains unclear, in situ hybridization and histochemistry
have shown that neural progenitor cells in larval zebrafish
pallium share the same molecular markers as those in other
species and are generated primarily in the T-shaped germinal
region in the forebrain [13]. Moreover, neural progenitors in
adult neurogenesis express similar molecular markers in a
conserved location in the forebrain of adult zebrafish, and
the molecular mechanisms of adult neurogenesis have been
well-studied in both zebrafish and rodents. These studies
have yielded insights into the development of the pallium
in zebrafish, providing knowledge and potential avenues of
investigation. While embryonic neural progenitors in mam-
mals reside along a wide range of germinal zones, the adult
neurogenesis region is restricted to a few places, such as the
hippocampus and subventricular zone. In contrast, neural

progenitors in teleost brains can be found in many areas dur-
ing both larval and adult stages [14, 15]. Despite differences
in the number and location of neural progenitors in zebrafish
and mammalian brains, both use the Notch signaling path-
way to maintain the progenitor pool and select the quies-
cent neural stem cells for adult neurogenesis [12, 16—18]. In
mammals, the dynamics of Notchl signaling components,
such as Hes1 and DI11, are critical to determining the status
of neural stem cells. For example, embryonic forebrain pro-
genitors and active adult neural stem cells exhibit an oscil-
latory expression pattern, while quiescent adult neural stem
cells have a sustained expression pattern [11, 18]. However,
it is currently unknown whether the expression profile of the
Notch signal in the developing zebrafish forebrain and its
roles in regulating neurogenesis is conserved in mammals.

Supporting the critical and sophisticated regulated Notch
signaling, aberrant expression of Hesl can induce severe
brain malformation in mammals [19, 20], and DLLI point
mutation in humans induces nonspecific brain abnormali-
ties with or without seizures (NEDBAS) [21]. Surprisingly,
zebrafish carrying the Delta mutation survived with intact
forebrain morphology compared to the controls, suggesting
the evolving characteristics of Notch signaling in forebrain
development (Fig. 1a, b). In this study, we examined the
spatial expression pattern of Delta and Her genes in the
developing forebrain of zebrafish, turtles, chickens, and
mice. We found similar but variable distribution patterns of
Delta-positive cells in the developing forebrains of zebrafish
compared to chickens and mice. Additionally, the oscilla-
tory expression pattern of the Delta gene, DeltaC/dlc, was
detected and monitored for the first time in the developing
zebrafish forebrain. Although the effects of attenuating dlc-
involved Notch signaling on neuronal differentiation in the
developing zebrafish forebrain were inconsistent with those
in chickens and mice, the irregular dlc expression profile in
zebrafish suggested a foundational prototype of dlc-involved
Notch signaling in regulating forebrain development. These
results demonstrate the convergent evolution of Notch sign-
aling in the telencephalon, which would ultimately provide
the fundamental basis for establishing the cortex/neocortex
for complex sensory processing.

Materials and Methods
Animals

ICR wild-type mice, Mus musculus, were used in this study.
The day of vaginal plug detection was defined as embryonic
day (E) 0.5 and the day of birth as postnatal day (P) 0. Mice
were hosted at the National Yang Ming Chiao Tung Univer-
sity Laboratory Animal Center following the instructional
guidelines. Stocks of adult zebrafish, Danio rerio, were kept
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Fig. 1 Increased neurons and progenitors in the forebrain of dic
mutant larval zebrafish but no gross abnormality in adults. a Image
of dlc mutant and control adult zebrafish. b Quantitative analysis
of body index of adult zebrafish. ¢ Image and quantitative analysis
of forebrain in dic mutant and control adult zebrafish. d Image and
quantitative analysis of the ratio of HuC/D-positive cells to total
cells (nuclei) in adult zebrafish forebrains. Nuclei: DAPI staining.
e, f Image and quantitative analysis of the number of nuclei in the
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forebrains of 5 dpf larval zebrafish. Nuclei: DAPI staining. P, pal-
lium; SP, subpallium; 1fb, lateral forebrain bundle; ac, anterior com-
missure [13]. g, h In situ hybridization and quantitative analysis of
larval zebrafish at 5 dpf using probes specifically targeting progeni-
tor gene sox2, neuronal precursor gene eomesa, and neuronal gene
HuCl/elavl3. Scale bars are indicated. Error bars represent standard
deviation, and data points are shown in dots. * Significance with p
value <0.05 by Student’s #-test
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at the fish facilities of National Ocean University in 28 °C
fresh water under a 14:10 h light:dark photoperiod, follow-
ing the instructional guidelines. Embryos were bathed in
Petri dishes with E3 media within 30 min after fertiliza-
tion and maintained at 28.5 °C. Eggs of fertilized Chinese
soft-shelled turtle, Pelodiscus sinensis, were provided by a
turtle farm in Taoyuan City, Taiwan. The eggs were incu-
bated in wood scraps in styrene foam boxes at 30 +2 °C,
with moisture provided occasionally. The developmental
stage of P. sinensis was determined as described previously
[22]. Fertilized chicken eggs were provided by the Animal
Health Research Institute, Council of Agriculture, Taiwan.
The chicken eggs were incubated in an incubator at 37 °C
with humidity maintained at 60—80%.

Sample Collection of bea™*Mutant Zebrafish

The zebrafish strain with dlc/bea™?® mutation was used in
this study [23]. Homozygous mutant dlc/bea™%™ fish
are denoted as bea™", and heterozygous dic/bea
are denoted as bea™". To obtain both bea™~ and bea™" lar-
val zebrafish, we set up mating using one bea™~ and one
bea*” fish and collected the fertilized eggs. At 12-20 h post-
fertilization, bea™ fishes were distinguished based on the
completeness of somite, which is disrupted in bea™" fishes.
To collect samples for ISH analysis, bea™~ and bea*”
zebrafish were fixed in 4% paraformaldehyde at 4 °C over-
night and then transferred to ice-cold methanol at—20 °C
for more than 2 h for permeabilization. Before cryosection-
ing, samples were immersed in 30% sucrose—PBS at 4 °C
overnight and then embedded in Shandon Cryomatrix frozen
embedding medium (Thermo Fisher). Then, 12 pm coronal
sections were prepared using a cryostat (NX70; Thermo
Fisher) and stored at — 80 °C before ISH or IHC analyses.

tm98/+ fish

In Situ Hybridization (ISH) Analysis

Digoxigenin (DIG)-labeled antisense probes were prepared,
and in situ hybridization was performed as previously
described [24]. dlc and dld ISH probes were obtained from
Professor Liao at NTOU. Primers listed in Supplementary
Table I were used to amplify the mRNA sequence of indi-
cated genes. After confirmation of PCR product size and
sequence, PCR products were linked with the T7 promoter
at 3’ end and Sp6 promoter at 5’ end using T7 promoter
linker primer (TAATACGACTCACTATAGGGCCCG
GGGC) and Sp6 promoter linker adapter primer (ATTTAG
GTGACACTATAGAAGGCCGCGG). Digoxigenin (DIG)-
labeled probes were transcribed in vitro using T7 and Sp6
promoter-tagged PCR products following the procedure with
T7 or Sp6 polymerase. Briefly, samples were pretreated and
hybridized with 200-500 ng/mL of probes at 55 °C over-
night. Peroxidase-tagged anti-DIG antibody (1:500, Roche)

followed by tyramide signal amplification was applied. Sig-
nals were developed with Texas Red streptavidin (1:500
vector) at room temperature, followed by DAPI nuclear
staining or nitro blue tetrazolium (NBT) and 5-bromo-
4-chloro-3-indolyl-phosphate (BCIP) substrates (Roche) at
room temperature. In two-color in situ hybridization, the sig-
nals were developed by streptavidin conjugated with Alexa
Fluor 488/594 (Thermo Fisher). Images were acquired by an
IX83 inverted microscope (Olympus). The ISH signals were
analyzed using the bulti-in functions in Fiji/Imagel software
(https://imagej.nih.gov/ij/docs/guide/user-guide.pdf). A pro-
cedural example is shown in Fig. S11 using a section of a 5
dpf larval zebrafish with Sox2 staining (from Fig. 1g). Begin
the image analysis process by opening your original ISH
image (Fig. S11a) and defining the region of interest (ROI)
intended to analyze, ensuring that this ROI is recorded in
the “ROI manager” (Fig. S11a’). Next, convert the original
image into an 8-bit format and invert it, which transforms the
positive ISH signals into white particles set against a black
background (Fig. S11b). To effectively differentiate actual
signals from background noise, apply a Gaussian blur to the
inverted image, choosing a blur radius between 3 and 5 pm,
optimized for the specific RNA probe to ensure that genuine
positive signals are rendered invisible under this condition
(Fig. S11b’). Now, use the “Image calculator” to subtract
the blurred image (Fig. S11b') from the inverted image
(Fig. S11b), resulting in a processed image (Fig. S11b”).
Afterward, convert the processed image (Fig. S11b”) into
a binary format using the “Threshold” function, adjusting
the threshold appropriately for the RNA probe to ensure
that true positive signals appear distinctly white against a
black background (Fig. S11c-c’). Finally, reapply the ini-
tially recorded ROI (Fig. S11a’) onto the thresholded image
(Fig. S11c’) and employ the “Analyze Particles” feature to
determine the ROI of all detected particles. For verification
purposes, overlay this ROI on the original image, ensuring
alignment with observed positive signals (Fig. S11d-d’).
This stepwise process facilitates the accurate analysis of ISH
images. The ratio of positive signal area to forebrain area
was calculated and is shown as “Ratio (gene/forebrain)” in
the bar graphs (Figs. 1h, 5c, and S4b).

Immunohistochemistry (IHC) Analysis

Immunohistochemistry was performed as previously
described [25]. Briefly, 12 pm cryosections were washed
with 0.05% Tween-20 in PBS and then blocked with 10%
normal donkey serum, 0.2% Tween-20, and 0.1% Triton
X-100 in PBS at room temperature for 1 h. The primary
antibodies were applied in 1% normal donkey serum in
PBS at 4 °C overnight. After washing with 0.05% Tween-
20 in PBS, secondary antibodies were applied in 1% normal
donkey serum in PBS at room temperature for 1 h. Nuclei
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were counterstained with DAPI solution (Thermo Fisher).
Images were acquired using an IX83 fluorescence micro-
scope (Olympus) and an LSM700 confocal microscope (Carl
Zeiss). The following primary antibodies were used: mouse
anti-HuC/D (1:500, Millipore), rabbit anti-Tbr2 (1:500,
Abcam), and mouse anti-Tujl (1:1000, Abcam). Secondary
antibodies conjugated with Alexa Fluor dye were used at
1:500 (Thermo Fisher).

Analysis of DII1 and Dic Signals in Developing Brains
of Zebrafish, Chickens, and Mice

Fluorescence in situ hybridization images developed with
Texas Red streptavidin were acquired using a Zeiss LSM700
confocal microscope. Cells and signals within cells were
determined using the Mastodon package by J.V. Tinevez
(https://github.com/mastodon-sc/mastodon) in Fiji/ImageJ
software [26, 27]. Differences in the Gaussian detector were
used for edge detection. Cell radii were determined to include
the majority of cells with intact nuclei, and the threshold of
signal intensity was determined in order not to include back-
ground signals. DAPI signal was used as an internal control
to rectify the Delta signal. Based on the signal distribution of
Delta/DAPI using a histogram diagram, a threshold was set
to define Delta-positive cells. The minimal distance between
a cell and the nearest cell and between a signal-positive cell
and the nearest signal-positive cell was calculated using
Excel software. Then, the relative minimal distance between
signal-positive cells and the nearest signal-positive cells
was calculated by dividing the minimal distance between a
signal-positive cell and the nearest signal-positive cell by the
minimal distance between a cell and the nearest cell. Ripley’s
K function was adapted to perform spatial point analysis fol-
lowing previously published methods [28, 29]. In brief, the
L function, L(), is the linear solution of the K function to
reveal clustered, random, or regular distributions of points by
sampling point counts with gradually enlarged circles. Since
the brain slices were relatively thin in the Z-axis, XY projec-
tions in 2D were used for calculating L() in order to prevent
overly clustered outputs. The areas of L() were defined by
the minimal ranges of X- or Y-coordinates, and 100-gradated
radii of the areas were used for each slice. The artificial Delta
patterns of most clusters or regular distributions were gener-
ated with the corresponding numbers of Delta-positive cells
in each slide as the controls to show the extreme distributions
and 80 random Delta distributions were generated to calcu-
late the 99% confidence intervals.

Inhibition of Notch Signaling
For mice, brain slices were prepared and cultivated as previ-

ously described [30]. Then, 500 pm coronal E13.5 mouse brain
slices were prepared using a vibratome (Leica) and then were
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placed on Millicell-CM inserts (Millipore) in culture medium
containing 25% Hanks’ balanced salt solution (Sigma Aldrich)
and 60% basal MEM supplemented with 5% FBS, 1% N-2
Supplement, 1% penicillin/streptomycin, 1% L-glutamine
(Gibco), and 0.66% glucose. For chicken, 300 um coronal brain
slices were prepared using a vibratome (Leica) and then were
placed on Millicell-CM inserts (Millipore) in culture medium
containing Neurobasal Medium (Gibco) supplemented with
5% horse serum, 1% N-2 Supplement, 2% B-27 Supplement,
0.5% penicillin/streptomycin, 1% L-glutamine (Gibco), and 1%
1 M HEPES-NaOH (pH 7.3) (1 mL) [31, 32]. For zebrafish,
20-30 larval zebrafishes in the chorions were bathed in one
well of 6-well plate with E3 medium [33]. To inhibit Notch
signaling, y-secretase inhibitor MK-0752 (Cayman Chemical)
was applied in the culture medium. Freshly prepared MK-0752
at a concentration of 25 pM in culture medium was applied to
mouse and chicken brain slices, and 10 pM MK-0752 in E3
medium was applied to larval zebrafish. DMSO, the solvent
of the MK-0752 working solution, was used as the control.
The culture condition for mouse cortices was 37 °C for 20 h
in a humid incubator with 5% CO,; for chicken, cortices were
30 °C for 24 h in a humid incubator containing 5% CO, and
40% O,; and for zebrafish was 28.5 °C for 24 h. After treat-
ment, samples were fixed with 1% paraformaldehyde at 4 °C
overnight. After immersion in 30% sucrose-PBS at 4 °C over-
night, samples were embedded in Shandon Cryomatrix frozen
embedding medium (Thermo Fisher). Then, 12 pm sections
were prepared using a cryostat (NX70; Thermo Fisher). Sec-
tions before ISH or IHC analyses were stored at — 80 °C before
ISH or IHC analyses.

Live Imaging and Analysis of Zebrafish Brains
and Somite

For brains, to trace dlc expression within a cell, we injected
GFP plasmid into 4-cell-stage zebrafish embryos carrying
Tg(dlc11k:mCherry), named dlc-mCherry [34]. 1-Phenyl 2-thi-
ourea (PTU) at a final concentration of 0.003% was applied
before 12 h post-fertilization (hpf) to prevent melanogen-
esis. Before imaging, 2 dpf zebrafish were anesthetized with
50 mg/L tricaine in E3 medium. For somite, the larval zebrafish
at the 15-20 somite stage were dechorionated and anesthetized
with 50 mg/L tricaine in an E3 medium. To acquire time-series
images, embryos were embedded in 1% low-melting agarose
and then immersed in an E3 medium with tricaine to maintain
the moisture. Images were acquired every 5 min for 5 h at a
temperature of 28.5 °C using an LSM880 confocal microscope
(Carl Zeiss). To monitor mCherry signals, we first identified
and tracked cells using GFP signals and then applied the built-
in timelapse/circle interpolator function in the Fiji/Image]
software. The average intensity of GFP cells was subjected to
further analysis to evaluate the mCherry dynamics using MAT-
LAB software with built-in MATLAB functions. As systematic
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bias, such as the accumulating impacts from laser exposure,
may occur during the live imaging process, we first normalized
the mean intensity of dlc-mCherry to GFP intensity and then
processed the detrending procedure in order to reveal the real
dynamics [35]. A trend line signal was calculated by computing
the moving mean of the signal with a window size of 100 min
using a MATLAB-built-in movmean function and then sub-
tracted from the normalized signal. The signal was smoothed
using a moving mean with a 20-min window size. To detect
the peaks, a MATLAB-built-in findpeaks function was applied
with a threshold set to 0.1 times the dynamic range. To evalu-
ate if the dynamics resemble the oscillated pattern found in
mouse neural progenitors [12], we analyzed the autocorrelation
structure of the waveform using a MATLAB-built-in autocorr
function. The results of 59 lags were calculated from 60 time
points. The results were shown in pseudo-color, 16_colors, in
a look-up table (LUT).

Cell Clustering

To cluster the oscillating behaviors, the k-means machine
learning method was utilized on the DATAtab statistics soft-
ware (https://datatab.net/statistics-calculator/cluster). The
input parameters of each cell were the number of completed
oscillation cycles, the mean square of the autocorrelation coef-
ficient of total lags, the range of the autocorrelation coefficient,
the mean peak-to-peak interval, and the mean amplitude. To
calculate phases, the autocorrelation coefficient below 0.3 (no
correlation) was regarded as O to avoid overestimation from
small fluctuations. For all five parameters, the larger the value
was, the more robust the oscillator was. The k=3 clusters and
epoch=50 were used for the k-means algorithm to cluster the
tracked cell into 3 clusters. k=3 was selected by the elbow
method, where variance was most decreased in a series of k
tests. The epoch was set above the iterations when the cluster-
ing results were no longer changed, which was approximately
epoch 2 30 for our data sets.

Statistical Analysis
The data are shown as dot plots overlaid with either a bar chart
representing the mean +SD or a box-whisker plot representing
quartiles. Student’s #-test was performed, and significance was
recognized at p <0.05.

Results

Early Neurogenesis Was Affected in the Forebrain
of DII1 Functional Ortholog dic Mutant Zebrafish

To explore whether loss of DIl1 expression affects brain
development in other vertebrates, zebrafish were utilized,

as the genome is well studied and genetically manipu-
lated zebrafish are available. In zebrafish, the delta family,
containing dla, dlb, dlc, and dld, has been identified as an
ortholog of the DIl family in mammals (Fig. S1). While
the sequence of DII1 is highly similar to sequences of dla
and dld (Fig. S1), the dynamic expression pattern of DII1
is different from either of them during embryogenesis. For
example, D111 is expressed in both somite and brain devel-
opment in an oscillatory expression pattern [12], while dla
is not expressed in the presomitic mesoderm (PSM), and
dld is constantly expressed in PSM [36]. Nonetheless, dlc
was found to be the only gene of Delta/Serrate/lag-2 (DSL)
ligands with oscillating expression in developing somite
and serves as the segmentation oscillation modulator dur-
ing somitogenesis of somite formation in zebrafish [36, 37].
As an oscillatory expression pattern is a critical characteris-
tic of DII1 in progenitors during cortical development [12],
the allied periodic expression patterns of DIl1 and dlc sug-
gest that dlc might be a functional homolog of mammalian
DIl1 in zebrafish. We, therefore, examined the effects of the
loss of dlc in the brains of zebrafish using bea™®8 zebrafish,
named bea™", compared to the bea*” controls [23].

We found that the zebrafish carrying the homozygous dlc
mutation survived until the adult stage with normal repro-
ductive ability (Fig. 1a). Nonetheless, the adult dlc mutant
fish showed smaller body size and lighter body weight
(Fig. 1b) as well as lighter forebrain weight compared to the
bea™" controls (Fig. 1c). To inspect whether the forebrain
composition was affected in dlc mutants, we prepared 12 pm
cryosections for immunostaining and in situ hybridization
analysis. The results showed no significant difference in the
proportion of HuC/D-positive neurons between adult dic
mutants and controls (Fig. 1d), although somite formation
was found to be affected at early embryogenesis, as previ-
ously reported (Fig. S2a) [38]. To account for the robust
regenerative capacity of zebrafish [39], which may obscure
the effects of dlc expression loss on early pallium neurogen-
esis, we analyzed the dlc mutant zebrafish at 2 days post-
fertilization (dpf) (Fig. S2b) and 5 dpf (Fig. 1e). We found
that the number of nuclei in the hemisphere was unaffected
based on DAPI staining (Fig. 1f). Nonetheless, the results
of in situ hybridization analysis showed that the area where
cells expressed the neural progenitor gene sox2, intermediate
neural progenitor gene eomesa, or neuronal gene HuC/elavl3
was significantly increased (Fig. 1g, h and S3).

Next, we asked whether the minor phenotype was due to
compensation for the loss of dic expression by other delta
genes by examining the expression of all delta genes, includ-
ing dla, dlb, and dld, as well as dic (Fig. S4). As reported
previously [23], at 5 dpf, while dlc expression was mildly
downregulated in the forebrain of dlc mutant (Fig. S4), a
severe somite defect was easily observed compared to the
control (Fig. S2a), indicating the functional loss of dlc in
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bea™~ zebrafish. The expression of dla (p =0.086) and dib
(p<0.001) in the forebrain of dlc mutant fish was increased,
and the expression of dld was not changed compared to
bea*" controls. While the upregulated dla and dIb expres-
sion implies a possible compensation for losing functional
dlc expression to activate Notch signaling, the expression of
the Notch effector her6 was significantly decreased (Fig. S4).
The downregulated her6 expression supports the phenotype

a Mouse

b stage 17 Turtle
DIt

0.5mm

/‘..3

~

e

Fig.2 Expression pattern of DIlI, Hesl, and orthologs in develop-
ing vertebral forebrain. a In situ hybridization of DI/] and Hes! in
developing mouse dorsal telencephalon at E12.5 and E15.5 using
probes specifically targeting mouse DIl/ and Hes! mRNA. b In situ
hybridization of DIl] and Hesl in developing dorsal telencephalon
of stage 17 turtles using probes specifically targeting turtle DI/] and
Hesl mRNA. c In situ hybridization of DII] and Hes! in developing
chicken dorsal telencephalon at ES and E7 using probes specifically
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of prematuration (Fig. 1g, h, and S3) and indicates that the
upregulated dla and dIb expression may not fully compen-
sate for the dlc functions in dlc mutant fish. This finding
underscores the significant role of dlc in regulating zebrafish
forebrain development. Notably, these results are partially in
accord with the DIII conditional knocking out phenotype,
showing that neuronal gene expression was increased and
progenitor gene expression was downregulated in Nestin-cre;

¢ Chicken

Hes1

d 5 dpf Zebrafish

Anterior

50um "m’
.
{ .

dic

her6

e 5 dpf Zebrafish
dlc

targeting chicken DIl] and Hes! mRNA. d In situ hybridization of
dlc and her6 in developing forebrain of 5 dpf larval zebrafish using
probes specifically targeting zebrafish dic and her6 mRNA. e Two-
color in situ hybridization of dic and sox2 in developing forebrain of
5 dpf larval zebrafish. Colocalized signals are indicated by arrow-
heads. P, pallium; DT, dorsal thalamus (thalamus); VT, ventral thala-
mus (prethalamus); Po, preoptic region; Ifb, lateral forebrain bundle
[13]. Scale bars are indicated
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«Fig.3 dic-positive cells were stochastically distributed in the
forebrain of larval zebrafish. a Quantitative analysis of the rela-
tive minimal distance between a signal-positive cell to the near-
est signal-positive cell in the developing forebrain of 5 dpf larval
zebrafishes, E5 chicken, and E12.5 mouse. * represent significance
with p value<0.01 by Student’s #-test. b—d L() analysis of the spa-
tial distribution of DI/I-positive cells in the developing forebrain of
E12.5 mouse (d), DIlI-positive cells in the developing forebrain of E5
chicken (c), and dlc-positive cells in the developing forebrain of 5 dpf
larval zebrafish (d)

DI cortices, suggesting a phenotype of massive prema-
turation in the expanse of the progenitor pool [40]. Taken
together, our results indicate that the loss of dlc would affect
neurogenesis in the developing forebrain in a manner similar
to the DIlI-deficient mammalian neocortex despite no gross
abnormality being observed in the adult forebrain.

Notch Signaling in Forebrain Development Is Not
Solely Controlled by Lateral Inhibition Among
Vertebrates

Phenotypic differences in Notch signaling deficiency between
mice and zebrafish may be due to inconsistent expression pat-
terns of delta gene DIII and its orthologs among species, as
well as delta transcriptional effector her gene, during forebrain
development across species. To this, we collected forebrain
samples from developing zebrafish and mammalian mice as
well as turtles (Pelodiscus sinensis) and avians (Gallus gal-
lus). In the developing forebrain of larval zebrafish, progeni-
tors were aligned in a T-shaped region [41], contrasting with
the ventricular zone observed in tetrapods, including amphib-
ians, reptiles, and mammals (Fig. 2) [42]. In the developing
mouse neocortex, DIl was stochastically enriched in the ven-
tricular zone and decreased during later stages, along with
DIl transcriptional effector HesI (Fig. 2a) [12]. A similar
stochastic expression pattern of DII] could be observed in the
developing forebrains of stage 17 turtles and chickens at ES
and 7 (Fig. 2b, c¢). Furthermore, unlike in mice, DI// and Hes!
expressions were not downregulated at later stages in chicken
brains (Fig. 2c). In larval zebrafish forebrains, dic signals were
enriched in the T-shaped germinal region of the pallium and
co-expressed with the known neural progenitor gene sox2,
similar to mouse cortical progenitors [43] (Fig. 2d, e and S4),
while dld, the sequence-wise ortholog of DIlI, was gener-
ally expressed in the forebrain, including subdivisions such
as pallium and thalamus (Fig. S4 and S5). This conserved
specific enriched expression pattern of dlc in the germinal
zone of zebrafish forebrain, and DII] in the germinal zone
of mouse neocortex supports our hypothesis that dic is the
functional ortholog of mammalian DI/ in zebrafish. Taken
together, these results from multiple species show that DII1
and its orthologs, dlc, are expressed in a similar stochastic
pattern in the developing forebrain of vertebrates.

@ Springer

Previous reports have indicated that oscillated Notch signal-
ing in mammalian neurogenesis is controlled by the homeosta-
sis of oscillatory gene HesI, which has an irregular salt-and-
pepper pattern that differs from the simple conventional lateral
inhibition with an ordered salt-and-pepper pattern [44, 45].
Therefore, in an oscillatory pattern where the distance between
Hes1-positive cells varies, it is unlikely to fit the simple lat-
eral inhibition situation where there is a great central tendency
of distance between two signal-positive cells. To test this, we
measured the minimal distance from dlc/DIlI-positive cells to
the nearest dlc/DIl1-positive cells and the nearest cell (Fig. 3).
Quantitative analysis showed that the pattern of minimal dis-
tance of dlc-positive cells in larval zebrafish was significantly
different from DIlI-positive cells in both chickens and mice
(Fig. 3a). If DIl1 expression was controlled solely by lateral
inhibition, the coefficient of variation (c.v.) of the relative dis-
tance of the two nearest DI/]-positive cells would theoretically
be limited. However, in line with the previous results for the
developing mouse neocortex, the standard deviation of the rela-
tive distance was high and close to the average value, with c.v.
= 0.8879 [12]. Similar to the results in mice, a moderate but
not limited coefficient of variation for the relative distance of
the two nearest dlc- or DIlI-positive cells was also observed
in zebrafish forebrain at 5 dpf, with c.v. = 0.5803, and a high
value for chicken cortex at embryonic day 5, with ¢.v.=0.8121
(Fig. 3a). Notably, the relative distance between the two near-
est DIlI-positive cells in zebrafish was significantly different
compared to either chickens or mice, and no significance could
be detected between chickens and mice.

If Notch signaling is not controlled solely by lateral inhibi-
tion, it may be activated periodically, specifically in an oscil-
latory pattern. To determine whether the distribution of dlc/
Dlli-positive cells in the developing forebrain of zebrafish
and chickens was similar to that in mice in which DII1 was
expressed in the known oscillatory pattern, we performed
L function analysis, L(), to investigate the distribution of
dic/DllI-positive cells in the germinal zone (Fig. 3b—d).
Because the distribution of dlc/DIl1-positive cells was inher-
ited from the distribution of all cells on the slices, the spa-
tial patterns of dlc/DIlI-positive cells should be compared
to the L() of all cells. L() analysis results showed that the
distribution of dlc/DIlI-positive cells in the brains of all
species analyzed in the present study was not random when
compared to the simulated results but rather shared a similar
distribution pattern of local regularity and global clustering
(Fig. 3b—d and S6). This implies that the neural progenitors
may be selected to express the Delta gene, dic/DIl1, using a
conserved mechanism across mice, chickens, and zebrafish.

dic Oscillates in the Developing Zebrafish Forebrain

As dic oscillates during somite formation [23] and dlc-
positive cells could be stochastically observed in the
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«Fig. 4 Fluctuating dlc expression was not synchronized in the devel-
oping forebrain of larval zebrafish. a, b Time-lapse imaging of
mCherry signals and the heatmap of corrected mCherry signals in
GFP cells (8#8 pm). Dashed lines delineate the cellular boundary of
GFP cells. Time (minutes) was indicated. a’, b’ Line charts show the
amplitude of mCherry signals in cell 10 (a’) and cell 35 (b’). a”, b”
Curve diagrams show the autocorrelation results of cell 10 (a””) and
cell 35 (b”). a, a’, a” Time-lapse imaging and the analyses of cell 10
in group 1. b, b’, b” Time-lapse imaging and the analyses of cell 35
in group 3. ¢ Box and dot plots show the mean peak-to-peak inter-
val, mean amplitude, mean square of autocorrelation coefficient, and
range of autocorrelation coefficient in three groups. p values by Stu-
dent’s r-test are indicated. d Line charts show the mean amplitude in
each group. e The pie chart shows the composition of analyzed GFP
cells

zebrafish forebrain (Figs. 2 and 3), we asked whether dlc
was expressed in an oscillatory pattern during forebrain
development, as has been observed in the developing mouse
forebrain. To address this, we monitored the expression of
dlc in the developing zebrafish forebrain using a transgenic
fish, rg(dlc::dlc-mCherry), in which normal somitogenesis
was reported [34]. This transgenic strain contained 3 kbp
5’ upstream promoter region and 8 kbp full dic sequence
fused with mCherry/red fluorescent protein. To evaluate
whether dlc-mCherry could serve as an appropriate reporter
to monitor oscillatory expression, we examined the dynamic
expression of dle-mCherry in the PSM, where oscillatory
dlc expression can be observed and is critical to somite for-
mation. The live imaging results showed periodic mCherry
expression and clear somite boundaries during 140 min of
monitoring (Fig. S7a-c). Additional findings from crossing
dlc-mCherry with dlc mutant zebrafish showed that somite
defects could be partially rescued by dlc-mCherry, as shown
by the observation of nine somites formed in dlc-mCherry
crossed with dlc mutant zebrafish, compared to only four
somites in dlc mutant zebrafish (Fig. S2a and S7d).

The results of live imaging of mCherry signals and the
rescue of somite defects by dlc-mCherry in dlc mutants sug-
gested that the molecular behavior of dlc-mCherry is simi-
lar to innate dlc expression in controls. We then used this
transgenic fish with dlc-mCherry to monitor dynamic dlc
expression during forebrain development in zebrafish. A
GFP construct was introduced into 4-cell-stage embryos via
microinjection to label the shape of cells, and samples were
collected at 2 dpf for 5 h of live-imaging recording (Fig. 4). To
monitor dlc-mCherry signals within cells, we delineated cel-
lular boundaries based on GFP expression and monitored the
dynamic mCherry signals over a 300-min period (Fig. 4a-b”).
The raw signals of mCherry were then processed, and peaks
were determined using the imaging processing procedure
described in “Materials and Methods,” and the resulting
waves displaying the corrected mean mCherry signal inten-
sity within individual cells were presented (Fig. 4a—b”, S8
and S9). In order to examine whether the waves matched the
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periodic pattern with a consistent amplitude and duration of
period, we aligned the first peak of all analyzed cells as the
zero of pseudo-timelines and applied autocorrelation analysis,
a function to identify periodic patterns on MATLAB software
(Fig. 4a”, b”, S8 and S9). Based on the results of the autocor-
relation analysis (Fig. S9), we found that the dynamic expres-
sion patterns of dlc-mCherry were various and not apparently
synchronized across all the cells tracked. Further clustering
analysis based on the k-means machine learning strategy [46],
three groups of oscillating behaviors could be clustered using
5 oscillating properties of robustness, including mean peak-to-
peak interval, mean amplitude, mean square of autocorrela-
tion coefficient, range of autocorrelation coefficient, and the
number of cycles (Fig. 4c).

Among these three groups, group 1 exhibited a signifi-
cant difference from groups 2 and 3 in terms of oscillating
properties and the wave of mean amplitude (Fig. 4c, d). As
shown in the montage of sequential images, the intensity
of dlc-mCherry signals of cell 10 in group 1 displayed a
clear up-and-down dynamic expression pattern, in contrast
to that of cell 35 in group 3 (Fig. 4a—a’ and b-b’). Also, the
wave of mean amplitude in each group showed a similar
pattern as that of the individual cells (Fig. 4d and S8). The
autocorrelation analysis of cells in group 1 showed distinct
cycles between peaks and troughs, while cells in group 2 or
3 showed some connected peaks or troughs (Fig. 4a”, b” and
S9). Collectively, our findings suggested that group 1 exhib-
ited the most robust periodic behavior, whereas some cells in
the other two groups also displayed periodic yet noisy waves
(Fig. S8 and S9), indicating a distinct oscillatory pattern
from the oscillatory DII1 pattern in mice [12]. These results
suggested the dlc oscillations of zebrafish forebrain progeni-
tors occurred in a spectrum manner during determination
(Fig. 4e), implying a prototypical pattern of dlc-involved
Notch signaling in forebrain progenitors of zebrafish.

Different Effects of Attenuating Notch Signaling
on Neuronal Differentiation in Developing Forebrain
of Zebrafish Compared to Chickens and Mice

If some of the dlc expression in the developing zebrafish
forebrain exhibited an oscillatory pattern similar to that of
DII1 in the developing mouse forebrain, we then investi-
gated the effects of attenuating this dlc-involved Notch
signaling on neural differentiation during forebrain devel-
opment in mice, chickens, and zebrafish. To this, we applied
a y-secretase inhibitor, MK-0752, to block Notch signaling
during the critical period of neural differentiation. Several
previous studies have demonstrated that blocking Notch
signaling promotes neural differentiation in the cortical pro-
genitors in the developing mouse cerebral cortex [6, 47].
Therefore, we first examined the effect of blocking Notch
signaling using MK-0752 in mice.
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Brain slice culture was utilized to prolong the exposure time
to MK-0752 in the developing forebrain (Fig. 5a, left panel).
As the Tbr2-positive intermediate progenitor population was
primarily affected by the Notch signaling dysfunction condi-
tion [6], we measured Tbr2-positive intermediate progenitors
after MK-0752 treatment. After 20 h of treatment, Tbr2-posi-
tive intermediate progenitors in the ventricular zone (VZ) were
significantly increased in the MK-0752 treatment group com-
pared to the DMSO control group, which is consistent with
previous studies (Fig. 5a) [6, 47]. We then employed a simi-
lar slice culture procedure using chicken brain at ES (Ham-
burger and Hamilton stages 24/25), administering MK-0752
or DMSO as the control in the culture medium for 24 h, during
which the time chicken cortex experiences massive neurogene-
sis (Fig. 5b, left panel) [32]. As cortical progenitors in chicken
and zebrafish undergo neural differentiation to produce neu-
rons directly without producing Tbr2-positive intermediate
progenitors [48], we measured the changes in neuron popula-
tion in chicken and zebrafish brains after MK-0752 treatment.
The immunostaining results showed that the number of Tuj1-
positive neurons that expressed young neuronal gene Tujl was
significantly increased in the neuronal zone (NZ) outside of the
ventricular zone on chicken pallium (Fig. 5b), indicating that
inhibiting Notch signaling with MK-0752 promotes neural dif-
ferentiation in both chicken pallium and mouse cerebral cortex.

Finally, we investigated the effects of blocking Notch
signaling in developing zebrafish forebrain. To avoid
potential impact on somitogenesis, treating the zebrafish
with MK-0752 from the fertilized egg stage is not appli-
cable. Also, due to the challenge of specifically introduc-
ing MK-0752 to the zebrafish brain, we could not apply the
method we used in mice and chickens. Thus, we treated lar-
val zebrafish with MK-0752 at 4 dpf at 28.5 °C and assessed
the effects on neuronal differentiation using in situ hybridi-
zation of the neural gene HuC/elavl3 in the forebrain 24 h
after treatment (Fig. Sc, left panel). Surprisingly, we found
a downregulation of neural gene HuC/elavl3 in zebrafish
forebrain after MK-0752 treatment, which contradicts our
findings in mice and chickens (Fig. 5a, b) and in dlc mutant
fish (Fig. 1g, h). This unexpected result, in conjunction with
some oscillatory expression patterns of dlc in zebrafish, sug-
gests that Notch signaling is rudimentary in the developing
zebrafish forebrain when compared to the developing mouse
neocortex.

Discussion

The oscillatory expression pattern of Delta and Her is one
of the most critical signatures of Notch signaling in regulat-
ing the differentiation of a progenitor population, such as
vertebral somitogenesis and mammalian cortical develop-
ment [10, 19]. One current hypothesis is that the biological
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function of the oscillatory pattern is to set up the prepara-
tion for rigorously controlled differentiation while the on-
and-off Delta expression selects the cells to differentiate at
the correct time point. This close-fitting oscillatory pattern,
including regular amplitude and period, theoretically should
be established during evolution. For the first time, undulat-
ing DeltaC/dlc, the functional ortholog of mammalian DI11,
expression was detected in the forebrain of larval zebrafish,
while neither amplitude nor period was regular within and
among cells. In addition to the undulation pattern being dis-
similar to the typical one in mouse neocortical progenitors
[12], the nearest dlc-oscillating cells were in the minority
among the population, and the distance between dlc-positive
cells of the forebrain of larval zebrafish was significantly dif-
ferent compared to chicken and mouse. Despite these incon-
sistencies, the distribution of DIl1/dlc-positive cells based on
the results of L-function first showed clustering and then a
regular distribution pattern in all three tested animals. Taken
together, these data suggest that undulating dlc expression in
the forebrain of larval zebrafish might be the prototype for
the oscillatory pattern in mammalian neocortical progenitors
[12, 49], and additional modulators should be acquired evo-
lutionarily to establish the fully-fledged oscillatory pattern.

The rigorous regulatory machinery underlying oscilla-
tion was evolved for specific lineages, such as somite and
forebrain. In our analysis using developing forebrains from
multiple vertebrates, the spatial expression patterns of Delta
and Her in neural progenitors were never consistent or even
similar to those in developing somite [23, 50]. That might
be due to the use of paralogs, upstream regulators, or down-
stream pathways. Taking mouse embryogenesis as an exam-
ple, Hes1 oscillates in neocortical progenitors to regulate
corticogenesis by inhibiting proneuronal gene Ngn2 [12],
and Hes7 oscillates in the presomitic mesoderm to control
somite formation by inhibiting glycosyltransferase gene Lfng
[51]. Cyclic Hes7 expression is modulated by Fgf and Wnt
[52-54]. The variable components among lineages might
be determined during evolution, which means that even
the same lineage in different species may not employ the
sequence-conserved ortholog.

In our study, we found that despite the increased expres-
sion of dla and dIb in the forebrains of dlc mutant fish, the
phenotype of premature neurogenesis was not rescued, sug-
gesting that in zebrafish, dlc instead of dla, dld, or dld is
utilized in the pallial progenitors of developing forebrain.
dlc was specifically expressed in forebrain progenitors
and oscillated in some of them, while dld was not specifi-
cally enriched in neural progenitors. Despite the conserved
dynamics and spatial expression patterns of dlc and DIl1,
the reason why mammals utilize a sequence non-conserved
Delta gene to regulate forebrain development remains
obscure, especially when the DSL domain is present in
DII1 but absent in dlc [55]. It is also uncertain whether the
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DIl1-sequence-conserved dld, with its high expression pat-
tern in the forebrain, plays a role in forebrain development.
Considering the function of the DSL domain in mediating
Notch signaling, it is possible that the incorporation of DSL
might contribute to establishing the mature Notch signaling
pattern to create the functional neocortex in mammals.

The period of oscillatory Her expression was controlled
by the presence of Notch signaling [54]. Blocking Notch
signaling via y-secretase inhibitor affected the oscillatory
pattern, downregulated Her expression, and induced differ-
entiation of germinal cells, such as in neural tube and pre-
somitic mesoderm [56]. In this scheme, differentiated cells
massively increased after treatment [57]. However, neuron
numbers were significantly reduced in the developing fore-
brains of MK-0752-treated zebrafish, which was inconsistent
with the forebrains of MK-0752-treated chickens and mice.
y-Secretase inhibitors have been utilized to block Notch
signaling in various tissues, including PSM [58] and central
nervous system [12, 59], across vertebrate species. Although
MK-0752 has been reported as a specific y-secretase inhibi-
tor [60] and y-secretase has proteolytic targets other than
Notchl [61], such as APP (amyloid precursor protein),
E-cadherin/Cdhl, ErbB4, CD44, tyrosinase, TREM2,
and Alcadein/Alcs, the ISH results of mouse developing
neocortex during cortical expansion period, E11.5, using
Allen Brain Atlas (https://portal.brain-map.org) and previ-
ous reports [62—-64] suggested Notchl is the only one gene
generally expressed in the developing neocortex (Fig. S10)
and Notch signaling was most affected signaling pathway
in early development [65]. Thus, the inconsistency found in
zebrafish was most likely due to either the immature oscil-
latory pattern or inadequate oscillatory cells in the develop-
ing zebrafish forebrain. In support of this, the inconsistent
changes in the progenitor pool in dlc mutant zebrafish versus
conditional DI/] mutant neocortex suggest that the process
of stem cells generating neural progenitors may also be regu-
lated by Notch signaling, and this switch from symmetric
to asymmetric division has already finished [40]. Taken
together, our data demonstrate that sophisticated control of
stepwise neural differentiation with accurate timing and at
the precise level is critical to establishing a functional neo-
cortex for complex sensory processing.

Conclusions

Notch signaling is involved in the development of multiple
lineages, with Delta/Notch and the effector Her/Hes act-
ing as protagonists to modulate the developmental clocks
and control downstream pathways. While deficiencies in
Notch signaling cause severe brain malformation in mam-
mals, dlc mutant fish survive with intact forebrain structure,

suggesting alterations in Notch signaling during forebrain
evolution. In this study, for the first time, we revealed the
functional homolog of DIl1, dlc, has a similar expression
pattern in the developing forebrain as in mammals and
oscillates in a subset of neural progenitors of the zebrafish
forebrain, similar to the D11 expression pattern in the mam-
malian neocortical progenitors. Moreover, blocking the dlc-
involved Notch signaling pathway by a y-secretase inhibitor
impaired neuronal differentiation in the developing zebrafish
forebrain, contradicting our findings in mice and chickens
and in dlc mutant fish. Taken together, our results demon-
strate the prototype of Notch signaling mediated by dlc in
regulating neurogenesis of the developing zebrafish fore-
brain, which may serve as a basis for establishing the pattern
of the complex mammalian neocortex.
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