Received: 31 October 2023

Revised: 12 January 2024

Accepted: 1 February 2024

DOI: 10.1111/dgd.12917

RESEARCH ARTICLE

£¥JS | JAPANESE sociETY OF
& DEVELOPMENTAL

WILEY

Development, Growth & Differentiation & DB BI0LOGISTS.

Evolutionarily conserved roles of foxgla in the developing
subpallium of zebrafish embryos

Koto Umeda? |
Yuri Kuroyanagi® |

Division of Life Science, Graduate School of
Science and Engineering, Saitama University,
Saitama, Japan

2Department of Aquatic Environment and
Resource Management, Sher-e-Bangla
Agricultural University, Dhaka, Bangladesh

Correspondence

Kyo Yamasu

Division of Life Science, Graduate School of
Science and Engineering, Saitama University,
Shimo-Okubo, Sakura-ku, Saitama City,
Saitama 338-8570, Japan.

Email: kyamasu@mail.saitama-u.ac.jp

Funding information

Japan Society for the Promotion of Science,
Grant/Award Numbers: KAKENHI/18K06242,
KAKENHI/21K06182, KAKENHI/24240059,
KAKENHI/26440114

Communicating Editor: ICHIRO MASAI

1 | INTRODUCTION

The telencephalon exhibits highly developed anatomical and func-
tional structure in vertebrates, playing a pivotal role in numerous
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Abstract

The vertebrate telencephalic lobes consist of the pallium (dorsal) and subpallium (ven-
tral). The subpallium gives rise to the basal ganglia, encompassing the pallidum and stria-
tum. The development of this region is believed to depend on Foxgl/Foxgla functions
in both mice and zebrafish. This study aims to elucidate the genetic regulatory network
controlled by foxgla in subpallium development using zebrafish as a model. The expres-
sion gradient of foxgla within the developing telencephalon was examined semi-
quantitatively in initial investigations. Utilizing the CRISPR/Cas9 technique, we subse-
quently established a foxgla mutant line and observed the resultant phenotypes. Mor-
phological assessment revealed that foxgla mutants exhibit a thin telencephalon
together with a misshapen preoptic area (POA). Notably, accumulation of apoptotic cells
was identified in this region. In mutants at 24 h postfertilization, the expression of pal-
lium markers expanded ventrally, while that of subpallium markers was markedly sup-
pressed. Concurrently, the expression of fgf8a, vax2, and six3b was shifted ventrally,
causing anomalous expression in regions typical of POA formation in wild-type embryos.
Consequently, the foxgla mutation led to expansion of the pallium and disrupted the
subpallium and POA. This highlights a pivotal role of foxgla in directing the dorsoventral
patterning of the telencephalon, particularly in subpallium differentiation, mirroring
observations in mice. Additionally, reduced expression of neural progenitor maintenance
genes was detected in mutants, suggesting the necessity of foxgla in preserving neural
progenitors. Collectively, these findings underscore evolutionarily conserved functions

of foxg1 in the development of the subpallium in vertebrate embryos.
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fundamental information processing tasks. In humans, it sits at the
apex of the central nervous system and orchestrates advanced brain
functions such as emotion, consciousness, recognition, and concep-
tion (Hébert & Fishell, 2008; Nadarajah & Parnavelas, 2002;
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Rubenstein et al., 1998). Anatomically and functionally, the telenceph-
alon is composed of dorsal and ventral areas (Mueller &
Waullimann, 2009). The pallium, found in the dorsal area, mediates sen-
sory reception, voluntary movement, and various higher-order brain
activities. Conversely, the ventral subpallium gives rise to the basal
ganglia and basal forebrain, whose functions are well documented in
mammals (Rapoport, 1990). Specifically, the globus pallidum and stria-
tum within the basal ganglia coordinate movements in conjunction
with the cerebellum. The basal nuclei of Meynert, located within the
basal forebrain, facilitate cholinergic innervation; their degeneration is
associated with the cognitive impairments observed in conditions
such as Parkinson's and Alzheimer's diseases. Furthermore, the sep-
tum, another constituent of the basal forebrain, modulates anxiety
and fear responses via its interaction with the medial habenula
nucleus.

During the nascent stages of development in vertebrates, the tel-
encephalon primordium emerges in the anterior lateral portion of the
neural plate, subsequently maturing in the anterior dorsal section of
the neural tube (Aboitiz & Montiel, 2007; Hébert & Fishell, 2008;
Rubenstein et al., 1998). This anlage is patterned along its anteropos-
terior and dorsoventral axes. In the subsequent stages, spatially
appropriate neural progenitor cells are specified and undergo a series
of processes including proliferation, differentiation, migration, and
axonal elongation. The culmination of these processes results in the
formation of a sophisticated, higher-order structure with elaborate
neural circuits.

The telencephalic developmental process varies among verte-
brates. In many vertebrates, especially in mammals, bilateral hemi-
spheres arise from the dorsoanterior walls of the neural tube via
evagination. In mammals, the pallium is characterized by a six-layered
neocortex, a feature absent in birds, reptiles, and amphibians
(Fernandez et al., 1998; Shimizu, 2007). In stark contrast, teleost fish,
such as zebrafish (Danio rerio), experience a complex two-step
dynamic morphogenetic event in the pallium: the deep ventricular
recess is formed first between the telencephalon and diencephalon,
which is followed by anterior expansion of the pallial ventricular zone
(VZ), resulting in an eversion where the lateral sides of the alar plate
are positioned outward (Folgueira et al., 2012; Mueller et al., 2011).
However, irrespective of these pronounced morphological disparities,
recent molecular and developmental studies suggest that the funda-
mental blueprint regulating telencephalon development remains con-
served across vertebrates (Ganz et al., 2012; Mueller et al., 2011).

The dorsoventral patterning of the telencephalon is determined
by the recognized roles of various secreted factors. BMP and Wnt
control the development of the pallium, while Sonic hedgehog (Shh)
and FGF are fundamental in subpallium formation. Multiple transcrip-
tion factor genes operate in a concerted manner under the control of
these secretory signals. The emx genes, regulated by Wnt and BMP
signaling, play pivotal roles in the formation of the pallium (Cecchi
et al., 2000; Hébert & Fishell, 2008). Within the subpallium, Shh sig-
naling is initially relayed to Gli transcription factors via the membrane
receptors Patched and Smoothened (Marigo, Davey et al., 1996; Mar-
igo, Johnson et al., 1996). Foxgl, a member of the Forkhead family of

transcription factors, is a major regulatory molecule cooperating with
the Wnt/BMP and Shh signaling pathways (Hébert & Fishell, 2008).
Positioned upstream in the genetic hierarchy, Foxgl orchestrates tel-
encephalon development, in particular its dorsoventral patterning, by
specifying the subpallium.

In mice, Foxgl expression is initiated in the anterior neural plate
at the early somite stages, expanding laterally and posteriorly. By
E9.5, Foxgl is expressed in diverse ectodermal tissues of the head,
such as the telencephalon (excluding the dorsal midline), optic vesicle,
otocyst vesicle, and olfactory placode (Dou et al., 1999; Duggan
et al.,, 2008; Pauley et al., 2006). Remarkably, Foxgl mutant mice
showed a diminished telencephalon at E12.5 and suffered postnatal
mortality. These mutants notably lack a defined subpallium, and the
ganglionic eminence was virtually absent (Dou et al, 1999; Xuan
et al., 1995). Such embryonic anomalies were characterized by accel-
erated neuronal differentiation and attenuated progenitor cell prolifer-
ation (Hanashima et al., 2002; Martynoga et al., 2005). Thus, mouse
Foxgl plays dual pivotal roles in early telencephalon development:
(1) subpallium specification and (2) modulation of progenitor cell pro-
liferation and neuronal differentiation. Foxg1 functions at subsequent
stages have been explored by conditional knockout (KO) studies,
highlighting its involvement in corticogenesis in the pallium, specifi-
cally in the demarcation of various cortical neuron subtypes and axo-
genesis (Hanashima et al., 2004; Hou et al., 2019; Liu et al., 2022).
Moreover, Foxgl modulates the development of the cortical hem, an
essential signaling hub for cortical and hippocampal patterning
(Godbole et al., 2018), as well as the formation of the epithalamus (Liu
et al., 2018), dentate gyrus (Han et al., 2018; Tian et al., 2012), and
preoptic area (POA) (Du et al., 2019). In humans, FOXG1 has been
implicated in a broad spectrum of congenital brain anomalies, collec-
tively termed Foxgl syndrome. This encompasses conditions such as
the congenital variant of Rett syndrome, microcephaly, infantile
spasms, and autism spectrum disorder. Furthermore, association
between FOXG1 and schizophrenia has been reported (Hou
et al., 2020).

As mentioned above, the roles of Foxg1 in telencephalon develop-
ment, particularly in its dorsoventral patterning, are well established in
mice. However, it is unclear how this gene interacts with the other
regulatory genes to orchestrate their downstream gene cascade in the
formation of this complex structure. To decipher these intricate gene
interactions, using other animal model systems with advantages in
genetics will be invaluable. Furthermore, such knowledge will eluci-
date the common mechanisms shared among vertebrates as well as
species-specific variations.

Indeed, foxgl has been identified in other vertebrates, such as
Xenopus and zebrafish (Bourguignon et al., 1998; Zhao et al., 2009). In
Xenopus embryos, foxg1 is also expressed in the anterior neural plate
(Bourguignon et al., 1998). In zebrafish, while four paralogs have been
identified (foxg1a, foxg1b, foxglc, and foxg1d), only foxgla is expressed
in the telencephalon. It is first expressed in the anterior neural plate at
the bud stage and subsequently in the telencephalon, optic vesicles
(Toresson et al., 1998), nasal retina (Picker et al., 2009), olfactory pla-
code (Duggan et al., 2008), and inner ear (Pauley et al., 2006). At 24 h
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postfertilization (hpf), foxgla was described briefly to display a
ventral-high and dorsal-low expression gradient (Danesin et al., 2009;
Liu et al., 2013; Toresson et al., 1998). In zebrafish, Six3 promotes
ventral telencephalic fates through transient regulation of foxgla
expression (Carlin et al., 2012). Indeed, knockdown (KD) of
foxgla using morpholino oligos (MOs) led to underdevelopment of the
telencephalon, subpallium reduction, and pallium expansion (Danesin
et al., 2009). This observation aligns with gene disruption studies in
mice, suggesting the conserved basic function of foxgl among
vertebrates.

Nevertheless, MO-mediated KD can elicit non-specific (off-target)
effects and/or result in incomplete functional inhibition. Given its
transient nature, MOs are less suitable for analyzing gene functions in
later development (Pauli et al., 2015). When gene redundancy poses
challenges, multiple KDs are feasible, but this approach remains lim-
ited due to the inherent constraints of the KD method. Therefore,
genetic investigations using mutants are indispensable for deeper
understanding of the regulatory mechanisms of telencephalon devel-
opment in vertebrates.

In the current study, we created foxgla loss-of-function
mutants in zebrafish using the CRISPR/Cas9 technique and assessed
the phenotypes. Our findings reinforce the idea that the roles of
foxgl are fundamentally conserved among vertebrates. Additionally,
we discerned that the development of the POA strongly depends
on foxgla.

2 | MATERIALS AND METHODS

21 | Animals

Adult zebrafish (D. rerio, RW line) were maintained at 26-27°C under
a 14-h light/10-h dark cycle. Embryos were raised at 28.5°C until
reaching appropriate stages. Morphological features and time point
(hpf) were used to stage embryos (Kimmel et al., 1995). To prevent
pigment formation, 0.2 mM 1-phenyl-2-thiourea (Nacalai Tesque) was
employed. All experiments using live fish were conducted in compli-
ance with the protocols approved by the Committee for Animal Care

and Use of Saitama University.

2.2 | Gene disruption by the CRISPR/Cas9 method
Guide RNAs (gRNAs) were designed using CRISPRdirect (http://crispr.
dbcls.jp/) against the N-terminal region in the coding sequence of
foxgla (5'-CCGAAGCCGTGCAAAGCGACAAC-3'; underline, proto-
spacer adjacent motif [PAM]), which was synthesized using the
CUGA7 gRNA Synthesis Kit (Nippon Gene) according to the manufac-
turer's protocol (cf. Figure 4). The gRNA was co-injected with Cas9
protein (Nippon Gene) into fertilized eggs. Disruption of the target
sequence was confirmed in a portion of injected embryos by the het-
eroduplex mobility (HMA) method (Ota et al., 2013) (Table S1). The
remaining embryos thus obtained were raised to maturity and crossed
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with wild-type fish, and the offspring were used to establish mutant

lines.

2.3 | Direct sequencing of mutated sites

The mutated sites were amplified by PCR and sequenced using appro-
priate primers (Table S1) and an ABI3130 Capillary DNA Sequencer
(Applied Biosystems).

24 | Genotyping of mutants

Genotyping of mutants was conducted by the HMA method to first
discriminate between heterozygotes and wild type/homozygotes. As
wild-type and homozygote individuals gave rise to indistinguishable
single bands, their PCR products were mixed with equal amounts of
those from wild-type individuals and treated with another thermal
cycle; wild-type-derived PCR products again generated a single band,
whereas mutant-derived band gave rise to shifted bands, thus allow-
ing for identification of the genotypes. Actually, it turned out to be
possible to discriminate between wild type and mutants simply by the
length of the PCR products (Table S1).

2.5 | Staining of embryos

Whole-mount in situ hybridization (WISH) was carried out as
described previously (Kikuta et al., 2003). To detect apoptotic cells,
live embryos were dechorionated and incubated at 28.5°C for 1 h in
PBS containing 2 pg/mL acridine orange (AO, Wako), washed with
PBS twice, allowed to further develop for 30 min, and then observed

under a fluorescence stereomicroscope as described below.

2.6 | Microscopic observation

Live and stained embryos were observed under a fluorescence stereomicro-
scope (MZFLIII, Leica), and images were captured using a cooled CCD cam-
era (DFC 300 FX, Leica) and Leica Application Suite Version 3.3.1 (Leica).

2.7 | Image analysis by ImagelJ software

Gene expression staining was quantified with ImageJ software (https://
imagej.nih.gov/ij/) with regard to shape, area, and intensity of staining.
The expression of given genes in selected regions of experimental
embryos was compared to that in control embryos. When measuring the
expression gradient, staining intensities along given lines were quantified
by the “plot profile” command (see Figures 3 and 6 and their legends for
details). Statistical analyses of the data from Image) quantification,
including one-way analysis of variance, F-tests, and two-sample t-tests,

were conducted using Excel (Microsoft).
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3 | RESULTS
3.1 | Expression profiles of telencephalic genes
during the course of development

Numerous regulatory genes are recognized for their expression in the
developing telencephalon (Mueller & Waullimann, 2009; Wullimann, 2009),
but the precise timing of their expression onset remains unclear in zebra-
fish. Initially, we directly compared their appearance in the anterior neural
keel (ANK), which later gives rise to the telencephalon (Figure 1). six3b,
sfrpla, and zicl were activated at 90% epiboly, followed by emx3 at the
bud stage. By the two-somite stage (2-ss), neurog1, foxgla, and fgf8a were
expressed, and sfrp5 and sp8a expression began at the 5-ss. The expression
pattern of foxgla continued to be monitored up to the hatching stage
(Figure 2), verifying its presence in the ANK and the entire developing tel-
encephalon, including the POA, after the early somite stages.

Earlier observations suggested a ventral-high to dorsal-low gradi-
ent in foxgla expression, findings that required clarity. For validation,
the staining intensity of foxgla expression in the telencephalon across
the ventroanterior-to-dorsoposterior (major) axis and the dorsoventral
(vertical) axis of the telencephalon was quantified separately using Ima-
geJ (Figure 3). In both evaluations, graded expression (ventral-high and
dorsal-low) was quantitatively confirmed. Notably, the gradient across
the vertical axis appeared more pronounced (Figure 3a, &/, b, b’). We
also analyzed the expression of emx3 in the telencephalon, implicated
in pallium formation (Viktorin et al., 2009). Its expression was uniform
after 2 days postfertilization (dpf), but exhibited a dorsoposterior-high
to ventroanterior-low gradient at 24 hpf (data not shown). Expression
quantification using ImageJ confirmed this gradient (Figure 3c, ¢').

FIGURE 1

3.2 | Establishment of foxgla mutant fish

To delve deeper into the genetic implications of foxgla, we aimed
to disrupt this gene by the CRISPR/Cas9 technique. A gRNA tar-
geting a position 71 bp downstream of the ATG codon was
designed and co-injected into fertilized eggs together with the
Cas9 protein. This resulted in a 10-bp deletion in the N-terminal
region (Figure 4a, b), which was integrated into the germline.
Owing to the subsequent frameshift, the mutated gene product

410y Jacked the protein region following the 27th amino

(foxgla
acid, including the forkhead domain, rendering the mutation

functionally null.

3.3 | Lethality of foxgla mutation

Offspring from heterozygotic crosses predominantly developed nor-
mally until 4 dpf (data not shown). Thereafter, 29% of the larvae
that appeared normal at 4 dpf (n = 200) gradually deteriorated and
occasionally died by 9 dpf, while the remaining larvae displayed
normal morphology. Of the 128 survivors, 64 larvae were randomly
chosen and genotyped for the foxgla mutation. This identified 33%
of larvae as wild type and 67% as heterozygotes, with no homozy-
gotes (Table 1). This suggests that the foxgla homozygotes died
between 4 dpf and 9 dpf. The wild-type-to-heterozygote ratio
among the normal larvae was approximately 1:2, indicating that
most heterozygotes developed normally up to 9 dpf at least. In

fact, heterozygotes matured into normal adults and exhibited

fertility.

Expression of genes involved in establishment of the anterior neural border and early telencephalon development. The expression

of regulatory genes from late gastrulation to early somite stages were stained by WISH. ANK and MHB are shown with red and black

arrowheads. Scale bar, 100 um.
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FIGURE 2 Dynamic expression of foxgla during the course of
zebrafish development. Expression of foxgla was examined by WISH
in wild-type embryos from the early somite stage through 3 dpf. (a-d,
b’-d’) Lateral views of the entire bodies (a-d) and heads (b’-d’) with
anterior to the left, dorsal to the top. (a’) Dorsal view, with anterior to
the left. foxgla expression was detected in the anterior neural keel
from the two-somite stage (2-ss; Figure 1a, a'). At 24 hpf, foxgla
expression was detected in the telencephalon, including the preoptic
area, optic vesicle, and pharyngeal arch. At 2 dpf, foxgla expression
was detected in the telencephalon, eyes, epithalamus, and pharyngeal
arches. At 3 dpf, foxgla expression was also found in the
telencephalon, eyes, and pharyngeal arches. ank, anterior neural keel;
ov, optic vesicle; pa, pallium; ph, pharyngeal arch; sp, subpallium; te,
telencephalon. Scale bar, 100 um.

3.4 | Telencephalic morphological aberrations in
foxgla mutants

foxgla homozygous larvae exhibited lethality between 4 dpf and
9 dpf. Close examination at 24 hpf revealed that the telencephalon,
although discernible, was thin and underdeveloped (Figure 5a, ). Ima-
geJ quantification disclosed a significant reduction in the size of the
telencephalon in homozygotes compared with wild-type embryos
(29% reduction; Figure 6a-a”, b). The boundary between the telen-
cephalon and hypothalamus, where the POA forms, appeared

S
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malformed (Figure 5a, &', Figure 6a-a"). In addition, the optic vesicles,
including the optic recess region and the lens, were severely deformed
(Affaticati et al., 2015). The underdevelopment of the telencephalon
was accentuated at 7 dpf and at 9 dpf, close to the time of death
(Figure 5b-c’). At 9 dpf, manifestations such as mandibular hypoplasia
and absence of gastrointestinal contents were noted (Figure 5c, /).
This confirms the indispensability of foxgla for telencephalon devel-
opment in zebrafish and suggests a role of foxgla in mandibular
formation.

Given the deformation and size reduction of the telencephalon in
foxgla mutants, we assessed cell death in these mutants by AO stain-
ing. At 24 hpf, there was a notable upsurge in cell death, particularly
in the POA of homozygotes (Figure 5d-f'), suggesting the necessity of
foxgla for POA cell survival. Importantly, the surge in cell death was
observed exclusively at 24 hpf, as no abnormal cell death was seen

from 2 dpf to 7 dpf in foxg1la mutants (data not shown).

3.5 | Dorsoventral patterning of the telencephalon
was affected in foxgla mutants

In foxgla homozygotes, the telencephalon formed, albeit with mor-
phological deformities. To delineate regionalization of the developing
telencephalon, we assessed the progeny of heterozygotic foxgla
mutant crosses at 24 hpf using WISH. This analysis evaluated the
expression of critical genes orchestrating telencephalic development,
followed by genotyping. The expression of foxgla in homozygotes
remained indistinguishable from that in wild-type embryos, refuting
the possibility of an autoregulatory feedback mechanism (Figure 7a,
a’). We then assessed the expression of pallium markers and subpal-
lium markers. Pallial expression of emx1 was downregulated in homo-
zygotes (Figure 7b, b’), whereas emx3 expression in the pallium
(Viktorin et al., 2009) anomalously expanded into the subpallium in
homozygotes (Figure 7c, c’). Expression quantification using Image)
established that the area and major axis of the emx3 region within the
telencephalon were significantly increased in homozygotes (by 89%
and 61%, respectively; Figure 8). Expression of tbr1b in immature neu-
ral progenitor cells in the pallium (Englund et al, 2005; Miyake
et al., 2017) was enhanced in the medial (ventricular zone) and ventral
regions in homozygotes (Figure 7d-¢€’). The expression of neurogl in
differentiating neural progenitor cells in the pallium (Miyake
et al, 2017) also expanded ventrally within the telencephalon
(Figure 7f, f'), but its expression in the diencephalon was unchanged.
In contrast, neurod1 expression in the pallium and olfactory placode
was decreased (Figure 7g-h’). Thus, in general, foxgla mutants dis-
played ventral expansion of the pallium, with some genes (emx1 and
neurod1) demonstrating different regulation from the aforementioned
pallium-generating genes.

Conversely, nkx2.1 expression (Manoli & Driever, 2014) was
entirely absent in the subpallium/POA, but remained in the hypothala-
mus (Figure 7i-j'). Expression of dIx2a (Nery et al., 2003) and gad1b
(Mueller et al., 2008), a GABAergic neuronal marker, was absent in the

subpallium/POA but remained in other regions including the
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FIGURE 3 Graded expression of foxgla and emx3 in the developing telencephalon of wild-type embryos. Expression intensity of foxgla (a, b,
a’, b’) and emx3 (c, ) in the telencephalon was quantified at 24 hpf along its major axis (anteroventral end to posterodorsal end, white line in

(a) and (c)) or vertical axis (ventral to dorsal, white line in (b)) by ImageJ (a'-c'). The staining intensities shown in the graph are the average values of
nine embryos (foxg1a) or six embryos (emx3). Average values relative to those at the anteroventral/ventral-most ends are shown along the
ordinate with error bars showing SEMs. The abscissa shows positions along the axis set for each quantification. AV, anteroventral; PD,

posterodorsal; V, ventral; D, dorsal. *p < .05; **p < .01; ***p < .001.
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FIGURE 4 Mutations introduced into foxgla. (a) The sequence around the site of mutation, introduced into foxgla by the CRISPR/Cas9
method, is shown, with the wild-type sequence at the top and the mutated sequence at the bottom. Hyphens show introduced nucleotide
deletions, and double dashes show the sequences omitted for convenience's sake. A horizontal thin line and thick line show the target sequence
and PAM sequence, respectively. Horizontal arrows show the sequences of primers used for HMA, which are also highlighted. (b) Schematic
views of the wild-type and mutant products of foxgla. Light-blue boxes show the wild-type coding sequences, but for the functional domain that
is shown in red instead, whereas the white box shows the nonsense open reading frame generated as a result of the frameshift mutation.

prethalamus in the diencephalon of homozygotes (Figure 7k-m’). Of
note, the expression of nkx2.4b, which is expressed specifically in the
hypothalamus, not in the POA, was only weakly reduced (Figure 7n,
n’). These observations suggest that foxgla mutants are devoid of
both the subpallium and the POA.

In foxgla mutants, we further assessed the expression of six3b,
fgf8a, and vax2, which are expressed in distinct regions of the fore-
brain. Notably, almost all heterozygotes and homozygotes exhibited
downregulated expression in the anterior-most telencephalon and

ectopic expression in the POA region, where no expression is typically
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TABLE 1  Genotyping of live embryos obtained by heterozygotic
crosses of foxgla mutants.

Genotype (%)
Stage Embryos (n) +/+ +/— —/-
8 dpf® 64 33% 67% 0%

2About a quarter (26%) of larvae that looked apparently normal at 4 dpf
died by 8 dpf. All surviving embryos at this stage were morphologically
normal (n = 128). In total, 64 embryos were randomly sampled and
genotyped.

observed (Figure 9). This anomaly was more significant in homozy-
gotes for all three genes. These findings are consistent with the
observed ventral expansion of the pallium and the disappearance of
the POA at the telencephalon-hypothalamus boundary in foxgla
mutants. These together suggest an essential role of zebrafish
foxgla in POA development. Of note, milder, but significant pheno-
types were observed in heterozygotes, implying a dose-dependent
function of foxgla at least in this region, a phenomenon also noted for
human FOXG1 (Hettige & Ernst, 2019).

Analyses conducted at 24 hpf revealed that foxgla plays a pivotal
role in the ventral patterning of the telencephalon. Given that foxgla
expression is first observed in the ANK after the end of gastrulation
(Figure 1) (Bielen & Houart, 2012), we also evaluated emx3 and six3b
expression at the bud stage and the 3-ss in foxgla mutants. However,
no discernible abnormalities were detected (Figure 10), suggesting
that the role of foxgla in telencephalon development might not be in

the initial specification but rather in the progression of regionalization.

3.6 | Reduction of the neural progenitor pool in
foxgla mutants

In murine studies, Foxg1 was shown to enhance progenitor cell prolif-
eration, playing a vital role in maintaining neural progenitor cells
(Martynoga et al., 2005). Given this, we assessed the expression of
paxéa (Englund et al., 2005), asclla (Castro et al., 2011), and nr2fla
(Bertrand et al., 2007; Chowdhury et al., 2024) at 24 hpf. These genes
are expressed in neural progenitor cells within the telencephalon. As
anticipated, their expression was evident around the telencephalic
ventricular zone in both wild-type and heterozygous embryos. How-
ever, their expression was notably suppressed in the homozygotes
(Figure 11a-f'). This indicates a reduced neural progenitor pool in
foxgla mutants, confirming that zebrafish foxgla is also required for

preserving neural progenitor cells.

3.7 | Expression of Shh signaling-related genes in
foxgla mutants

In mouse embryos, the Shh signaling pathway functions upstream of
Foxg1 to trigger the gene regulatory network that orchestrates telen-
cephalon formation (Hébert & Fishell, 2008). Therefore, we evaluated
the expression of genes associated with Shh signaling at 24 hpf.

Development, Growth & Differentiation
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FIGURE 5 Morphological defects in foxgla mutant fish. (a-c, a’-c’)
Morphology of the heads of embryos/larvae obtained by heterozygotic
mating of foxg1a mutant fish (foxg1a™1%) was observed at 24 hpf (3, @),
7 dpf (b, b’), and 9 dpf (c, '), followed by genotyping. For each stage,
wild-type fish and homozygotes (—/—) are shown. In fact, heterozygotes
were indistinguishable from wild-type embryos and are not shown. In
homozygotes, the telencephalon was thinner and the POA region was
deformed at 24 hpf (asterisks, a'). At 7 and 9 dpf, depression of the
anterodorsal head and reduced lower jaws were observed (flexed lines, b/,
), cell death was observed in the liver (solid triangle), and the alimentary
tract was often empty (open triangle). (d-f, d’'-f') Embryos obtained by
heterozygotic mating of foxg1a mutant fish (foxg1a™1%) were examined
by acridine orange (AO) staining at 24 hpf and then genotyped. Wild type
and homozygotes are shown on the left and right, respectively.
Heterozygotes were indistinguishable from wild-type embryos and are
not shown. Lateral views of the head, with anterior to the left and dorsal
to the top. Bright-field images, epifluorescence images (EpiF), and merged
images are shown from top to bottom. On the bottom right are shown
the numbers of embryos with the shown phenotypes and the numbers of
embryos with the shown genotypes, respectively. at, alimentary tract; ht,
hypothalamus; poa, preoptic area; te, telencephalon. Scale bar, 100 pm.

Expression of shha in the hypothalamus, zona limitans intrathalamica
(ZL1), and floor plate (Ericson et al., 1995) was consistently observed in
both wild-type and heterozygous embryos, yet was reduced specifically
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FIGURE 6 Quantification of the size of the telencephalon in
foxgla mutants. The sizes of the telencephalon were quantified using
Imagel). The telencephalic region was selected by the segmented line
tool for each genotype as shown in (a-a”) (white dashed lines), and
the area was quantified (b). (a-a”) Lateral views of the head, with
anterior to the left and dorsal to the top. The embryos in (a) and (a”)
correspond to those in Figure 3a, b. poa, preoptic area; te,
telencephalon. Scale bar, 100 um. (b) Four clutches were quantified
independently, resulting in similar results, and representative data are
shown. Average values for respective genotypes are shown relative to
those for the wild-type embryos with error bars showing SEMs and
the numbers of embryos scored in this experiment. *p < .05. Numbers
at the bottom right in (a-a”) indicate the total numbers of embryos
showing the features shown and the total numbers of scored embryos
with respective genotypes, respectively, all of which are combined
numbers from the four independent experiments.

in the POA region of homozygotes (Figure 11g, g’), consistent with the
disruption of this signaling center. In contrast, the expression patterns
of ptch2, gli1, and gli3 were essentially indistinguishable across the
hypothalamus and ZLI irrespective of genotype (Figure 11h-j'), imply-
ing that Shh signaling itself remains intact in foxgla mutants.

4 | DISCUSSION
4.1 | Expression of the Fox family transcription
factor gene foxg1 in vertebrate embryos

In mouse embryos, Foxg1 expression commences at the anterior neu-
ral ridge at the 1-3-ss and is observed at E9.5 in multiple regions,
including the telencephalon, POA, hypothalamus, optic vesicles, otic

vesicles, and olfactory placodes (Dou et al., 1999; Duggan et al., 2008;

Hernandez-Bejarano et al., 2015; Pauley et al., 2006). Among the four
paralogs in zebrafish, only foxgla is expressed in the telencephalon. It
was reported to be first expressed in the ANK at the bud stage (Liu
et al.,, 2013), and its expression then pervaded the telencephalon with
a ventral-high dorsal-low gradient (Toresson et al., 1998). The expres-
sion of zebrafish foxgla was also found in the POA and optic vesicles
(Affaticati et al., 2015; Duggan et al., 2008), although it was absent in
the hypothalamus, unlike its mouse counterpart.

In our study, we verified that zebrafish foxgla expression in the
ANK begins by the 2-ss, slightly later than previously reported, follow-
ing the expression of early ANK markers such as six3b, sfrpla, zicl,
and emx3. The subsequent sequential expression possibly indicates a
genetic cascade that defines the ANK region, eventually leading to tel-
encephalon specification. By 24 hpf, foxgla expression was confirmed
in the

semi-quantitatively confirmed the foxgla expression gradient in the

telencephalon and in the POA. Importantly, we
telencephalon for the first time in zebrafish, to the best of our knowl-
edge, further showing similarities to mouse Foxgl expression. At sub-
sequent stages, foxgla continued to be expressed in the
telencephalon, but the expression pattern became complex with no
clear polarity, suggesting its dynamic regulation during late telenceph-

alon formation.

42 |
strain

Establishment of a zebrafish foxgla mutant

In human studies, FOXG1 is implicated in various neurodevelopmental
disorders, suggesting its involvement in the advanced stages of brain
development. However, its functions in early telencephalon develop-
ment are ambiguous. Functional assessments in mice elucidated the
roles of Foxgl in the development of the subpallium, eyes, and inner
ears (Pauley et al., 2006). Furthermore, Foxg1 has been implicated in
neocortex layer formation (Toma et al., 2014), maintenance of neural
progenitors, and neuronal differentiation in the pallium (Martynoga
et al,, 2005).

In zebrafish, disruption of orthologs of human schizophrenia-
related genes resulted in forebrain regression in foxgla mutants,
although no detailed analysis has been conducted (Thyme
et al., 2019). KD of foxgla resulted in a thinner telencephalon,
shrinkage of the subpallium, and an enlarged pallium (Danesin
et al., 2009), similar to findings in mice. However, as already men-
tioned, the limitations of MO-mediated KD experiments are well
documented. Addressing these issues, our study established a
foxgla mutant strain to determine foxgla functions genetically.
Comparing the roles of zebrafish foxgla, as outlined in our study,
with those of mouse Foxgl offers a promising avenue to understand
the shared and unique aspects of telencephalon development across
vertebrates.

In the current study, we established a foxgla mutant line,
characterized by a frameshift in the N-terminal sequence (foxg1a®1©).
Notably, homozygotes exhibited significant impairments and were

non-viable by 9 dpf, underscoring the compromised function of
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FIGURE 8 Semi-quantitative analysis of emx3 expression in
foxgla mutants. The emx3 expression pattern in the telencephalon
was quantified by Imagel. After selecting stained regions based on a
brightness threshold (a-a”, yellow line), the areas, staining intensities,
major axes, and minor axes were quantified for respective genotypes.
(a-a") Wild type (+/+), a heterozygous mutant (+/-), and a
homozygous mutant (—/—) are shown in this order from left to right.
At the bottom right are shown the numbers of embryos with the
indicated patterns and those of embryos with the indicated
genotypes. The embryos in (a) and (a”) correspond to those in

Figure 5¢, c'. Lateral views of the head with anterior to the top. Scale
bar, 100 um. (b) Quantification of the emx3 expression patterns.
Average values for each genotype are shown relative to the average
for wild-type embryos, with error bars showing SEMs. *p < .05.

foxgla. Additionally, as elaborated below, the manifested phenotypes
mirrored those reported in prior KD studies for early stages (Danesin
et al., 2009). The late lethality of foxg1a®1°, absent in early KD experi-
ments, suggests the indispensable role of foxgla in advanced develop-
mental stages and survival. The precise cause of mortality remains
unknown; however, observed lower jaw anomalies, lack of intestinal
contents, and potential foraging activity impairments could be contrib-
utory factors. In mice, Foxgl homozygous mutants die shortly after
birth, potentially due to respiratory complications (Dou et al., 1999).
Considering that zebrafish rely on cutaneous respiration during early

development (Stainier, 2001), transitioning to gill respiration after

FIGURE 9 Expression of forebrain-forming genes in foxgla
mutants at 24 hpf. (a-d”) Expression of anterior forebrain markers
(six3b, fgf8a, vax2) was examined by WISH in foxgla mutants at

24 hpf, followed by genotyping. Wild-type embryos, heterozygotes,
and homozygotes are shown from left to right for each gene.
Asterisks indicate abnormal expression, with more asterisks indicating
more severe anomalies. (a-c, a'-c/, a”-c”) Lateral views of the head.
Left is anterior, top is dorsal. (d, d”, d”) Front view of the head. Top is
dorsal. In the lower right are shown the numbers of embryos with the
indicated expression and the numbers of assessed embryos. ht,
hypothalamus; et, epithalamus; mhb, midbrain-hindbrain boundary;
poa, preoptic area; re, retina; te, telencephalon. Scale bar, 100 pm.

3 dpf (Kimmel et al., 1995), impaired respiratory function in foxgla
homozygotes is plausible. A comprehensive investigation is warranted
to elucidate the exact cause of death.

Conversely, heterozygotes showed neither survival nor morpho-
logical anomalies, and reproductive capabilities persisted in adult het-
erozygotes, similar to observations in mice (Dou et al., 1999). While
certain FOXG1 syndromes result from haploinsufficiency (Hou
et al., 2020), maintaining two copies of the foxgla gene is not vital for
individual growth and survival. However, under specific conditions,
such as during POA formation (Figure 7), many of the heterozygotes
showed weak molecular defects, hinting at a potential dosage
dependency similar to that of human FOXG1 (Hou et al., 2020). This

observation necessitates further exploration.

FIGURE 7

Expression of genes involved in dorsoventral patterning of the telencephalon in foxgla mutants at 24 hpf. The expression of

foxgla, pallium markers (emx1, emx3, tbr1b, neurog1, neurod1), a POA/medial ganglionic eminence/hypothalamus marker (nkx2.1), and subpallium
markers (dIx2a, gad1b) was examined by WISH in foxgla mutants at 24 hpf, followed by genotyping. For each gene, there was no difference
between +/+ and 4/— embryos, and the data for wild type/heterozygous (+/) and for homozygotes (—/—) are shown on the left and right,
respectively. The numbers of embryos with the indicated patterns and those of embryos with the indicated genotypes are shown on the bottom
right. Asterisks indicate abnormal expression. Lateral views of the head with anterior to the left and dorsal to the top, except for (e, €/, h, I, j, i/, |,
I'), where frontal views of the head are shown with dorsal to the top. ht, hypothalamus; op, olfactory placode; pa, pallium; poa, preoptic area; sp,

subpallium; te, telencephalon. Scale bar, 100 pum.
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4.3 | Hypoplasia of the telencephalon in foxgla
mutant zebrafish

Given the expression of foxgla in the ANK during the early somite
stages (this work) (Liu et al., 2013), telencephalon defects may mani-
fest well before the observed mortality after 4 dpf. Indeed, we docu-
mented telencephalon and POA hypoplasia at 24 hpf, which
confirmed the brief descriptions in the prior KD study (Danesin
et al., 2009) and preliminary brain defect observation provided in the
large-scale KO screening (Thyme et al., 2019). Analogous early-stage
telencephalon abnormalities were also noted in mice (Martynoga
et al., 2005). Future studies should address the anomalies in the
foxgla mutant telencephalon with regard to its cytoarchitecture and

neuronogenesis.

44 | Abnormal dorsoventral patterning of the
telencephalon in foxgla mutant embryos

In mice, Foxgl is implicated in the dorsoventral patterning of
the telencephalon, playing a critical role in subpallium forma-
tion. Specifically, Foxgl KO mice displayed ventrally expanded
expression of pallial markers (Emx2, Pax3, and Paxé), with dis-
rupted expression of DIx, Nkx2.1, Gsx2, and Ascl1 in the subpal-
lium (Dou et al., 1999; Martynoga et al., 2005). Similarly, foxgla
KD zebrafish embryos exhibited ventrally expanded expression
of pallial markers, such as emx3 and tbrib, while dIx2 and
nkx2.1 expression in the subpallium disappeared (Danesin
et al., 2009).

In our study, upon analyzing dorsoventral markers in zebrafish
foxgla mutants, we observed ventral expansion of pallium
markers (emx3, tbrlb, neurogl). Conversely, the expression of
nkx2.1, dix2a, and gadlb in the pallidum and POA was absent.
Moreover, six3b, fgf8a, and vax2 showed downregulation in the
anterior telencephalon and ectopic upregulation in the POA
region. Evidently, as in mice, the telencephalon of foxgla mutants
exhibits dorsalization, characterized by an enlarged pallium and an
apparent absence of the subpallium. Our findings underscore the
essential role of foxgla in telencephalic dorsoventral patterning,
particularly in subpallium development. Thus, this role appears
evolutionarily conserved among vertebrates. As Foxgl is consid-
ered a transcriptional repressor (Das et al., 2014), increased gene
expression in mutants might be a direct consequence of Foxgl
absence, while decreased expression may stem from other tran-
scriptional regulatory pathways.

Interestingly, certain pallium markers, such as emx1 and neurod1,
demonstrated downregulation, suggesting distinct regulatory interac-
tions with foxgla compared with other pallium-forming genes. This
emphasizes the intricate regulatory network underpinning telencepha-
lon formation. The observed fgf8a downregulation in the anterior tel-
encephalon mutants (Martynoga

mirrors  findings in mouse

et al, 2005), reinforcing the hypothesis of mutual dependence
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FIGURE 10 Expression of forebrain-forming genes in foxgla
mutants at the tailbud and early somitogenesis stage. Expression of
anterior forebrain markers (emx3, six3b) was examined by WISH in
foxgla mutants, followed by genotyping. Wild-type embryos including
heterozygotes (left) and homozygotes (right) are shown. For each
gene, the upper row and bottom row show embryos at the bud stage
(a, @', ¢, ') and the 3-ss (b, b', d, d'), respectively. Dorsal views with the
anterior side to the left. In the lower right are shown the numbers of
embryos with the indicated expression and the numbers of assessed
embryos. ank, anterior neural keel; pol, pollster. Scale bar, 100 um.

between Fgf8 and Foxgl in guiding telencephalon development in
mice (Hébert & Fishell, 2008).

45 | Roles of foxgla in brain formation during
early somitogenesis

In zebrafish embryos, neurulation and its regionalization along the
anteroposterior and dorsoventral axes occur during somitogenesis.
Primary axogenesis begins around 16 hpf (Ross et al., 1992), and the
telencephalon becomes morphologically apparent at 18 hpf (Kimmel
et al., 1995). While our focus was primarily on 24 hpf foxg1la mutants,
during the late somitogenesis stage, foxgla expression commences in
ANK around the bud stage (Liu et al., 2013), suggesting its functional

relevance during early somitogenesis.
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Expression of genes involved in neurogenesis and Shh signaling in foxg1a mutants. The expression of neurogenesis-related genes

(a-f') and Shh signaling-related genes (g-j’) was examined by WISH in foxg1a mutants at 24 hpf, followed by genotyping. Wild-type embryos
including heterozygotes (left) and homozygotes (right) are shown for each gene. Wild-type and heterozygous embryos showed indistinguishable
expression patterns. Black arrowheads indicate the telencephalic ventricular zone. The numbers on the lower right indicate the numbers of
embryos with the indicated expression patterns and the numbers of total assessed embryos. Asterisks indicate abnormal expression. Lateral
views, anterior to the left and dorsal to the top; dorsal views, anterior to the left. et, epithalamus; fp, floor plate; ht, hypothalamus; poa, preoptic
area; re, retina; te, telencephalon; tg, tegmentum; zli, zona limitans intrathalamica. Scale bar, 100 um.

Therefore, we examined the expression of emx3 and six3b, which
were affected in foxgla mutants at 24 hpf in the current study, during
early somitogenesis. However, their expression remained unaffected,
suggesting a role of foxgla in later differentiation rather than in ante-
rior brain specification. Our ongoing research aims to pinpoint the
critical stage at which this gene plays a fundamental role in subse-

quent brain development.

4.6 | Abnormalities in neural progenitor cell pools
in foxg1a mutant embryos

Mouse Foxgl has been postulated to maintain progenitor pools
and mediate neuronal differentiation in the telencephalon. Specif-
ically, the telencephalon of Foxgl homozygotes displayed delayed
cell proliferation combined with accelerated neurogenesis after
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et al,, 2005). To determine whether foxgla has analogous func-

the onset of neural development at (Martynoga
tions in zebrafish, we analyzed the expression of paxéa, asclla,
and nr2fla in the telencephalon of foxgla mutants at 24 hpf. Our
results indicated attenuated expression of these genes in the ven-
tricular zone, suggesting a pivotal role of foxgla in maintaining
neural progenitor cells. Concurrently, it is worth noting that Foxg1
directly represses Nr2f1 to regulate sensory cortex wiring in mice
(Hou et al., 2019), implying a potential context-dependent role of

foxgl.

4.7 | Expression of Shh signaling-related genes in
foxgla mutant embryos

In mice, Foxg1 functions downstream of Shh signaling to regulate dor-
soventral patterning in the telencephalon (Hébert & Fishell, 2008;
Manuel et al., 2010). Similarly, KD studies in zebrafish have demon-
strated that Shh regulates foxgla (Danesin et al., 2009). However, in
our current research, contrary to the KD findings, shha expression
was consistently observed in the hypothalamus and ZLI. Interestingly,
shha was specifically downregulated in the POA in homozygotes,
aligning with the observed deformation in this region. Hence, the
observed dorsoventral patterning defects in the telencephalon of
foxgla mutants might arise from two concurrent mechanisms: (1) a
cell-autonomous effect stemming directly from the absence of foxgla
function and (2) non-cell autonomous effects attributed to the
absence of the signaling center, POA. Importantly, normal expression
of ptch2, gli1, and gli3 was observed in mutants, inferring that Shh sig-
naling remains functional even in the absence of foxgla.

48 | Cell death in the POA region induced by the
absence of Foxgla

foxg1 has been identified to maintain cell survival across diverse con-
texts. In cochlear hair cell-like mouse OC-1 cells, KD of Foxg1 resulted
in the accumulation of reactive oxygen species, leading to apoptosis
(He et al., 2021). Conversely, in cerebellar granule cells undergoing
apoptosis, Foxgl was downregulated. Ectopic expression of Foxgl
inhibited neuronal cell death, while its suppression had the opposite
effect (Dastidar et al., 2011). However, in mouse Foxgl mutants, apo-
ptosis in the anterior telencephalon was decreased (Martynoga
et al., 2005), and a foxgla KD study in zebrafish did not reveal apopto-
tic cells (Danesin et al., 2009).

In the current study, we stained dying cells with AO at 24 hpf in
foxgla mutants to determine if morphological defects in the telen-
cephalon might be a consequence of aberrant apoptosis. No abnormal
cell death was identified in the telencephalon proper, suggesting that
the hypoplasia and subpallium defects of the telencephalon in these
mutants potentially stemmed from the abovementioned reduction in
the progenitor cell pool, although the involvement of cell death is still

possible and requires more sensitive and specific evaluation.
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Additionally, the status of cell proliferation within the telencephalon
also needs to be examined.

Interestingly, increased cell death was observed specificall in the
area including the POA in foxgla mutants. The observed deformation,
anomalous gene expression patterns, and loss of shha-expressing cells
in the POA can likely be attributed to this aberrant cell death. Our
findings suggest that foxgla plays a role in maintaining the POA,
which is among the mechanisms regulating subpallium development.
Notably, the cell death observed in the POA region of foxgla mutants
was transient, evident at 24 hpf but not after 2 dpf. This could poten-
tially explain the absence of observed apoptosis in prior foxgla KD
studies (Danesin et al., 2009). Of note, such anomaly in the POA could
also explain the deformation of the optic recess region observed in
foxgla mutants (Affaticati et al., 2015).

This observation contrasts with the decreased apoptosis
observed in the anterior telencephalon of mouse Foxgl mutants. A
potential explanation lies in the expression patterns of fgf8a in zebra-
fish mutants. Mouse mutants displayed attenuated Fgf8 expression in
the anterior telencephalon, potentially leading to apoptosis
(Martynoga et al., 2005). Moreover, conditional KO and overexpres-
sion of Fgf8 in the mouse forebrain were found to increase apoptosis,
while apoptosis was decreased in the forebrain of Fgf8 hypomorphs,
showing that Fgf8 dosage is a determining factor (Storm et al., 2003).
In zebrafish, in the absence of functional foxgla, apoptosis was
induced in the POA region where fgf8a was ectopically activated. The
divergent effects of foxgl/foxgla loss on fgf8/fgf8a remain elusive
but may be linked to dose-dependent transcriptional regulation by
Foxgl/Foxgla. Regardless of the underlying mechanism, foxg1/foxgla
might mediate cell survival by modulating Fgf8 levels, thereby contrib-
uting to telencephalon development.

Our results highlight the multifaceted role of foxgla in telenceph-
alon development, encompassing the determination of dorsoventral
patterning, maintenance of neural progenitor cells, and regulation of

cell survival.

49 |
system

Possible role of foxg1l genes in the endocrine

In the developing POA, robust expression of Foxgl/foxgla has been
observed in both mice and zebrafish (Affaticati et al., 2015; Dou
et al,, 1999), highlighting a potential role of foxgl in POA develop-
ment. Indeed, as mentioned above regarding the developing POA
region, foxgla disruption caused morphological defects, specific
occurrence of cell death, anomalous gene expression patterns (down-
regulation of nkx2.1, dix2a, and gadlb and ectopic upregulation of
six3b, fgf8a, and vax2), and loss of shha-expressing cells.

Given the importance of the POA in homeostasis, it is of impor-
tance to reveal the roles foxgla plays in POA formation. Abrogation
of the expression of nkx2.1 is likely at least one of the causes of the
POA defects observed in foxgla mutants, since nkx2.1, not nkx2.4a/b,
is required for POA development (Manoli & Driever, 2014). Direct
functions of foxgla in POA development cannot be excluded and
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remain to be addressed. On the other hand, conditional KO experi-
ments in mice at E12.5 suggested that Foxgl functions upstream of
Dbx1 to restrict the POA (Du et al., 2019). The apparent discrepancy
may be due to species differences and/or the stage-specific roles of
Foxg1 during development.

Foxg1 is expressed in the developing hypothalamus in mice (Dou
et al.,, 1999), but foxgla is not in zebrafish (Danesin et al., 2009). In
addition, the expression of regulatory genes integral to diencephalon
formation, including neurog1, dix2a, gadlb, nkx2.1, vax1, and nkx2.4,
remained predominantly unaltered in foxgla mutants. Therefore, it is
unlikely that foxgla is involved in the development of the diencepha-
lon, and other foxg1 paralogs possibly play the roles typically associ-
ated with mouse Foxg1 in the zebrafish hypothalamus. Notably, of the
four paralogs, foxglc is expressed in the diencephalon (Zhao
et al., 2009).

5 | CONCLUSION

Our analysis of zebrafish foxgla mutants demonstrated that, similar to
mouse Foxgl, zebrafish foxgla is essential for telencephalic growth,
the dorsoventral patterning of the telencephalon, and the mainte-
nance of neural progenitor cells. Additionally, our findings suggest
that foxgla contributes to POA maintenance, in part, by suppressing
cell death.
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