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Abstract
The neural tube is the precursor to the brain and spinal cord and forms through a
process called neurulation. Neurulation is a conserved process among vertebrates and
begins with a flat epithelium called the neural plate that folds into a closed tube-like
structure. When this folding is disrupted, the neural tube fails to close and results in a
neural tube defect (NTD). Previous work in our laboratory found that zebrafish embryos
with reduced Nodal signaling had open anterior neural tubes. This finding led to the
proposal of a broad model for anterior neurulation in zebrafish. The model begins with
Nodal signaling inducing anterior mesendodermal/mesodermal tissues. These tissues then
signal to the overlying neuroectoderm to promote cell adhesion in the developing anterior
neural tube. Finally, this leads to a closed anterior neural tube.
For our first step in our model, we hypothesized that the role for Nodal signaling
in neurulation is through mesendoderm/mesoderm induction. In support of this
hypothesis we found Nodal signaling is required for the development of a closed anterior
neural tube through mid to late blastula stages. This temporal requirement aligns well
with the timing for Nodal induction of anterior mesendodermal/mesodermal tissues.
Further testing for mesendodermal/mesodermal tissue presence in zebrafish embryos
found no single mesendodermal/mesodermal tissue was required for neural tube closure.
Our findings support a model in which an overall amount of mesendodermal/mesodermal
tissues must be present for neural tube closure, rather than a single tissue.
In the second step of our model, we hypothesized that the
mesendodermal/mesodermal tissues signal to the overlying neuroectoderm to form a
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closed neural tube. Further, these signals were thought to act downstream of Nodal
signaling to induce or maintain mesendoderm/mesoderm and the neuroectoderm. Using
RNAseq to compare Nodal deficient zebrafish embryos with closed and open neural tube
phenotypes, we identified several signaling pathways that may have a role in zebrafish
anterior neurulation. Our RNAseq data suggested that FGF signaling was reduced in
embryos with an open neural tube phenotype. Initial tests using an FGF signaling
inhibitor supported our data and the inhibitor was able to induce an open neural tube
phenotype in wildtype embryos. In addition, we hypothesized that adherens junction
proteins would be reduced in embryos with open neural tubes compared to embryos with
closed neural tubes. To test this, several adherens junction proteins were compared
between embryos with open and closed neural tubes. This study indicates adherens
junctions proteins are still present at relatively similar levels in embryos with open neural
tubes compared to those with closed neural tubes. Further studies are needed to determine
if adherens junction proteins are localized at the membrane of neural tube cells in
embryos with an open neural tube phenotype.
To better test our RNAseq data, embryos were examined for effects of FGF
signaling and canonical Wnt signaling on anterior neurulation. For FGF signaling, we
hypothesized that FGF signaling is required for anterior neurulation and has a similar role
to Nodal signaling in neurulation. The FGF signaling pathway was required through the
onset of gastrulation for a closed neural tube, and the FGF deficient embryos had a
correlation between neural tube closure and mesodermal tissue presence. Embryos
deficient in FGF signaling only had mesodermal tissues missing, rather than both
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mesodermal and mesendodermal tissues found in Nodal deficient embryos. Additionally,
we hypothesized canonical Wnt signaling is required for anterior neurulation. To test this,
embryos were exposed to LiCl to increase canonical Wnt signaling, as our RNAseq data
suggested canonical Wnt signaling was over expressed in embryos with open neural tube
phenotypes compared to embryos with closed neural tubes. Our data suggests increased
canonical Wnt signaling does not induce NTD in zebrafish embryos.
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Introduction
Vertebrate neurulation
The neural tube, or precursor to the brain and spinal cord, forms by the
neuroectoderm folding into a tube-like structure during embryogenesis. If neuroectoderm
folding is disrupted, neural tube defects (NTD) can arise. NTD are highly prevalent in
humans and occur in 1.2-124 out of every 10,000 births worldwide (Zaganjor et al. 2016).
The two most common NTD include spina bifida and anencephaly. Spina bifida is non
fatal and results when the posterior neural tube fails to close properly (Detrait et al.
2005). Anencephaly is a fatal condition and results when the anterior neural tube fails to
close, producing a partially developed brain and an incompletely formed skull (Detrait et
al. 2005).
Neurulation is described as the process to form a closed neural tube along the
anterior-posterior axis of the developing organism. Vertebrate development utilizes two
separate mechanisms for neural tube closure, termed primary neurulation and secondary
neurulation. Primary neurulation forms the anterior neural tube, which later develops into
the brain and cervical and thoracic regions of the spinal cord. During primary
neurulation, the neural tube starts as a flat, organized epithelium, or neural plate, and then
folds until the lateral edges of the epithelium join at the dorsal midline. The neural plate
can fold into the neural tube by rolling, using single or multiple hinge points, or sinking
and forming a wedge shape (Fig. 1) (Lowery and Sive 2004, Colas and Schoenwolf
2001).
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In comparison, secondary neurulation forms the most posterior neural tube, the
precursor to the lumbar and tail regions of the spinal cord. Secondary neurulation differs
from primary neurulation by beginning as mesenchymal cells forming a solid rod rather
than a flat, organized epithelium. As secondary neurulation continues, the solid rod of
cells develops a lumen and becomes an organized epithelium. The tube-like structures
formed by both primary and secondary neurulation mechanisms eventually fuse to create
a single neural tube along the anterior-posterior axis (Lowery and Sive 2004, Colas and
Schoenwolf 2001).

Comparing primary neurulation in zebrafish and other organisms
In the zebrafish, a teleost fish, neuroectodermal cells become specified at the
onset of gastrulation (Grinblat et al. 1998). Neurulation begins when the neuroectoderm
forms the multicellular (anterior) or single cellular (posterior) sheet-like structure called
the neural plate (Fig. 2A) (Hong and Brewster 2006, Lowery and Sive 2004, Kimmel et
al. 1995). The medial neural plate folds by thickening and sinking while the lateral neural
plate edges elevate to form the neural folds. This creates a wedge-like shape called the
neural keel (Fig. 2B) (Lowery and Sive 2004, Kimmel et al. 1995). Elevation continues
until the neural folds fuse at the dorsal midline to produce the solid neural rod (Fig. 2C)
(Lowery and Sive 2004, Kimmel et al. 1995). Neurulation concludes when the
neurocoele, or lumen, develops in the center of the neural rod to form the neural tube
(Fig. 2D) (Lowery and Sive 2004, Kimmel et al. 1995).
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While neurulation is generally conserved among vertebrates, variations exist in
the steps of neural tube closure between different vertebrate species as well as along the
anteroposterior axis within a single species (Lowery and Sive 2004). A main variation in
neurulation between different species is lumen formation. In many vertebrates, the lumen
develops as the neural plate folds, but in vertebrates such as the teleosts, the lumen forms
after the neural tube has closed. The teleost brain folds to form a neural keel and develops
a slit-like lumen after the neural tube closes (Fig. 1D) (Lowery and Sive 2004). Lumen
formation also differs in cases where it forms during neural tube closure. For example, in
the Xenopus presumptive brain, the neuroepithelium rolls to form a neural tube with a
round lumen (Lowery and Sive 2004) (Fig. 1A). In comparison, the chick presumptive
brain folds using multiple hinge points to develop a diamond shape lumen (Fig. 1B)
while regions of the mouse neural tube fold using a single medial hinge to develop a slitlike lumen (Fig. 1C) (Lowery and Sive 2004).
The zebrafish neural tube was originally characterized as forming solely through
secondary neurulation along the anterior-posterior axis. This model for neurulation was
supported by the observations that the zebrafish first forms a solid neural rod before
forming the neural tube with a lumen. Other vertebrates form a lumen as the neural plate
folds to become the neural tube. It was thought that during the neural keel and neural rod
stages of zebrafish neurulation the cells were unorganized, and thus had a mesenchymal
state (Colas and Schoenwolf 2001). To further this idea, cells were found to cross the
midline at neural keel and neural rod stages. At these stages, the mitotic spindle rotates
90 degrees causing dividing cells to cross the midline, or mediolateral point, while cells
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at neural plate and neural tube stages divide in an anterior to posterior direction, or
parallel. Additionally, the siblings of cells dividing during neural keel and neural rod
stages did not always have the same neural fates (Geldmacher-Voss et al. 2003).
However, later studies characterized zebrafish neural tube forming through primary
neurulation with secondary neurulation occurring in the most posterior regions of the
neural tube, as with other vertebrates. The cells in the neural plate were determined to be
an organized epithelium that continued through neural tube stage. Cells retained their
relative positions from the neural plate during neural keel and neural rod stages, and the
cells were described as elongated, as expected in an epithelium (Hong and Brewster
2006, Lowery and Sive 2005).
Cell adhesion proteins are required for proper neurulation in vertebrates and
provide a conserved mechanism for vertebrate neurulation (Hong and Brewster 2006,
Chalasani and Brewster 2011). Adherens junctions are a cell adhesion complex that uses
the extracellular binding cadherins, a protein in the complex, on neighboring cells to hold
them together (Meng and Takeichi 2009). A specific cadherin called N cadherin is
expressed in vertebrates after neural induction. In zebrafish, N cadherin helps to control
proliferation in the developing dorsal neural tube in addition to forming neural tube
apical polarity (Chalasani et al. 2011). Zebrafish form an apical polarity of cell adhesion
complexes during neural keel and neural rod stages, but the polarity of these complexes
are irregular during neural plate stage (Geldmacher-Voss et al. 2003). Frogs utilize a
similar mechanism for N cadherin in neurulation while other vertebrates such as mice and
chicks use N cadherin for apical polarity (Chalasani et al. 2011).
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Zebrafish deficient in Nodal signaling display defects in anterior neurulation
The TGF-β signaling family consists of many signaling pathways. One pathway is
the Nodal signaling pathway, which is conserved among vertebrates. In this pathway, the
Nodal ligands signal through the Nodal receptor complex composed of Activin receptors
and a coreceptor. Specifically, in zebrafish, there are three Nodal ligands, Cyclops (Cyc),
Squint (Sqt), and Southpaw (Spaw) that signal through ALK4, 5, and 7 and the
coreceptor One-eyed pinhead (Oep). The Nodal signaling pathway is autoregulated
through both positive and negative feedback loops (Schier 2003).
The Nodal signaling pathway is required for many processes in early embryo
development. In vertebrate gastrulation, Nodal and canonical Wnt signaling induce
organizer formation by activating organizer genes, such as goosecoid (gsc) (Gilbert and
Barresi 2016). Once formed, the organizer sets up the embryo dorsal-ventral axis in
which cells exposed to high Nodal signaling and low BMP signaling form dorsal
structures. Also, the Nodal signaling gradient induces the germ layers mesoderm,
mesendoderm, and endoderm. Mesodermal, mesendodermal, and endodermal fated cells
exposed to the highest Nodal levels become the dorsal most tissues, such as prechordal
plate and endoderm, while the cells exposed to the lowest Nodal levels become the
ventral tissues, such as blood. Intermediate Nodal levels induce tissues such as notochord
and somites (Gilbert and Barresi 2016, Schier 2003).
Zebrafish deficient in Nodal signaling exhibit neural tube defects analogous to
anencephaly (Aquilina-Beck et al. 2007). Zebrafish cyc, sqt, cyc;sqt, and oep mutant
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embryos have a range of severity in defects such as cyclopia,
mesendodermal/mesodermal tissue loss, and disrupted anterior neural tube morphology.
For example, cyc mutants lack the ventral brain but always have a closed neural tube
phenotype (Sampath et al. 1998, Aquilina-Beck et al. 2007). In comparison, zygotic sqt
(Zsqt) and Zoep mutants, with maternal expression of sqt and oep, have an incomplete
penetrance for neural tube closure, meaning not all embryos with these mutations develop
a NTD. Further, maternal zygotic oep (MZoep) mutants, with no maternal expression of
oep, and cyc;sqt double mutants always have an open neural tube phenotype (AquilinaBeck et al. 2007).
Initial research suggests the loss of mesendodermal/mesodermal tissues leads to
the open neural tube phenotype in Nodal deficient zebrafish embryos. In one study, some
cells were rescued for mesendodermal cell fates in MZoep mutants by injecting the
zebrafish embryos with Taram-A. This resulted in embryos that normally have an open
neural tube phenotype to form a closed anterior neural tube (Aquilina-Beck et al. 2007).
Another study used a mild Nodal receptor inhibitor, SB431542, to reduce Nodal signaling
during the development of wildtype zebrafish embryos. Embryos were treated with the
inhibitor right after fertilization and at 70% epiboly, or just before neurulation begins.
Only embryos treated early in development produced an abnormal anterior neural tube
where embryos treated at 70% epiboly did not form a NTD (Araya et al. 2014). Embryos
treated right after fertilization would have reduced Nodal signaling during developmental
stages for anterior mesendodermal/mesodermal tissue induction. By 70% epiboly,
anterior mesendodermal/mesodermal tissues are no longer induced by Nodal signaling
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(Hagos and Dougan 2007). These findings support a model in which
mesendodermal/mesodermal tissue induction by Nodal signaling is required for proper
anterior neurulation.

Adherens junctions form in developing morphologies
Cell adhesion complexes help cells interact to form morphologies within the
developing embryo, such as the neural tube (Kobielak and Fuchs 2004). These complexes
are composed of many different proteins, and complexes can have several forms,
including adherens junctions and tight junctions. Adherens junctions are protein
complexes that bind to the actin filaments of the cell intracellularly and bind
extracellularly to form dimers. Cadherins are a large classification of proteins known to
form the base of adherens junction complexes (Meng and Takeichi 2009). Cadherins are
calcium dependent adhesion molecules, and classical cadherins are mainly found within
specific tissue types. For example, the classical cadherin N cadherin is primarily
expressed in neural tissues and E cadherin is mainly found in epithelial tissues (Takeichi
1988).
Classical cadherins have a highly conserved structure consisting of an
extracellular region, single transmembrane pass, and cytoplasmic region (Fig. 3)
(Takeichi 1988, Meng and Takeichi 2009, Overduin et al. 1995). The extracellular region
is composed of 5 extracellular domain repeats, and calcium-binding domains are found
between each extracellular domain (Fig. 3) (Meng and Takeichi 2009, Overduin et al.
1995). Intracellularly, the classical cadherins form the adherens junction complex with 3
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catenin proteins. On one region of the cytoplasmic domain, the cadherin binds to p120
catenin. The p120 catenin connects the adherens junction to the microtubules in the cell
through intermediates (Fig. 3) (Meng and Takeichi 2009). At another region of the
cytoplasmic domain, the cadherin adheres to β-catenin, which then binds to α-catenin
(Fig. 3) (Meng and Takeichi 2009). α-catenin, through several intermediates, stabilizes
the adherens junction by binding to the actin cytoskeleton (Fig. 3) (Meng and Takeichi
2009, Drees et al. 2005, Yamada et al. 2005).
Adherens junctions are removed from the plasma membrane through processes
such as signaled endocytosis and cadherin cleavage. The metalloprotease ADAM10
specifically cleaves the N cadherin extracellular domain. Cleavage results in the
internalization of the N cadherin complex and resembles the N cadherin mislocalization
observed in MZoep mutant zebrafish (Fig. 4). Upon internalization, the cytoplasmic N
cadherin domain releases the catenin complex (Reiss et al. 2005). Catenins help to form
adherens junction complexes, but these proteins are also utilized in degradation
complexes, regulatory pathways, and signaling pathways (Mack and Georgiou 2014,
Choi et al. 2013, Heuberger and Birchmeier 2010). Thus, downregulation of adherens
junction complexes can increase other cellular processes, such as canonical Wnt
signaling.
Zebrafish deficient in N cadherin fail to form a normal neural tube morphology,
with neurulation defects arising around neural keel and neural rod stages. In N cadherin
deficient embryos, the medial portion of the neural plate folds normally, but the lateral
edges of the neural plate do not converge at the dorsal midline. This results in the neural
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tube appearing as a ‘T’ shape (Chalasani and Brewster 2011, Hong and Brewster 2006,
Lele et al. 2002). Further, N-cadherin mutant zebrafish have an incomplete penetrance
for open anterior neural tubes, similar to Nodal mutant zebrafish (Aquilina-Beck et al.
2007). Interestingly, by neural keel and neural rod stages in embryos with reduced N
cadherin, β-catenin was no longer localized to the plasma membrane in the
neuroepithelium but was, instead, found throughout the cytoplasm. The timing of these
findings correlates with the timing of adherens junction formation in zebrafish
neurulation. These data suggest adherens junction formation is required for proper
neurulation, specifically later neurulation time points (Chalasani and Brewster 2011,
Aquilina-Beck et al. 2007, Hong and Brewster 2006).
MZoep mutant zebrafish have apparent cellular adhesion defects, documented as
early as neural plate stages. These mutants were analyzed for the expression of Ncadherin in the neural plate and neural keel. The mutants displayed a disrupted neural
tube morphology and N-cadherin was mislocalized (Fig. 5). N cadherin expression was
localized at the cell membrane in wildtype zebrafish, but in the MZoep mutants, Ncadherin appeared to be localized intracellularly (Fig. 5) (Aquilina-Beck et al., 2007).
Despite the cellular adhesion defects observed with N-cadherin, MZoep mutants
expressed the tight junction and adherens junction protein ZO-1 normally at the cell
membrane. Also, the mutants exhibited some normal cell polarity development (Araya et
al., 2014).

Advantages and disadvantages of using zebrafish to study neurulation
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The zebrafish is a well-established model organism that is useful for studying
NTD, such as anencephaly. Epidemiological studies indicate NTD are associated to some
environmental factors but are also linked with several genetic factors (Copp, Stanier, and
Greene 2013). To better understand these genetic links, zebrafish provide a genetic
resource and the temporal and spatial expression of many genes have been previously
characterized. Multiple assays have been developed to study zebrafish, including whole
mount in situ hybridization and antibody staining. Additionally, morphology
development is easily observable in the transparent zebrafish embryo.
Zebrafish generally spawn once a week and produce large clutch sizes that range
from 50 to 1000 embryos per pair of spawning fish. Development occurs very quickly in
these organisms. For example, neurulation is completed before 24 hours post fertilization,
and zebrafish reach reproductive maturity at about 3 months post fertilization. These
qualities allow large sample sizes for analysis and a relatively short period of time to
follow morphology development. Further, zebrafish live in an aqueous environment,
which allows for easy pharmaceutical manipulation.
Pineal organ precursors, found at the most lateral edges of the neural plate,
provide a qualitative way to measure anterior neural tube closure in zebrafish (AquilinaBeck et al. 2007). Many techniques such as whole mount in situ hybridization and
antibody staining can be used to specifically label the pineal organ with markers. The
anterior neural tube is scored as open or closed based on pineal morphology (AquilinaBeck et al. 2007, Gamse et al. 2002). An oval shaped pineal anlage on the dorsal head
indicates pineal precursor convergence at the dorsal midline and thus a closed anterior
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neural tube (Fig. 6). The pineal appears elongated or divided when the pineal precursors
fail to converge, resulting in an open anterior neural tube (Fig. 6) (Aquilina-Beck et al.
2007).
While zebrafish are useful for neurulation studies, this model organism provides
several obstacles for researchers. Zebrafish embryos are small, which makes it
challenging to manipulate embryo tissues for experiments. In some experiments,
researchers dissect out specific tissues from embryos to better study their tissue of
interest. This approach is useful for drawing direct conclusions from techniques such as
Western blotting and RNAseq. Dissecting out tissues from zebrafish embryos is difficult
and not normally performed. Zebrafish studies utilize the whole embryo, which can
provide insights about the embryo as a whole but makes it difficult to draw tissue specific
conclusions using certain techniques. As a result, whole mount approaches are often used
in zebrafish studies and can be very useful. However, sometimes it is best to section
embryos for techniques such as immunohistochemistry and in situ hybridization.
Sectioning protocols are well established in 2 day post fertilization zebrafish embryos and
older, but unfortunately, zebrafish at younger stages are fragile and have a large yolk that
complicates sectioning. Since the zebrafish is a relatively new model organism utilized in
research, established reagents and supplies are not as readily available as they are for the
mouse and other organisms. For example, zebrafish specific antibodies are starting to
become available for purchase, but often, researchers need to pay to make their own
antibodies for their protein of interest or attempt to use antibodies specific for other
organisms.
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Model for anterior neurulation in zebrafish
Combining prior work in our laboratory as well as the research outlined in this
thesis, we propose a working model for anterior neurulation in zebrafish. Our previous
studies suggest Nodal induced head mesendoderm/mesoderm derivatives may signal to
the overlying neuroectoderm to drive anterior neural tube closure (Aquilina-Beck et al.
2007, Gonsar et al. 2016, Kindt et al. 2018). Our laboratory has demonstrated that Nodal
deficient MZoep mutants have a disrupted anterior neural plate morphology by the onset
of neurulation (8.0 hpf). In addition, MZoep mutants lack most mesendoderm/mesoderm
(Gritsman et al. 1999; Aquilina-Beck et al. 2007). Based on this previous work, we
hypothesized that the role for Nodal signaling in anterior neurulation is through
mesendoderm/mesoderm induction. We found the temporal requirement for Nodal
signaling in anterior neurulation occurs during a subset of the time Nodal induces
mesendoderm/mesoderm (Hagos and Dougan 2007, Gonsar et al. 2016). Several
mesendodermal/mesodermal tissues induced through late blastula stages (4.3 hpf)
(hatching gland, notochord, cephalic paraxial mesoderm, and head muscles) had a
positive correlation with anterior neural tube closure (Gonsar et al. 2016). Additionally,
increased combined tissue presence of hatching gland and notochord correlated with an
increased chance of a closed neural tube phenotype in Nodal deficient embryos (Gonsar
et al. 2016).
Following our Nodal study, we used RNAseq to test the hypothesis that the
mesendodermal/mesodermal tissues signal to the overlying neuroectoderm to form a
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closed neural tube. In our RNAseq study, we identified several candidate genes for a
mesendodermal/mesodermal signal, including fgf8a and the Wnt antagonist dkk1b (Kindt
et al. 2018). We hypothesized that FGF signaling is required for anterior neural tube
closure while canonical Wnt signaling is downregulated to form a closed anterior neural
tube in zebrafish. Using the FGF signaling inhibitor, SU5402, we found that lack of FGF
signaling causes specifically anterior neural tube defects. Further, we determined FGF
signaling is required through shield stage (6.0 hpf), the onset of gastrulation, for
neurulation. As we found with Nodal deficient embryos, FGF deficient embryos have a
correlation between the mesodermal tissue notochord and neural tube closure. However,
we did not find a correlation between the mesendodermal tissue hatching glands and
neural tube closure. Our RNAseq data suggested canonical Wnt signaling is upregulated
in embryos with open neural tubes, and thus, may have a role in anterior neurulation. In
contrast, when we treated embryos with LiCl to increase canonical Wnt signaling, the
treated embryos all had closed neural tube phenotypes.
Our previous studies suggest the mesendodermal/mesodermal signal likely
promotes cell adhesion in the developing anterior neural tube (Aquilina-Beck et al. 2007;
Gonsar et al. 2016; Kindt et al. 2018). MZoep mutants have apparent cell adhesion
defects as early as neural plate formation (8.0 hpf) (Aquilina-Beck et al. 2007). For
example, the adherens junction protein N cadherin appeared to have a reduced expression
and intracellular localization in MZoep mutants compared to wildtype embryos at neural
plate (8.0 hpf) and neural keel (10 hpf) stages (Fig. 5) (Aquilina-Beck et al. 2007).
Similar to the defects observed with N cadherin, tight junction protein ZO-1 expression in
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MZoep mutants lack normal apical localization (Araya et al. 2014). This finding suggests
neural tube cells do not maintain normal cell polarity with deficient Nodal signaling. We
hypothesized that embryos with open anterior neural tubes have decreased cell adhesion
and cell polarity. While we found that proteins associated with the cadherin complexes
are still present in embryos with open neural tube phenotypes, further investigations are
required to characterize cell adhesion protein localization in embryos with closed and
open neural tubes during neurulation.
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Figure 1. Variations in neural tube closure and lumen shapes among vertebrates.
The neural tube starts as a flat sheet of neuroepithelium that folds through various
mechanisms such as A) rolling, B) multiple hinge points, C) a single hinge points, and D)
forming a neural keel to produce a closed neural tube. The resulting neural tube lumen
consistently varies with the folding mechanism. Figure adapted from Lowery and Sive
2004.
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Figure 2. Neurulation in zebrafish embryos. Neurulation is the developmental process
of neural tube closure. Neural tube development begins as a flat sheet of epithelium
called the neural plate (8 hours post fertilization (hpf), 75% epiboly) (A). The neural plate
folds ventrally into a wedge shape called the neural keel (10 hpf, tailbud) (B) before the
most lateral edges of the neural plate converge at the dorsal midline to form the neural
rod (11.7 hpf, 7 somites (C). After the solid neural rod forms, a lumen develops to
produce the neural tube (14 hpf, 12 somites) (D). The purple circles represent pineal
organ precursors. Figure adapted from Geldmacher-Voss et al. 2003.
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Figure 3. A spatial depiction of classical cadherin adherens junction complex and
some interactions. Cadherins form extracellular trans-homophilic interactions. The basic
cadherin complex includes the direct binding of p120 and β-catenin along with the
indirect binding of α-catenin. Interactions can occur between the cadherin complex and
F-actin or nectin complexes through α-catenin. Figure from Meng and Takeichi, 2009.

18

Figure 4. ADAM10 inhibits N-cadherin membrane localization. (A) ADAM10
expressing cells have an intracellular localization of N cadherin (green). Nuclei are
blue. (B) N-cadherin is localized at the membrane in ADAM10 deficient cells. Scale
bars: 10 µm. Figure adapted from Reiss et al. 2005.
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Figure 5. N-cadherin expression is not localized to the plasma membrane in MZoep
mutants. (A, B) Transverse sections of N-cadherin antibody stained anterior neural
tubes, dorsal to the top. (A) Wildtype and (B) MZoep mutant 5-6 somite stage zebrafish
embryos. Arrows point to N-cadherin localized to plasma membrane and arrowheads
point to N-cadherin localized to the cytoplasm. Scale bars: 40 µm. Figure adapted from
Aquilina-Beck et al., 2007.
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Figure 6. Pineal marker otx5 indicates open versus closed neural tube phenotype.
The sketch on the left hand side depicts a wildtype zebrafish embryo at 24 hpf while the
right hand side depicts a Nodal mutant with an open neural tube phenotype. The blue
corresponds to the eye phenotype in the sketches. The middle images show 24 hpf
zebrafish embryos labeled through whole mount in situ hybridization for otx5 (pineal)
and wnt1 (dorsal neural tube). Arrowheads point to the pineal gland and arrows point to
the dorsal neural tube. Oval shaped pineal phenotypes correspond to closed neural tubes
and separated pineal phenotypes correspond to open neural tubes. e corresponds to eyes.
Figure adapted from Aquilina-Beck et al. 2007.
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Chapter II: Temporal and Spatial Requirements for Nodal-Induced Anterior
Mesendoderm and Mesoderm in Anterior Neurulation
Ngawang Gonsar, Alicia Coughlin, Jessica A. Clay-Wright, Bethanie R. Borg,
Lexy M. Kindt, Jennifer O. Liang
Zebrafish with defective Nodal signaling have a phenotype analogous to the fatal
human birth defect anencephaly, which is caused by an open anterior neural tube.
Previous work in our laboratory found that anterior open neural tube defects in Nodal
signaling mutants were caused by defects in mesendodermal/mesodermal tissue. Defects
in these mutants are already apparent at neural plate stage, before the neuroepithelium
starts to fold into a tube. Consistent with this, we found that the requirement for Nodal
signaling maps to mid-late blastula stages. This timing correlates with the timing of
prechordal plate mesendoderm and anterior mesoderm induction, suggesting these tissues
act to promote neurulation. To further identify tissues important for neurulation, we took
advantage of the variable phenotypes in Nodal signaling-deficient sqt mutant and Lefty1overexpressing embryos. Statistical analysis indicated a strong, positive correlation
between a closed neural tube and presence of several mesendoderm/mesoderm-derived
tissues (hatching glands, cephalic paraxial mesoderm, notochord, and head muscles).
However, the neural tube was closed in a subset of embryos that lacked any one of these
tissues. This suggests that several types of Nodal-induced mesendodermal/mesodermal
precursors are competent to promote neurulation.
Introduction
Neural tube defects (NTD) are among the most common human birth defects,
occurring in approximately 1 in every 1000 pregnancies (Copp et al., 2013). NTD are
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caused by failure in closure of the neural tube, the precursor to the brain and spinal cord.
One of the most severe NTD is anencephaly in which the anterior neural tube fails to
close, causing complete or partial absence of the developing cranial vault and cerebral
hemisphere (Detrait et al., 2005).
Primary neurulation is the process that drives neural tube closure in the region
that will become the brain and the majority of the spinal cord. Secondary neurulation
forms the posterior-most region of the trunk spinal cord and the spinal cord of the tail.
Only failures in primary neurulation cause NTD. The morphological events of primary
neurulation are well conserved across many vertebrate species. Primary neurulation
initiates with the columnarization of neuroectodermal cells to form the neural plate, a
polarized epithelium with cells tightly bound to one another through both adherens and
tight junctions (Colas and Schoenwolf, 2001; Lowery and Sive, 2004). Neural plate
formation is followed by the thickening and elevation of the neural plate borders to
generate the neural folds, which ultimately fuse at the dorsal midline producing a closed
neural tube (Colas and Schoenwolf, 2001; Lowery and Sive, 2004). In zebrafish, there is
a slight variation in this process (Colas and Schoenwolf, 2001; Kimmel et al., 1995;
Lowery and Sive, 2004; Schmitz and Campos-Ortega, 1994). The neural tube first forms
a neural rod, in which cells of the right and left sides of the neural tube are in contact. A
lumen later develops in the center of the rod to transform it into a tube.
Many human NTD are thought to have a genetic component, although the genes
involved are not fully characterized (Au et al., 2010; Harris and Juriloff, 2010; Juriloff
and Harris, 2000). Work in genetic model organisms has the potential to identify
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candidate genes as well as increase understanding of the complex neurulation process.
Zebrafish mutants with defective Nodal signaling exhibit NTD analogous to the human
birth defect anencephaly (Aquilina-Beck et al., 2007; Araya et al., 2014; Lu et al., 2013).
Zebrafish have three Nodal ligands: Cyclops (Cyc), Squint (Sqt), and Southpaw (Schier,
2003). These ligands all signal through a receptor complex containing the One Eyed
Pinhead (Oep) protein (Schier, 2003). oep, sqt, and cyc;sqt double mutants all exhibit
open anterior neural tubes, as do embryos overexpressing the Nodal signaling inhibitor
Lefty1 (Aquilina-Beck et al., 2007; Lu et al., 2013). In contrast, the posterior region of
the neural tube is closed (Ciruna et al., 2006). One of the primary defects in these Nodal
deficient embryos appears to be lack of cell adhesion during the earliest steps of
neurulation. The cells of the developing neural tube are disorganized from the neural
plate stage onwards (Aquilina-Beck et al., 2007; Araya et al., 2014; Lu et al., 2013). This
disorganization is likely in part caused by decreased expression of the cell adhesion
protein N-cadherin, which is required for closure of the zebrafish neural tube (AquilinaBeck et al., 2007; Lele et al., 2002)
Our previous research suggested the role for Nodal signaling is not directly in the
neuroepithelium, but rather in the induction of the mesendoderm and mesoderm
(Aquilina-Beck et al., 2007). Embryos that completely lack Nodal signaling have no
anterior mesendoderm or mesoderm and always have an open neural tube (Aquilina-Beck
et al., 2007). In these embryos, activation of the Nodal signaling pathway cell
autonomously rescued the formation of mesendodermal/mesodermal tissues and
corrected the neural tube defect (Aquilina-Beck et al., 2007). This suggested that the
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Nodal signaling pathway need not be activated in the neural tube cells, but instead has an
indirect role within the mesendoderm/mesoderm. Consistent with this model, a recent
study added a Nodal signaling inhibitor at 70% epiboly, after the induction of
mesendoderm/mesoderm is complete, and found no effect on anterior neurulation (Araya
et al., 2014).
Similar to the role of the mesendoderm/mesoderm in zebrafish, the head
mesenchyme in mice, which is composed of mesodermal and neural crest cells, plays an
essential role in anterior neurulation (Chen and Behringer, 1995). In rodents, elevation of
the cranial neural folds is preceded by the expansion of the underlying head mesenchyme
(Morriss and Solursh, 1978; Solursh and Morriss, 1977; Tuckett and Morriss-Kay, 1986).
Additionally, loss of function of various genes expressed in the head mesenchyme results
in lethal NTD, including anencephaly. For example, the twist and cart1 genes are both
expressed in the head mesenchyme. Knockout of either gene reduces expansion of the
cranial mesenchyme and results in NTD (Chen and Behringer, 1995; Zhao et al., 1996).
This led to the hypothesis that expanding head mesenchyme drives the elevation of the
neural folds. The right and left neural folds subsequently converge and then fuse at the
dorsal midline to form a closed neural tube. However, more characterization is needed to
determine whether the anterior mesendoderm/mesoderm in zebrafish and head
mesenchyme in mice have overlapping functions.
Our goal was to identify the temporal requirement for Nodal signaling
in neurulation and define the areas of mesendoderm/mesoderm that have a role in
neural tube closure. Consistent with the fact that the morphology of the
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neuroepithelium is already abnormal by neural plate stages (Aquilina-Beck et al.,
2007), we found that the requirement for Nodal signaling in anterior neurulation
occurs up to the late blastula stages (dome stage, 4.3 hpf). This temporal
requirement falls within the time when Nodal is inducing mesendoderm and
mesoderm, and is before the onset of neuroepithelium formation. There was a
strong statistical correlation between the presence of prechordal plate
mesendoderm derivatives and head mesoderm derivatives and a closed neural
tube. However, none of the tissues assayed (hatching gland, anterior notochord,
cephalic paraxial mesoderm, and head muscles) were always present when the
neural tube was closed, and thus their precursors were not absolutely necessary
for anterior neurulation. Additionally, a correlation was observed between neural
tube closure and the summed tissue presence of hatching glands and notochord.
We propose a model in which Nodal signaling induces prechordal plate
mesendoderm and anterior mesoderm during the blastula stages (Aquilina-Beck et
al., 2007). When a critical threshold of these mesendodermal/mesodermal
precursors is present, they are able to interact with the overlying neuroectoderm
and induce the changes that are required for neural tube closure.

Methods
All protocols using animals were approved by the U of MN Institutional Animal Care and
Use Committee.
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Zebrafish stocks
Zebrafish were maintained as per standard protocols at a constant temperature of
28.5 °C in a 14:10 light:dark cycle (Westerfield, 2000). The stocks used were WT strain
Zebrafish Danio rerio (ZDR) (Aquatica Tropical, Plant City, FL), and fish carrying the
sqt cz35 (Feldman et al., 1998), cyc m294 (Schier et al., 1996), or casanova ta56 (cas) (Chen
et al., 1996) mutations. WT, cyc, and cas embryos were incubated at 28.5 °C and sqt
embryos were incubated at 34 °C to increase the penetrance of the open neural tube
phenotype (Hagos and Dougan, 2007; Lu et al., 2013). All embryonic stages were
defined morphologically (Kimmel et al., 1995).

SB505124 treatment
For the short term treatment experiments, 3 hpf (1000-cell stage) ZDR embryos
were dechorionated with 2mg/ml Pronase (Roche) using established methods (Link et al.,
2006; Westerfield, 2000). Embryos not fully dechorionated by the Pronase solution were
dechorionated through gentle agitation with forceps. Post pronase treatment, embryos
were always transferred using Sigma Cote (Sigma Aldrich) coated glass pipettes to
prevent damage. At the desired morphological stage, embryos were exposed to 50, 75, or
100 µM of 2-(5-benzo [1,3] dioxol-5-yl-2-terbutyl-3H-imidazol-4-yl)-6-methylpyridine
hydrochloride hydrate (SB505124) (Sigma Aldrich) at room temperature (Hagos and
Dougan, 2007; Hagos et al., 2007). All inhibitor experiments used a freshly prepared
10mM SB505124 stock in DMSO. After 20 minutes of SB505124 treatment, embryos
were transferred to a Petri dish with ~10 ml of new embryo media. Post SB505124
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exposure, embryos were incubated at 28.5 °C until the desired stage, then fixed and
assayed.
In the long treatment experiments, we switched to Tocris as a supplier of
SB505124, as we had difficulties with differences in activity among lots of the Sigma
inhibitor. In these experiments, ZDR embryos were treated at specific morphological
stages with the indicated doses or with 100 µM of SB505124 (Tocris) at 28.5 °C until
fixation at approximately 24 hpf. We found no difference in SB505124 effectiveness
between experiments where the chorions were on or off. Therefore, some experimental
trials used dechorionated embryos and others used embryos still in their chorions. The
dechorionated embryos were produced by treatment with 2 mg/ml Pronase at the 64 cell
stage for ~7 minutes at 28.5 °C.

Whole mount RNA in situ hybridization (WISH)
Embryos were assayed by RNA whole mount in situ hybridization using
established methods (Thisse and Thisse, 2014). Digoxygenin antisense RNA probes
included orthodenticle homobox 5 (otx5) (Gamse et al., 2002), cathepsin L 1b (ctsl1b)
(Vogel and Gerster, 1997), paired box gene 2.1 (pax 2.1) (Pfeffer et al., 1998), floating
head (flh) (Talbot et al., 1995), goosecoid (gsc) (Stachel et al., 1993), collagen type IX
alpha 2 (col9a2) (Thisse et al., 2001), collagen type 2 alpha-1a (col2a1) (Yan et al.,
1995), sonic hedgehog (shh) (Krauss et al., 1993) and smooth muscle myosin heavy chain
2 (smyhc2) (Elworthy et al., 2008).
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PCR genotyping
sqt heterozygotes were identified by natural breeding or by Polymerase Chain
Reaction (PCR) using sqtcz35 specific primers on DNA extracted from fin clips. The
shared forward primer was 5’-GAGCTTTATTTCAATAACTGCGTG-3’. The reverse
primer to detect the insertion in the sqt mutants was 5’ATATAAAATCAGTACAACCGCCCG-3’, and the reverse primer to detect the WT
allele was 5’-GCCAGCTGCTCGCATTTTATTCC-3’ (Feldman et al., 1998).

Photography
Bright field images were taken with a SPOT Insight Fire Wire camera mounted
on a Nikon Eclipse 80i microscope. All images were processed using Adobe InDesign
CS6 and minor adjustments for clarity were made using Adobe Photoshop CS6 (Adobe
Systems Inc.).

mRNA injections
One to two celled stage ZDR embryos were pressure injected with 0.38-2.5 pg of
lefty1 mRNA using Harvard Apparatus PL190-nitrogen driven pico-injector. Embryos
were maintained at 28.5 °C and then fixed and assayed by light microscopy and WISH.
Uninjected or GFP mRNA injected sibling embryos served as controls.

Data analyses
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Embryos were exposed to SB505124 beginning at several blastula stages and
assayed for pineal morphology through WISH. Each dataset was organized into an
appropriately sized contingency table with cells corresponding to neural tube phenotype,
open or closed, and initiation of inhibitor treatment. In addition, embryos were treated
with SB505124 concentrations ranging from 0 µM to 100 µM and evaluated for pineal
morphology with WISH. Concentration scores were placed in an 8 X 2 contingency table
with cells corresponding to neural tube phenotype and SB505124 concentration. A twotailed Fisher’s exact test was used to test for association between stage at onset of
inhibitor exposure and neural tube closure or SB505124 concentration and neural tube
closure. Sample sizes were considered to be sufficient if a significant association
(P<0.05) was observed. Analyses were performed with R version 3.1.2 software.
Homozygous sqt, cyc, cas, and lefty1 mRNA injected embryos were assayed by
WISH for the presence of mesendodermal and mesodermal tissues and pineal
morphology. The embryos were categorized into 4 groups: mesendodermal/mesodermal
tissue present and elongated or divided pineal (open NT), mesendodermal/mesodermal
tissue absent and open NT, mesendodermal/mesodermal tissue present and closed NT and
mesendodermal/mesodermal tissue absent and closed NT. Tissue was counted as present
if there was either partial or full expression of the mesendodermal/mesodermal marker.
These groups corresponded to the four quadrants within a 2 X 2 contingency table of a
one-tailed Fisher’s exact test, analyzed using R version 3.1.2 software. If a statistically
significant relationship was observed (P<0.05), the strength of the correlation between
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neural tube closure and mesendodermal/mesodermal tissue presence was determined
through the Phi Coefficient (φ).
For co-analysis of hatching glands, notochord, and pineal morphology, sqt mutant
embryos and ZDR embryos treated with SB505124 from the 4.3 hpf (dome stage, late
blastula) until they were fixed at 24 hpf and processed for WISH. Embryos were scored
for hatching gland and notochord tissue presence within the same embryo using the
following scores: 0 equaling tissue absent, 1 equaling some tissue present, 2 equaling
most tissue present, and 3 equaling full tissue present. A two-tailed Fisher’s exact test
was performed using R version 3.1.2 software to test for association between the sum of
hatching gland and notochord presence with neural tube closure. Summed tissue presence
scores, 0 through 6, and neural tube phenotype, open or closed, corresponded to the cells
of a 7 X 2 contingency table. Association was considered significant if P<0.05.

Results
Temporal overlap in Nodal signaling’s role in neural tube closure and
mesendoderm/mesoderm induction
Our previous work suggested that Nodal signaling’s role in neurulation is through
the induction of mesendoderm/mesoderm or a signal produced by these tissues (AquilinaBeck et al., 2007). If this hypothesis is correct, then Nodal’s temporal requirement in
neurulation should occur at the same time as Nodal induction of
mesendoderm/mesoderm, which occurs between 3 hpf (1000 cell stage, early blastula)
and 6 hpf (shield stage, early gastrula) (Hagos and Dougan, 2007). We found that Nodal
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signaling is required during a subset of this time for neural tube closure. This suggests
that a subset of Nodal-dependent mesendodermal/mesodermal tissues are involved in
neurulation.
To determine the temporal requirement for Nodal signaling in neurulation, we used
the Nodal inhibitor SB505124, a small molecule that blocks the activity of ALK4, 5, and
7 Nodal specific receptors (DaCosta Byfield et al., 2004). In zebrafish, SB505124
treatment produces a phenotype similar to Nodal deficient embryos and causes reduced
expression of Nodal-regulated genes (Hagos and Dougan, 2007; Hagos et al., 2007).
Because of unexpected complexities with the inhibitor, we utilized two experimental
designs to determine the timing requirements of Nodal signaling. Results from both
designs suggest that the requirement for Nodal signaling occurs between 3 hpf (1000 cell
stage, mid blastula) and 4.3 hpf (dome stage, late blastula).
In our first experiments, embryos were exposed to a 75 or 100 µM dose of
SB505124 for 20 minutes, and then moved to a new Petri dish, resulting in at least a 1:10
dilution of SB505124. The fish were raised until ~24 hpf and then assayed for pineal
morphology, which is a sensitive indicator of anterior neural tube closure (Aquilina-Beck
et al., 2007). An oval shaped pineal anlage indicated a closed anterior neural tube, while
an elongated or divided pineal indicated an open neural tube (Fig. 1).
The majority of embryos treated with the inhibitor starting at 3.8 hpf (high oblong
stage, mid blastula) and 4.0 hpf (sphere stage, mid blastula) had an open neural tube
phenotype (Fig. 1, Table 1). Treatment starting at 4.3 hpf (dome stage, late blastula)
resulted in embryos with both open and closed neural tubes (Fig. 1; Table 1). Initiating
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treatment at 4.7 hpf (30% epiboly, late blastula) consistently resulted in embryos with
closed neural tubes (Fig. 1; Table 1). This suggests that 4.3 hpf is very close to the
boundary between when Nodal signal is required and when it is not. The same inhibitor
treatments that produced open neural tube phenotypes caused defects in mesendoderm
and mesoderm formation. These defects included complete absence of dorsal
mesendoderm-derived prechordal plate, decreased numbers of dorsal mesoderm-derived
notochord cells, and loss of intermediate mesoderm-derived pronephric mesoderm (Fig.
2).
As part of our control experiments, we found that SB505124 activity was persisting
even after extensive dilution of the inhibitor (Supplemental Fig. 1). Because these
difficulties made it challenging to identify when the inhibitor was acting, we repeated the
time course using an experimental design similar to previous studies (Hagos and Dougan,
2007; Terashima et al., 2014). In these experiments, inhibitor was again added at
different time points in development, but instead of being washed away, embryos were
consistently exposed to the inhibitor up to 24 hpf when the embryos were fixed.
Using this new approach, we performed a concentration curve to determine the
appropriate SB505124 concentration to consistently induce an open neural tube
phenotype. We found a strong dose dependent effect of SB505124. Embryos were treated
from 3.8 hpf (high oblong, mid blastula stage) through 24 hpf with concentrations
ranging from 0.1 to 100 µM. The penetrance of the open neural tube phenotype increased
with increasing inhibitor concentration, producing complete penetrance at doses of 10
µM and higher (Fig. 3; Table 2). Similarly, the number of mesoderm-derived somites

33
decreased with increasing inhibitor concentrations (Fig. 3). At the 5 µM concentration
and higher, embryos developed a cyclopic eye phenotype (Fig. 3).
Embryos treated with 100 µM SB505124 exhibited phenotypes more severe than
MZoep mutants (Fig. 3). In particular, MZoep mutants typically have several somites in
their tails. In our 100 µM treated embryos, these somites are missing. A similar loss of
tail somites was observed in embryos exposed to high doses of the related Nodal
signaling inhibitor SB431542 (Sun et al., 2006) and when MZoep embryos were treated
with SB505124 (Hagos et al., 2007). In these cases, the inhibitor was probably also
blocking activity of Activin-like proteins, which signal through the same receptors as
Nodal but do not require Oep.
The new experimental design using consistent inhibitor exposure produced
embryos with more severe mesendodermal/mesodermal phenotypes compared to our
original 20 minutes of inhibitor exposure. For example, embryos exposed to 10 µM and
20 µM of SB505124 from blastula stages through 24 hpf had similar phenotypes to
MZoep mutants, which lack all Nodal signaling (Fig. 3) (Gritsman et al., 1999).
However, when embryos were treated for only 20 minutes, 75 µM SB505124 treatment
was needed to phenocopy MZoep (Fig. 1). As we also switched from SB505124 supplied
by Sigma Aldrich to inhibitor supplied by Tocris, some of the difference could also be
due to differences in SB505124 activity between the two suppliers.
We chose to use our highest concentration, 100 µM SB505124, in our subsequent
experiments to ensure effective inhibition of Nodal signaling. Despite the change in
treatment time from 20 minutes to over 20 hours and the change in supplier of the
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inhibitor, the timing of effect on neural tube closure remained the same (Fig. 4, Table 3).
The timing also remained the same when 20 µM SB505124 was used, suggesting any
inhibition of Activin-like proteins at the 100 µM dose was not contributing to the neural
tube phenotype (Supplemental Table 1). In all cases, treatment starting at 4.3 hpf or
earlier caused open neural tubes, while treatment starting 4.7 hpf or later did not (Fig. 1
and 4, Tables 1 and 3, Supplemental Table 1).
There was also an almost exact match between open neural tube defects and
decreased expression of mesendodermal/mesodermal markers (Supplemental Fig. 2,
Supplemental Table 2). For instance, all embryos treated with SB505124 starting at 3.8
hpf (high oblong stage, mid blastula) or 4.0 hpf (sphere stage, mid blastula) had open
neural tubes as expected and lacked all or almost all expression of
mesendodermal/mesodermal markers (Supplemental Fig. 2, Supplemental Table 2).
Treatment starting at 4.3 hpf (dome stage, late blastula) caused mixed neural tube and
mesendodermal/mesodermal phenotypes while treatment at or after 4.7 hpf (30% epiboly,
late blastula) resulted in closed neural tube phenotypes and a much milder defect of
mesendodermal/mesodermal tissues.

Absence of head mesendodermal/mesodermal tissues correlates with open neural tube
phenotype
With the goal of identifying specific regions of the head mesendoderm and anterior
mesoderm required for neural tube closure, we used sqt mutants and Lefty1
overexpressing embryos in a correlative approach. These embryos have variable
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mesendoderm/mesoderm and neural tube phenotypes (Aquilina-Beck et al., 2007; Thisse
et al., 2000). Four tissues were assayed, including the prechordal plate mesendodermderived hatching glands, mesoderm-derived anterior notochord, cephalic paraxial
mesoderm, and mesendoderm and mesoderm-derived head muscles (Fig. 5). If the
precursors to an anterior mesendodermal/mesodermal tissue are required for neurulation,
then they should always be present when the neural tube is closed and always absent when
the neural tube is open. We found there was a strong correlation between the presence of
each head mesendodermal/mesodermal tissue and a closed neural tube phenotype.
The hatching glands are derived from the anterior most prechordal plate, which is the
first mesendodermal tissue to involute during gastrulation (Thisse et al., 1994; Vogel and
Gerster, 1997). The prechordal plate underlies the presumptive anterior neuroectoderm
during gastrulation, when specification of the neuroectoderm is initiated (Schmidt et al.,
2013). Hence, precursors to the hatching glands were strong candidates to be influencing
neurulation. Embryos were categorized into four groups based on whether the hatching
gland tissue was present or absent and whether the neural tube was open or closed (Fig. 6,
Supplemental Fig. 3). To assess the correlation, we calculated the φ coefficient. φ=1
indicated an absolute positive correlation between a closed neural tube and hatching gland
presence, and φ=-1 indicated an absolute negative correlation. A one-tailed Fisher’s exact
test was used to determine whether a correlation was statistically significant. This
analysis indicated a positive correlation between neural tube closure and hatching gland
presence that reached significance only in the Lefty1 overexpressing embryos (sqt:
φ=0.2566; P=0.26; lefty1 mRNA injected: φ=0.61; P=0.000086).
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Notochord precursors are also in close proximity to the anterior neuroepithelium
during early development, suggesting they could also influence closure of the anterior
neural tube (Kimmel et al., 1990; Solnica-Krezel and Sepich, 2012). Consistent with this,
there was a statistically significant positive correlation between presence of anterior
notochord and a closed neural tube (sqt φ=0.39; P=5.4 X 10-4; lefty1 mRNA injected
φ=0.49; P=4.6x10-9) (Fig. 6; Supplemental Fig. 4).
The cephalic paraxial mesoderm (cpm) serves as the primary precursor to all cranial
skeletal muscles and the pharyngeal arches. Mouse twist mutants that have a disorganized
cpm, display open cranial neural tubes, suggesting a potential role for cpm in vertebrate
neurulation (Chen and Behringer, 1995). As with the other tissues tested, cpm presence
had a strong positive correlation with a closed neural tube (sqt φ=0.42, P=8.1 X 10-4;
lefty1 mRNA injected φ=0.67, P=2.5 X 10-6) (Fig. 7; Supplemental Fig. 5).
Anterior mesendodermal/mesodermal-derived head muscles had the lowest
correlation with neural tube closure of the tissues assayed (Fig. 8; Supplemental Table 3).
Developing head muscles become apparent at approximately 50 hpf, during the hatching
period, and give rise to the eye, jaw, and gill arch muscles in the adult (Kimmel et al.,
1990). We found a strong relationship between head muscles in lefty1 mRNA injected
embryos (φ=0.40, P=0.024), but only a weak correlation in sqt (φ=0.10; P=0.52;).
Despite the positive correlation between each mesendodermal/mesodermal tissue
tested and neural tube closure, none had an absolute correlation. For each tissue, there
were a subset of Nodal deficient embryos that completely lacked the tissue and had a
closed anterior neural tube, and others that had the tissue but an open anterior neural tube
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(Fig. 6-8, Supplemental Fig. 3-5, Supplemental Table 3). This suggests that none of the
specific precursor populations that give rise to each of the four assayed tissues is essential
for driving the process of neurulation.
As a final test, we assayed the same mesendodermal/mesodermal tissues in cyc
mutants, which lack one of the zebrafish Nodal ligands, and casanova (cas) mutants,
which lack a transcription factor required for endoderm development. Both mutants
always have a closed neural tube (Fig. 9) (Aquilina-Beck et al., 2007; Liang et al., 2000).
Consistent with their normal anterior neurulation, both mutants also had hatching gland,
notochord, and cpm tissues that were indistinguishable from WT siblings (Fig. 9).

Correlation with amount of mesendodermal/mesodermal tissue and neural tube closure
Based on our correlative study findings, we hypothesized a minimum threshold of
mesendodermal/mesodermal tissue presence was required to drive anterior neural tube
closure. To test this, we analyzed sqt mutant embryos and wildtype embryos treated with
SB505124 at 4.3 hpf (dome stage, late blastula) for pineal morphology and for presence of
hatching gland and notochord, this time scoring the whole length of embryo for notochord.
Presence of each tissue type was scored on a 0 to 3 scale, with 0 indicating complete
absence and 3 indicating normal levels. Hatching gland and notochord scores were
summed for individual embryos to calculate a total tissue presence score, ranging from 0
to 6
There was a significant correlation between neural tube closure and total tissue
presence. The most common among all of the embryos was 1 (n=315/477) (Fig. 10,
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Supplemental Fig. 6). Embryos with an open neural tube phenotype had total score of 0-2,
while those with a closed had a range of 1-5 (Figure 10). A two-tailed Fisher’s exact test
indicated a positive correlation between total tissue presence and neural tube closure when
the two types of Nodal deficient embryos were grouped together or considered separately
(combined SB505124 treated and sqt mutant datasets, P=2.2 X 10-16; SB505124 treated
alone P=2.2 X 10-16; sqt mutants alone, P=0.01161). Thus, the chance of neural tube
closure increased when there was more notochord and hatching gland. These data suggest
there is a minimum threshold of total mesendodermal/mesodermal precursors required to
support neural tube closure.

Discussion
In this study, we established the temporal requirement for Nodal signaling and
mapped regions of mesendoderm and mesoderm important for anterior neurulation. We
found Nodal signaling in neural tube closure was required through late blastula stages
(4.3 hpf) and overlapped with a subset of the time Nodal induces
mesendoderm/mesoderm (Hagos and Dougan 2007). Further, our data suggest that a wide
range of mesendodermal/mesodermal precursors is competent to promote anterior
neurulation. Although there was a strong correlation between the presence of multiple
mesendodermal/mesodermal tissues and a closed neural tube, none of the tissues were
always present when the neural tube was closed or always absent when the neural tube
was open. However, a closed neural tube correlated with the amount of
mesendodermal/mesodermal tissue present. These data suggest a model in which a
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critical amount of Nodal-induced mesendoderm/mesoderm precursor cells are required to
make the developing anterior neuroectoderm competent to undergo the process of
neurulation. The timing of sensitivity to the Nodal inhibitor and the abnormalities of the
neural tube observed at the onset of neurulation in embryos that completely lack Nodal
signaling (Aquilina-Beck et al., 2007; Araya et al., 2014) suggests these precursors act in
a very early step in the formation of the neural plate epithelium.

Nodal acts during blastula stages to induce the mesendodermal/mesodermal tissues
required for neural tube closure
We found Nodal signaling was required for anterior neurulation up to late blastula
stages (up to 4.3 hpf). Treatment with even very high levels of Nodal inhibitor after this
time period did not cause NTD, although the inhibitor was still effective, as embryos
whose treatment started at early gastrula stage (5.3 hpf, 50% epiboly stage) had cyclopia.
The timing of inhibitor sensitivity falls within the time period when mesoderm,
endoderm, and mesendoderm are being induced, supporting the model that the role of
Nodal signaling in neurulation is through the induction of mesendoderm/mesoderm.
Endoderm is not included in this model because cas mutants, which completely lack
endoderm, always have a closed neural tube (Liang et al., 2000). However, it is possible
that the endoderm plays a redundant role with mesoderm and mesendoderm to promote
neural tube closure.
Nodal signals also have direct roles in patterning the neural tube. For instance, in
zebrafish, Nodal is required for the development of the ventral neural tube (ventral brain
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and floor plate of the spinal cord) (Hatta et al., 1991; Rebagliati et al., 1998; Sampath et
al., 1998). In some cases, the ventral neural tube acts as a hinge point that bends the
neural tube so that it can close. We can rule out an essential role for ventral neural tube in
zebrafish neurulation, as cyc mutants, which have no ventral brain or spinal cord, have a
closed neural tube (Figure 9) (Liang et al., 2000). It is also unlikely that the neural tube is
open due to a lack of another neural tissue. The SB505124 sensitive period is over before
neural induction has begun and treatment with a related Nodal signaling inhibitor
(SB431542) at 70% epiboly, just before the neural plate begins forming, does not cause
NTD (Araya et al., 2014). Further, the pattern of gene expression in the developing
neural tube (with the exception of ventral neural tube markers) is remarkably normal in
MZoep embryos, suggesting most tissues are present (Aquilina-Beck et al., 2007;
Mathieu et al., 2002).
The period in which SB505124 causes open neural tubes is also consistent with
studies of Zygotic oep (Zoep) mutants, which suggests that Nodal is acting near the onset
of zygotic transcription (1000 cell stage, or around 2.75 hpf), within the period when
SB505124 caused NTD. Zoep embryos can have either closed or open neural tubes
(Aquilina-Beck et al., 2007; Lu et al., 2013). The onset of zygotic transcription can vary
slightly from one embryo to another (Tadros and Lipshitz, 2009). Thus, a likely
explanation of the incomplete penetrance of the NTD is that some Zoep embryos might
have persistence of maternally-derived Oep or a slightly earlier onset of zygotic
transcription, resulting in sufficient Oep protein during the period when Nodal is required
for neurulation.
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We used two different experimental designs to determine the temporal
requirement for Nodal signaling in anterior neural tube closure. Even though the first
embryos were exposed to high doses of Nodal signaling inhibitor for 20 minutes and the
second to high doses for ~20 hours, both identified the same temporal requirement. One
possibility for the effectiveness of the short treatment is the fact that Nodal signals act in
a positive feedback loop that positively regulate their own transcription. We know from
our washing experiments that a small amount of inhibitor persisted in the embryos treated
for only 20 minutes. Thus, one possible explanation is that after a short treatment at high
concentrations, only a minimal amount of SB505124 was needed to inhibit the small
amount of remaining Nodal signaling. Another possibility is that the embryos sequestered
SB505124 so that high concentrations persisted within the embryo even after washing.

Broad region of mesendoderm and mesoderm is important for anterior neural tube
closure
Our data strongly suggests that a large region of anterior mesendoderm/mesoderm
is capable of interacting with the overlying neuroectoderm to promote neural tube
closure. Our favorite model is that a critical amount of anterior mesendoderm/mesoderm
tissue is required for anterior neurulation. When the amount drops below this threshold,
the embryo develops NTD. In support of this model, we found a correlation between
neural tube closure and the total combined presence of the mesendodermal/mesodermal
tissues hatching gland and notochord in sqt mutant and 4.3 hpf SB505124 treated
embryos. There was a strong dose dependent effect. With increasing total tissue scores,
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the likelihood of an embryo having a closed neural tube phenotype increased after the
score of 1 (either a small amount of hatching gland tissue or a small amount of notochord
tissue). It is interesting that embryos with a combined score of 1 could have either open
or closed neural tubes. The most likely explanation is that these embryos differed in the
presence of other mesendodermal tissues we did not test.
From our study, we cannot rule out the alternative possibility that a specific
region of mesendoderm/mesoderm that we did not test is the key tissue required for
neural tube closure. The precursors to the tissues analyzed in this study were the most
likely to be involved in neurulation due to their spatial proximity or length of contact
with the presumptive anterior neural tube. It is possible that the analyzed tissues
correlated with a closed neural tube not because they were involved, but because they
were co-induced by Nodal along with such a specific, key tissue. The presence of such a
tissue is improbable, as we tested tissues that spanned the range of anterior
mesendoderm/mesoderm derivatives.
We do not yet know the mechanisms by which mesendodermal/mesodermal
tissues promote anterior neurulation. One possibility is that there is a biochemical signal
that is secreted by a large range of mesendodermal/mesodermal tissues. If adequate
numbers of mesendodermal/mesodermal cells are present, then enough of this signal is
produced to drive neural tube closure. Consistent with this possibility, a large region of
the head mesendoderm/mesoderm is in close proximity to the overlying anterior
neuroectoderm (Kimmel et al., 1990; Solnica-Krezel and Sepich, 2012). At the start of
gastrulation, the mesendodermal cells move inward through the blastopore,
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forming a lining beneath the future neuroectodermal cells and the yolk cell below
(Solnica-Krezel and Sepich, 2012). Contact between the germ layers persists until
they undergo further specification around the end of gastrulation. Thus, the head
mesendoderm/mesoderm is within a few cell diameters of the overlying neuroectoderm
prior to and during anterior neurulation.
There are other examples of neural patterning events where a wide range of
mesendodermal/mesodermal tissues are involved. For instance, Engrailed (En) proteins
have a prominent role in midbrain and anterior hindbrain development (Joyner, 1996). In
Xenopus explants, anterior notochord tissue acted as a strong inducer of En-2 in
ectodermal tissue, demonstrating that it had been induced to form an anterior neural fate.
However, the presumptive head mesoderm and anterior somites could induce En-2
expression, although not as efficiently (Hemmati-Brivanlou et al., 1990). A similar
redundant system could explain why absence of any one tissue was not sufficient to cause
anterior NTD in zebrafish embryos.
In mice, the head mesenchyme, which is composed of anterior mesodermal and
neural crest cells, is required for anterior neurulation. It has been proposed that
proliferation and expansion of the underlying head mesenchyme drives the lateral edges
of the neural plate toward each other (Chen and Behringer, 1995; Harris and Juriloff,
2007, 2010). However, it is improbable that head mesendoderm/mesoderm proliferation
drives neural tube closure in zebrafish. In contrast to other vertebrates, primary
neurulation in zebrafish results from the thickening and then ‘sinking’ of the neural plate
(Lowery and Sive, 2004). It is hard to reconcile proliferation of the underlying
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mesenchyme/mesendoderm causing this ‘sinking’ morphological event in zebrafish, as it
is unlikely to be driven by an external force.
Consistent with our model that the interaction between mesendoderm/mesoderm
with anterior neuroectoderm is driven by a secreted protein, there is growing evidence for
signals that mediate communication between anterior neuroectoderm and underlying
mesoderm-related tissue. Disruptions of approximately 70 genes in mice result in either
spina bifida or exencephaly (Harris and Juriloff, 2007, 2010). Many of these genes
encode secretory proteins that have functions including involvement in biochemical cellcell signaling pathways (ex. Sonic Hedgehog, Fibroblast Growth Factors, and Wingless
Integrated) (Harris and Juriloff, 2007, 2010; Londin et al., 2005; Yamamoto et al., 2003;
Ybot-Gonzalez et al., 2002). Additionally, many of these secreted proteins are highly
expressed before and during anterior neurulation in the neuroepithelium and in adjacent
tissues such as the head mesenchyme (Harris and Juriloff, 2007, 2010). These signals are
potential candidates for mediating a biochemical interaction between the anterior
mesendoderm/mesoderm and the anterior neural tube.
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Table 1: Treatment of embryos with Nodal inhibitor for 20 minutes at
or before 4.3 hpf causes failure in neural tube closure.
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Table 1: Treatment of embryos with Nodal inhibitor for 20 minutes at or
before 4.3 hpf causes failure in neural tube closure.

!

Stage at Onset of
SB505124 Exposure

!SB50514
Dose

Closed NT
Oval
Pineal

Oblong (3.8 hpf)

75 µM

0 (0%)

!!!

Open NT
Elongated
Divided
Pineal
Pineal

!!!!!Total
!

0 (0%)

6 (100%)

6

!
Oblong (3.8
hpf)

100!µM

0 (0%)

!
5 (20%)

!
20 (80%)

!
25

!
Sphere (4.0
hpf)

!
75 µM

!
0 (0%)

!
2 (9%)

!
21 (91%)

!
23

Sphere (4.0 hpf)

100 µM

8 (11%)

20 (27%)

46 (62%)

74

! hpf)
Dome (4.3

!
75 µM

!
8 (73%)

!
0 (0%)

!
3 (27%)

!
11

! (4.7 hpf)
30% Epiboly

!
75 µM

!
12 (100%)

!
0 (0%)

!
0 (0%)

!
12

30% Epiboly (4.7 hpf)

100 µM

6 (100%)

0 (0%)

0 (0%)

6

Two-Tailed Fisher’s exact test indicated significant sample sizes for
75 µM (P=5.11x10-12) and 100 µM (P=7.729x10-7) concentrations.

Table 2: Increasing penetrance of NTD with increasing dose of47
Nodal2:inhibitor.
Table
Increasing penetrance of NTD with increasing dose of Nodal
inhibitor.

0 µM

Closed NT
Oval
Pineal
74 (100%)

0.1 !µM

73 (100%)

!
0 (0%)

!
0 (0%)

73 !

!
1 µM

!
61 (100%)

!
0 (0%)

!
0 (0%)

61 !

5 µM

36 (55%)

10 (16%)

19 (29%)

65

!
10 µM

!
1 (1%)

!
8 (11%)

!
63 (88%)

72 !

!
20 µM

!
0 (0%)

!
53 (93%)

!
4 (7%)

57 !

50 µM

0 (0%)

1 (1%)

83 (99%)

84

100 µM

0 (0%)

1 (2%)

51 (98%)

52

!SB505124
Dose

!!!

Open NT
Elongated
Divided
Pineal
Pineal
0 (0%)
0 (0%)

!Total
!
74

Two-tailed Fisher’s exact test indicated significant
sample size (P=2.2x10-16).

!

!
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Table 3: Initiating treatment of embryos with 100 µM Nodal inhibitor at
Table
3: Initiating
treatment
embryos
with 100
µM Nodal inhibitor at or
before
4.3 hpf
causesofopen
neural
tubes.
before 4.3 hpf causes open neural tubes.

!

Stage at Onset of
SB505124 Exposure
High Oblong (3.8 hpf)

Closed NT
Oval
Pineal
0 (0%)

!!!

Open NT
Elongated
Divided
Pineal
Pineal

!!!Total
!

32 (14%)

199 (86%)

231

!
Sphere (4.0
hpf)

9 (2%)

!
85 (18%)

!
380 (80%)

474!

! hpf)
Dome (4.3

!
209 (90%)

!
17 (8%)

!
5 (2%)

231!

30% Epiboly (4.7 hpf)

452 (98%)

6 (1%)*

5 (1%)*

463

! (5.3 hpf)
50% Epiboly

!
178 (99%)

!
1 (0.05%)

!
1 (0.05%)

180!

!
!
!
!
!
Two-tailed Fisher’s exact test indicated significant sample size (P=2.2x10-16).
* The small number of embryos with open neural tubes in the 30% epiboly time
point were likely slightly younger embryos that contaminated those samples.!
!
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Figure 1
Stage at Onset of
SB505124 Exposure:

Oblong
3.8 hpf

Sphere
4.0 hpf

Dome
4.3 hpf

30% Epiboly
4.7 hpf

Live image
stage of exposure

Live image
~ 24 hpf
open NT

open NT

closed NT

closed NT

otx5 expression
~24 hpf

Figure 1: Failure of neural tube closure in embryos treated with the Nodal inhibitor
SB505124 for 20 minutes during mid blastula (3.8 and 4.0 hpf). Embryos treated with
75 µM SB505124 at all four stages of development have cyclopic eyes. The severity of
the defects in mesendodermal/mesodermal derivatives, such as somites (brackets)
decreases as the treatments move later in development. Embryos treated for 20 minutes at
3.8 and 4.0 hpf have open neural tubes (open NT), as evidenced by the two domains of
pineal precursors (arrowheads). In contrast, embryos treated at 4.3 and 4.7 hpf have oval
shaped pineal anlage (arrowheads) indicating a closed anterior neural tube (closed NT).
Top row: Lateral views, animal pole to the top, scale bar: 250 µm. Second row: Lateral
views anterior to the left, scale bar: 50 µm. Third row: Dorsal views anterior to the top.
Scale bar: 50 µm. Refer to Table 1 for quantitative data.
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SB505124 CONTROL

live embryo

gsc

pax2.1

flh

A

B

C

D

E

F

G

H

Figure 2: Exposure to Nodal inhibitor SB505124 at 3.8 hpf causes loss of
mesendodermal and mesodermal derivatives.
(A-D) Control WT embryos exposed to DMSO and (E-H) WT embryos exposed to 50
µM SB505124. (A) WT embryo at 1 dpf has a normal smooth and round head, a straight
body axis, and complete somite formation, while (E) inhibitor treated embryo displays
cyclopia and abnormal morphology. (B) Normal gsc expression in the prechordal plate of
a 9 hpf embryo (90% epiboly) displays a T-shaped expression domain (arrow) that (F) is
absent in an inhibitor treated embryo. (C) Normal pax2.1 expression is present along the
midbrain-hindbrain border and in the posterior region in the pronephric mesoderm
(arrowheads) in 10 hpf (tailbud stage) embryos. (G) In Nodal deficient embryos, pax2.1
mRNA is present in the midbrain-hindbrain border (arrowheads) but absent in the
pronephric mesoderm. (D) At 12 hpf (6 somite stage), flh is expressed in the developing
notochord (arrow). (H) SB505124 treated embryos have partial reduction of notochord
tissue. Scale bars: 250 µm.

Figure 3
SB505124
Dose

51
Live Embryos 24 hpf
Lateral
Frontal

Oval

Pineal Phenotype
Elongated

Divided

0 mM

0.1 mM

1 mM

5 mM

10 mM

20 mM

50 mM

100 mM

Figure 3: Open neural tube phenotype is fully penetrant upon treatment with
SB505124 at concentrations of 10 µM and higher. All embryos were treated with the
indicated concentration of SB505124 at 3.8 hpf (high oblong stage). First column:
Anterior to the left and dorsal to the top. Scale bar: 250 µm. Second column: Anterior to
the top. Scale bar: 100 µm. Arrowheads point to the eye. Third-fifth columns: Embryos
were assayed for otx5 expression in the pineal. Dorsal views, anterior to the top. Scale
bar: 50 µm. Refer to Table 2 for quantitative data.

Figure 4
Live Embryos 24 hpf

Pineal Phenotype
Oval

Elongated

Divided

DMSO only
High Oblong
3.8 hpf

50% Epiboly
5.3 hpf

30% Epiboly
4.7 hpf

Dome
4.3 hpf

Sphere
4.0 hpf

High Oblong
3.8 hpf

Stage at Onset
of SB505124
Exposure

52

Figure 4: Initiating SB505124 treatment during mid blastula stages blocks neural
tube closure. First column: developmental stage and images of live embryos at the onset
of inhibitor exposure. Lateral views with animal pole to the top. Scale bar: 250 µm.
Second column: Lateral views of whole embryos with anterior to the left and dorsal to the
top. Scale bar: 250 µm. Third column: Lateral views of whole embryos with anterior to
the left and dorsal to the top. Scale bar: 250 µm. Third through fifth column: Embryos
were assayed for otx5 expression in the pineal gland. Dorsal views, anterior to the top.
Scale bar: 50 µm. Refer to Table 3 for quantitative data.
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A

10-14 somites

B

30 hpf

C

48 hpf

hatching gland precursors (cstl1b)
cephalic paraxial mesoderm (col9a2)
notochord (col2a1)
prechordal plate (gsc)
pineal (epiphysis) (otx5)
dorsal craniofacial muscles (smyhc2)
ventral craniofacial muscles (smyhc2)
somite derived muscles (smyhc2)

Figure 5: Regions of the head mesendoderm were assayed using a panel of markers.
Schematic representation of expression patterns of mesendodermal and mesodermal
tissues along the anterior-posterior axis during (A) the early somite stage, (B) the mid
pharyngula period, and (C) the onset of the hatching period. Lateral views, dorsal to the
top. Schematics based on published gene expression data (Elworthy et al., 2008;
Murakami et al., 2006; Thisse et al., 2001).
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Figure 6: Positive correlation between neural tube closure and the presence of
prechordal plate-derived hatching glands and axial mesoderm-derived anterior
notochord.
Embryos were raised to ~1 dpf and processed in tandem for otx5 in the pineal anlage,
col2a1 in the notochord, and cstl1b in the hatching gland cells (hgg). (A) In WT embryos,
the pineal organ is oval indicating a closed neural tube, the notochord spans the complete
anterior-posterior extent of the trunk, and the hatching glands make a “necklace” around
the anterior of the head. sqt embryos have a range of neural tube, notochord, and hgg
defects as indicated. Note that, at this stage, col2a1 is expressed in three adjacent lines of
cells, the floor plate (dorsal to the notochord), the hypochord (ventral to the notochord),
and the notochord. The gaps in staining in sqt embryo 1 correspond to loss of all three
tissues. The narrow region of staining in sqt embryo 3 just above the hind yolk
corresponds to a place where the floor plate and hypochord cells persist, but the wider
notochord cells are missing. The neural tube was scored as open if the pineal organ was
at least twice as wide along its left-right axis (brackets) compared to its anterior-posterior
axis. Images in the same row are different views of the same embryo. First column:
Dorsal views with anterior to the top. Second column: Lateral views with anterior to the
left and dorsal to the top. Third column: Frontal views with anterior to the top. White
arrows point to hatching glands. Scale bars: 100 µm. (B, C) Complete set of quantitative
data.
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Figure 7: Correlation
between cephalic paraxial mesoderm and neural tube closure.
	
  
(A, A’) In WT	
   embryos, col9a2 is expressed in the cpm (white arrowheads) and the ears
(white arrow)	
  	
   and the otx5 expressing pineal anlage (black arrowheads) is oval shaped
indicating a closed
neural tube. (B-D’) sqt embryos with different combinations of cpm
	
  

deficiencies and neural tube phenotypes. (A-D) Dorsal views with anterior to the left and
(A’-D’) lateral views with anterior to the left and dorsal to the top. Images with the same
letter are of the same embryo. (E) Complete set of quantitative data. Scale bar: 100 µm.
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Figure 8: Correlation between presence of head muscles and neural tube closure in
sqt mutants. (A-E) WT and sqt embryos were raised to 3 dpf and processed in tandem
for smyhc2, in the head muscles (hm) and otx5, in the pineal anlage. The adductor
mandibulae (am; white arrowheads) are the first muscles to develop in the head region
and were used as an indicator for head muscle presence. (A) In WT embryos, am
precursors are in two clusters just anterior to the yolk sac and other jaw muscles. The
pineal organ is oval indicating a closed neural tube. (B-E) sqt embryos with an (B, C)
oval pineal with the am present and (D, E) divided pineal with the am present. (F)
Complete set of quantitative data. All images are frontal views with anterior to the top.
Scale bar: 100 µm (A-E).
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Figure 9: Closed neural tubes and normal mesendoderm/mesoderm development in
cyc and cas mutants. Embryos were co-assayed for otx5 expression in the pineal
precursors and a combination of the following mesendodermal/mesodermal markers:
ctsl1b in the hatching glands, pax 2.1, col9a2 in cephalic paraxial mesoderm, and shh (for
cas mutant) or col2a1 in the notochord (WT embryo and cyc mutant). Embryos in the
first three rows are at ~26 somite stage and those in the last two rows are 30 hpf. Images
in the same column and of the same age are different views of the same embryo. White
arrowheads point to pineal, white arrows to hatching glands. Scale bars: 100 µm.
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Figure 10. Correlation between total mesendodermal/mesodermal tissue presence
and neural tube phenotype. Combination of data from sqt mutant embryos and embryos
exposed to SB505124 starting at 4.3 hpf. Embryos were fixed at 24 hpf and assayed for
neural tube phenotype with otx5 expression in the pineal. An elongated or divided pineal
indicated an open neural tube while an oval pineal indicated a closed neural tube. The
presence of the mesendodermal/mesodermal tissues hatching glands (hgg) and whole
anterior-posterior notochord (nc) and were labeled with hgg1 and col2a1 expression,
respectively. These tissues were scored for amount present using the following: 3 = full
tissue present, 2 = more than half of tissue present, 1 = less than half of tissue present, 0 =
tissue absent.
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Supplemental Table 2: Decrease in mesendodermal and mesodermal derivatives
upon treatment with 100 µM Nodal inhibitor.
Stage at Onset of
SB505124
Exposure
DMSO Control
closed NT
open NT
High Oblong
closed NT
open NT
Sphere
closed NT
open NT
Dome
closed NT
open NT
30% Epiboly
closed NT
open NT
50% Epiboly
closed NT
open NT

hgg*

nc

cpm*

present

absent

present

absent

present

absent

Total

21
0

0
0

27
0

0
0

21
0

0
0

48 (100%)
0 (0%)

not
determined!

0
0

0
116

not
determined!

0 (0%)
116 (100%)

0
0

0
77

0
0

0
137

0
0

0
77

0 (0%)
214 (100%)

17
1

13
5

9
2

82
9

30
4

0
2

121 (88%)
17 (12%)

18
0

8
0

105
0

5
0

25
0

1
0

136 (100%)
0 (0%)

23
0

0
0

69
0

0
0

23
0

0
0

92 (100%)
0 (0%)

* The same embryos were used for both assays. Total includes these embryos only once.
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neural tube closure in Lefty1 overexpressing embryos.
Pineal Morphology
Closed
hm Present
hm Absent
Total

Oval
40
5
45

Open
Elongated
2
0
2

Total
Divided
0
3
3

42
8
50
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Supplemental Figure 1: SB505124 activity persists after extensive washing. All
embryos were treated with 100 µM SB505124 for 20 minutes starting at 3.8 hpf (high
oblong stage). Eight different washing methods were used in the attempt to remove
SB505124 activity. Following the washes, embryos were raised at 28.5° C, fixed at 24 hpf,
and processed for WISH with a probe for otx5. (A) Washing methods 3, 5, 6, and 7
produced only embryos with closed neural tubes. (B) However, all washing methods were
insufficient to prevent a high percentage of embryos developing a cyclopic, one-eyed
phenotype, suggesting some Nodal inhibitor activity persisted after washing. Embryos were
either transferred from wash to wash with a Pasteur pipet along with minimal liquid or the
Petri dish was tilted and most of the liquid removed and replaced with fresh embryo media.
Treatment 1: Embryos transferred with minimal liquid to 12 ml and then 40 ml of embryo
media. Treatment 2: Embryos washed 3 times in 40 ml of embryo media. Treatment 3:
Embryos washed twice in 40 ml of embryo media followed by replacement with 40 ml new
embryo media. Treatment 4: Embryos transferred to 40 ml embryo media followed by
replacement three times with 40 ml embryo media. Treatment 5: Embryos transferred to
400 ml of embryo media. Treatment 6: Embryos transferred to a 400 ml embryo media +
1% DMSO followed by replacement of 400 ml embryo media four times. Treatment 7:
Embryos were transferred to 400 ml embryo media followed by replacement of 400 ml
embryo media four times. Treatment 8: Embryos were transferred to a 400 ml DMSO and
embryo media solution followed by replacement with 400 ml embryo media + 1% DMSO
four times.
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Supplemental Figure 2: Loss of mesendodermal and mesodermal derivatives in
embryos treated with SB505124.
Embryos were raised in DMSO or 100 µM SB505124 from the indicated developmental
stage until fixation at 22 hpf (26 somites stage) (rows 1, 2) or 30 hpf (rows 3, 4, 5). Rows 1,
3, 4: Frontal views, anterior to the top. Row 2: Lateral views, anterior to the left. Row 5:
Dorsal views: anterior to the left. The bilateral col9a2 staining present in all embryos is in
the otic vesicles. White arrows point to hatching gland cells, white arrowheads to cephalic
paraxial mesoderm. Nc, hgg, and cpm presence (+) or absence (-) is noted. Scale bars: 100
µm.
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Supplemental Figure 3: Correlation between hatching gland presence and closed
neural tube in Lefty1 overexpressing embryos.
Embryos were (A, A’) left uninjected or (B-D’) injected with lefty1 mRNA (+lft1), raised
to 1 dpf and processed in tandem for expression of cstl1b in the hatching gland cells
(hgg, white arrowheads) and otx5 in the pineal anlage (black arrowheads). Presence
(hgg+) or absence (hgg-) of the hatching glands is indicated. (A, A’) In uninjected
embryos, the hatching glands make a “necklace” around the anterior of the head. The
pineal organ is oval indicating a closed neural tube. (B-D’) lefty1 mRNA injected
embryos with an (B, B’) oval pineal and the hatching glands present, (C, C’) oval pineal
and complete absence of the hatching glands, (D, D’) elongated pineal with complete
absence of the hatching glands. (E) Complete set of quantitative data. Images are frontal
views with dorsal to the top. Panels with the same letter are different views of the same
embryo. Scale bar: 100 µm.
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Supplemental Figure 4: Presence of anterior notochord correlated with a closed
neural tube in Lefty1 overexpressing embryos.
Embryos were (A) left uninjected or (B-E) injected with lefty1 mRNA (+lft1) at the 1-2
cell stage, raised to 1 dpf and processed in tandem for expression of col2al in the
notochord (anterior nc, open arrowheads), and otx5 in the pineal anlage (closed
arrowheads). Whether an embryo is positive (+) or negative (-) for anterior nc staining is
indicated. The otic capsules, precursors to the ears were used as the division point for the
anterior and posterior notochord. (A) In WT, uninjected embryos, the notochord runs the
length of the anterior-posterior axis. The pineal organ is oval indicating a closed neural
tube. (B-D) lefty1 mRNA injected embryos with an (B) oval pineal and anterior
notochord present, (C) divided pineal and anterior notochord present, (D) oval pineal and
anterior notochord present, and (E) divided pineal and anterior notochord absent. (F)
Complete set of quantitative data. Dorsal views with anterior on the top. Scale bar: 100
µm.

66

A

closed NT

A’

cpm+

WT B

open NT

WT B’

cpm+

D

+lft1 C

+lft1

open NT

+lft1 C’

+lft1

cpmPineal Morphology

Closed

cpm Present
CPM
cpm Absent
CPM
Total

Oval
13
6
19

Open
Elongated
1
5
6

Total
Divided
1
27
28

15
38
53

Supplemental Figure 5: Cephalic paraxial mesoderm is not required for neural tube
closure in lefty1 mRNA injected embryos. Embryos were (A) left uninjected or (B-C’)
injected with lefty1 mRNA (+lft1) at the 1-2 cell stage, raised to 1 dpf and processed in
tandem for expression of col9a2 in the cephalic paraxial mesoderm (cpm, white
arrowheads) and otx5 in the pineal anlage (black arrowheads). Whether an embryo is
positive (+) or negative (-) for cpm staining is indicated. (A, A’) In WT, uninjected
embryos, the cephalic paraxial mesoderm is expressed in the hindbrain region, projecting
laterally from the anterior notochord. The pineal organ is oval indicating a closed neural
tube. (B-C’) lefty1 mRNA injected embryos with an (B, B’) elongated pineal and the
cephalic paraxial mesoderm present and (C, C’) divided pineal and complete absence of
the cephalic paraxial mesoderm. (D) Complete set of quantitative data. Images are dorsal
views with anterior on the top. Panels with the same letter are different views of the same
embryo. Scale bar: 100 µm (A-C), 200 µm (A’-C’).

Supplemental Figure 6
67

Number of Embryos

A

180
160
140
Closed NT
120
Open NT
100
80
60
40
20
0
hgg 0 1 0 2 1 0 3 2 1 0 3 2 1 3 2 3
nc

0 0 1 0 1 2 0 1 2 3 1 2 3 2 3 3

Total 0 1 1 2 2 2 3 3 3 3 4 4 4 5 5 6

B
Number of Embryos

7
6
5
4

Closed NT
Open NT

3
2
1
0
hgg 0 1 0 2 1 0 3 2 1 0 3 2 1 3 2 3
nc 0 0 1 0 1 2 0 1 2 3 1 2 3 2 3 3
Total 0 1 1 2 2 2 3 3 3 3 4 4 4 5 5 6

Supplemental Figure 6. Correlation between total mesendodermal/mesodermal
tissue presence and neural tube closure in Nodal signaling deficient embryos. (A)
Embryos treated with SB505124 from 4.3 hpf through 24 hpf and (B) sqt mutant embryos
were fixed at 24 hpf and assayed for pineal phenotype using otx5 and hatching gland
(hgg) and notochord (nc) presence using hgg1 and col2a1, respectively. Neural tube
phenotype was scored as open with a divided or elongated pineal and closed with an oval
pineal. Hatching glands and notochord presence were scored as follows: 3 = full tissue
present, 2 = over half of tissue present, 1 = under half of tissue present, 0 = tissue absent.
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Chapter III: Identification of Transcripts Involved in Neural Tube Closure Using
RNA-sequencing
Lexy M. Kindt, Alicia R. Coughlin, Tianna R. Perosino, Marshall Hampton,
Jennifer O. Liang
Anencephaly is a fatal human neural tube defect (NTD) in which the anterior
neural tube remains open. Zebrafish embryos with reduced Nodal signaling display a
disorder similar to anencephaly. Previous work from our laboratory suggests that Nodal
signaling acts through induction of the head mesendoderm and mesoderm. Head
mesendoderm/mesoderm then, through an unknown mechanism, promotes adhesion
between neural tube cells and ultimately the movements required for closure. We
compared the transcriptome of embryos treated with a Nodal signaling inhibitor at sphere
stage, which causes NTDs, to those treated at 30% epiboly, which does not cause NTDs.
This screen identified over 3,000 transcripts with potential roles in anterior neurulation.
Expression of several genes encoding components of tight and adherens junctions was
significantly reduced, supporting the model that Nodal signaling regulates adhesion
within the neuroectoderm. mRNAs involved in Wnt, FGF, and BMP signaling were also
differentially expressed, suggesting these pathways might regulate anterior neurulation.
In support of this, we found that pharmacological inhibition of FGF-receptor function
causes an open neural tube phenotype.

Introduction
Neural tube defects (NTDs) are the second most common birth defect in humans,
ranging between 1.2-124 per 10,000 births, depending upon geographic location
(Zaganjor et al., 2016). The most common NTDs are anencephaly and spina bifida.
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Anencephaly occurs when the anterior neural tube fails to close and is characterized by
partial or complete absence of the cranial vault and cerebral hemisphere (Detrait et al.,
2005). Spina bifida occurs when there is defective closure of the neural tube in the spinal
column (Detrait et al., 2005).
In many cases, human NTDs have been linked to underlying genetic factors.
Studies in model organisms such as mice, chicks, zebrafish, and frogs have been used to
identify potential genes that may be linked to the human defects. For instance, in mice,
there are over 250 different models with NTDs and over 200 genes that are known to
cause NTDs upon misexpression (Copp et al., 2013; Greene and Copp, 2014; Harris and
Juriloff, 2010). These genes are being tested for relationships to human NTDs, but in
most cases, this link has not been found.
Mechanisms of neurulation vary between anterior and posterior regions of the
embryo. Primary neurulation forms the anterior portion of the neural tube down to the
sacral region and secondary neurulation forms the neural tube posterior to this, including
the neural tube of the tail (Smith and Schoenwolf, 1997). Only disruptions in primary
neurulation result in NTDs (Copp et al., 2003). Basic morphological events of primary
neurulation are similar across species, beginning with formation of the neural plate from
columnarization of ectodermal cells. Next, neural folds form from the thickening edges
of the neural plate. The neural plate then goes through convergent extension and other
movements, which assist with bending, extension, and closure to form the neural tube
(Colas and Schoenwolf, 2001; Lowery and Sive, 2004).
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Primary neurulation varies slightly at different axial levels of the same embryo.
For instance, in mice, spinal neurulation at the cervical/hindbrain boundary occurs via
bending only at the medial hinge point (MHP) at what will become the ventral-most part
of the neural tube. In the region of the lower spine, neurulation occurs via bending the
MHP as well as two dorsal lateral hinge points (Shum and Copp, 1996; Ybot-Gonzalez et
al., 2007). These variations are also reflected by genetics. In mice, knockout of some
genes results in anencephaly, while loss of others result in spina bifida or even
craniorachischisis, where primary neurulation fails along the whole length of the embryo
(Copp et al., 2003). Therefore, study of the genetics involved at each axial level is
necessary to completely understand the mechanisms of neurulation.
Previous work in our laboratory found that zebrafish with decreased Nodal
signaling display a phenotype analogous to that of humans with anencephaly (AquilinaBeck et al., 2007; Ciruna et al., 2006). This phenotype is characterized by an open
anterior neural tube, a lack of anterior mesendodermal/mesodermal tissue, decreased
membrane localization of the cell adhesion protein N-cadherin in the mesoderm, and
disrupted organization of the cells within the neural tube. Our initial characterization of
Nodal deficient mutants enabled us to propose a three step model for zebrafish anterior
neurulation. In the first step, Nodal signals induce the head mesendoderm/mesoderm
during early- to mid-blastula stages. Second, the mesendoderm/mesoderm interacts with
the overlying neuroectoderm. This interaction probably begins between shield and tailbud
stages (6-10 hpf), as neuroepithelium morphology is already abnormal at neural plate
stage (10 hpf) in Nodal mutants (Aquilina-Beck et al., 2007). Third, this
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mesendodermal/mesodermal signal promotes adhesion among neural cells, resulting in
proper closure of the anterior neural tube. Consistent with this model, an open neural
tube phenotype is present only when Nodal signaling is inhibited before late-blastula
stages, the same time Nodal is inducing mesendodermal/mesodermal tissues and before
the formation of neuroepithelium (Araya et al., 2014; Gonsar et al., 2016).
In this study, RNA-sequencing was used to identify genetic factors involved in
zebrafish neurulation. This screen identified over 3,000 transcripts that were differentially
expressed between embryos that would have a closed versus open neural tube. We found
genes potentially involved in (1) mesendoderm/mesoderm induction (2) signaling from
the mesendoderm/mesoderm to the neuroectoderm, and (3) adhesion between neural tube
cells. Differential expression of several genes suggested FGF signaling was lower in
embryos with open neural tubes. Pharmacologic inhibition of FGF receptor (FGFR)
function resulted in open neural tubes, suggesting that FGF signaling could act
downstream of Nodal signaling in anterior neurulation.

Methods
All methods using animals were approved by the University of Minnesota IACUC.
Animal Care
Zebrafish (Danio rerio) were maintained in a fish facility with circulating water at
28.5 oC and a 14:10 light:dark cycle using standard methods (Westerfield, 2000). For
this project, we used the wild-type strain Zebrafish Danio rerio (ZDR, Aquatica Tropical,
Plant City, FL) and cyc m294/+; sqt cz35/+ (Feldman et al., 1998) fish. cyc m294/+; sqt cz35/+

+/+

adults were crossed to obtain cyc

+/+

;sqt
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double mutant embryos. Embryos were

obtained by natural spawning of 2-10 adult fish. Embryonic stages were defined by
morphology (Kimmel et al., 1995).

Pronase Treatment
Embryos were pronase treated to remove their chorions before 2-(5-benzo [1,3]
dioxol-5-yl-2-terbutyl-3H-imidazol-4-yl)-6-methylpyridine hydrochloride hydrate
(SB505124) inhibitor treatment or before snap freezing in liquid nitrogen. A
concentrated stock of previously frozen pronase (15 mg/mL, Roche) was activated by
incubation at 37 oC for at least 30 minutes. To make a working solution, the pronase
stock was diluted to a concentration of 2 mg/mL in embryo media (5 mM NaCl, 0.17 mM
KCl, 0.33 mM MgSO4, 1 X 10-5% methylene blue in fish water) to make a total of 17 ml.
Water overlying embryos in a 2% agarose-coated, 100 mm x 20 mm Petri dish was
replaced the pronase solution. Embryos were incubated at 28.5 oC. After 4 minutes,
embryos were swirled around the Petri dish using a plastic transfer pipet. The embryos
were placed back into the 28.5 oC incubator and swirled every 30 seconds until
approximately 75% of the embryos were out of their chorions.
The pronase reaction was stopped by pipetting the embryos into a 2% agarosecoated fish tank containing ~1 L embryo media. Embryos were transferred using a plastic
pipet to 100 mm x 20 mm 2% agarose-lined Petri dishes containing at least 20 ml embryo
media. Embryos with were gently agitated with forceps until the chorion disassociated.
Intact embryos were maintained at 28.5 oC until they were at the appropriate stage for
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SB505124 treatment or snap freezing. Fire polished glass Sigma cote (Sigma-Aldrich)
coated pipets were used to transfer dechorionated embryos into 2.0 mL Eppendorf tubes
for snap freezing.

SB505124 Treatment
For RNA-sequencing experiments, SB505124 from Sigma-Aldrich was used at a
concentration of 100 µM in 12 mL embryo media in a 15 mm x 60 mm Petri dish
(DaCosta Byfield et al., 2004; Hagos and Dougan, 2007). For RT-PCR and whole mount
in situ hybridization, SB505124 from Tocris was used at a concentration of 20 µM in a
total of 30 mL embryo media in a 100 mm x 20 mm Petri dish. For both SB505124
stocks, Dimethyl Sulfoxide (DMSO) was used to make the 10 mM stock solution of
SB505124 and DMSO comprised 1% of the final treatment volume. SB505124
treatment/solution (12 mL for Sigma-Aldrich and 30 mL for Tocris) was added to pooled
groups of ZDR embryos at either sphere (4.0 hpf) or 30% epiboly (4.7 hpf) stages and left
on until the embryos were snap frozen in liquid nitrogen or fixed in 4%
paraformaldehyde. Control embryos were treated with 1% DMSO in embryo media and
raised in parallel to inhibitor treated embryos. In addition, at least 20 embryos from each
treatment group were left in SB505124 until 24 hpf and scored for pineal phenotype by
whole mount in situ hybridization (WISH) to ensure that the embryos had the expected
neural tube phenotype. Phenotypes at 24 hpf between both SB505124 stocks were
similar at the concentrations used.

74
RNA Preparation
Whole embryos were treated with SB505124 starting at sphere or 30% epiboly
stages until they were frozen with liquid nitrogen at the shield, tailbud, or 7 somite stage.
Three samples for each treatment group at each stage were collected for a total of 18
samples for sequencing. 30-60 embryos were frozen per sample with the most embryos
in samples with earlier developmental stages and those treated at sphere stage. Samples
were stored at -80 oC until RNA was isolated using the Qiagen RNeasy Mini Kit.
Samples were quantified using a NanoDrop Spectrophotometer to ensure at least 1µg of
RNA was present and were sent on dry ice to the University of Minnesota Biomedical
Genomics Center (UMGC, St. Paul, MN) for sequencing with an Illumina HiSeq 2500.

RNA-Sequencing
A fluorimetric RiboGreen assay was used to requantify the isolated RNA once
received by the UMGC. For each sample, an RNA integrity number (RIN) was generated
by capillary electrophoresis via the Agilent BioAnalyzer 2100. Only samples that had a
RIN of 8 or more and a mass of greater than 1 µg were considered high quality and made
into Illumina sequencing libraries through Illumina’s Truseq RNA Preparation v2 kit
(RS-122-2001). Briefly, to make these libraries, 1 µg of RNA went through two rounds
of purification for polyA containing mRNA using oligo-dT attached magnetic beads.
mRNA was fragmented and then primed with random hexamers. RNA fragments were
reverse transcribed into first strand cDNA, RNA template was removed, and a
replacement strand was synthesized to make ds cDNA. AMPure XP beads were used to
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separate the ds cDNA from the reaction mix. cDNA ends were blunt ended and repaired.
A single adenylate was added to the 3’ ends and multiple RNA adaptor indexes were
ligated. DNA fragments with adapter indexes were PCR amplified. All libraries were
validated, normalized, pooled, and size selected to approximately 200 bp using Caliper’s
XT instrument before sequencing.
Libraries were clustered on the HiSeq 2500 at 10 pM through hybridization to a
paired end flow cell. Next, the flow cell was sequenced using Illumina’s Rapid Run SBS
chemistry. When read 1 was completed, a 7 base pair index read was performed. In
order to produce the template for paired end read 2, library fragments were resynthesized
in the reverse direction and sequenced from the opposite end of the read 1 fragment.
For each cycle of sequencing, a base call (.bcl) file was generated by Illumina
Real Time Analysis (RTA) software. These base call files and run folders were exported
to Minnesota Supercomputing Institute (MSI) servers. Primary analysis and demultiplexing were performed using Illumina’s CASAVA software 1.8.2, which resulted
in de-multiplexed FASTQ files. FASTQ files were released to our account for
bioinformatic analysis.

Bioinformatics and Statistical Analysis
Reads from each sample were mapped to NCBI’s RefSeq database of mRNA for
Danio rerio using NCBI’s megablast. After genes were identified, they were quantified
resulting in counts. Counts for each gene were upper quartile normalized to obtain
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accurate expression levels. Normalized counts were fitted to a negative binomial
distribution using DESeq v1.6.1 (Anders and Huber, 2012).
Differences between the counts for each gene in embryos that would have a
closed and open neural tube were determined using an analysis of deviance in DESeq
(command: nbinomGLMTest) which generated a P-value (Anders and Huber, 2010;
Anders and Huber, 2012). P-values were independently filtered to restrict for genes with
a 50% or greater change in expression and at least 100 or more mean reads in either the
open or closed neural tube sample at the time point being analyzed (shield, tailbud, or 7
somite stage). The Benjamini-Hochberg method was used to control the false discovery
rate to 0.05 (Benjamini and Hochberg, 1995). Only mRNAs meeting all of these criteria
were further analyzed.
Lists of differentially expressed transcripts were put into DAVID for analysis to
get tissue expression as well as functional groups and pathways represented (Huang da et
al., 2009a; Huang da et al., 2009b). The Kyoto encyclopedia of genes and genomes
(KEGG) pathways were accessed through our DAVID analysis to visualize pathways
represented and then through the KEGG pathways website to visualize specific genes in
our data in pathways of interest (Ogata et al., 1999).

WISH
Expression of orthodenticle homobox 5 (otx5) in the developing pineal organ was
assayed through established techniques (Gamse et al., 2002). Briefly, whole embryos
were incubated with digoxygenin (DIG)-labeled antisense RNA probe in hybridization
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mix (50% formamide) at 70 C overnight. DIG was detected by an anti-DIG antibody
covalently linked to Alkaline Phosphatase (AP). Cells expressing otx5 mRNA were
visualized after the addition of the AP substrates 4-nitro blue tetrazonium (NBT) and 5bromo-4-chloro-3-indolyl-phosphate (BCIP) which turn into a purple product (Thisse and
Thisse, 2014).

FGF Inhibitor Treatment
The FGF receptor inhibitor 2-[(1,2-Dihydro-2-oxo-3H-indol-3-ylidene)methyl]-4methyl-1H-pyrrole-3-propanoic acid (SU5402) (Tocris) was dissolved in DMSO to make
a 6.75 mM stock solution. The stock solution was diluted with embryo media and DMSO
to obtain a concentration of 67.5 µM and 2% DMSO working solution. 12 mL working
solution was placed on pooled groups of ZDR embryos in a 15 mm x 60 mm Petri dish at
dome stage (4.3 hpf). Control embryos were treated with 2% DMSO in embryo media
starting at 30% epiboly stage (4.7 hpf). Embryos were then raised to 24 hpf in these
treatments and pineal phenotype was assayed by WISH with the pineal marker otx5.

Whole Mount Immunohistochemistry
Whole embryos were prepared and assayed according an adapted whole mount
immunohistochemistry protocol from Morris et al., 2004. Primary antibodies used are as
follows: Pan cadherin (Sigma) at 1:100, E cadherin (Genetex) at 1:500, N cadherin
(Genetex) 1:150, β catenin (abcam) at 1:500, p120 catenin (Genetex) 1:100, and aPKCζ
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(Santa Cruz Biotechnology) 1:100. Secondary antibodies were conjugated with Oregon
Green 488 (Life Technologies) and used at a 1:1500 dilution.
Open and closed neural tube phenotype comparisons for Pan cadherin, E
cadherin, and β catenin expression used cycm294;sqtcz35 double mutants and wildtype
siblings, respectively. However, open and closed neural tube phenotype comparisons for
N-cadherin, p120 catenin, and aPKCζ expression used ZDR embryos treated with 20 µM
SB505124 or 1% DMSO, respectively, starting at sphere stage (4.0 hpf), as described
previously. Prior to immunohistochemistry, embryos were fixed at 24 hpf in BT fixative
(4% paraformaldehyde, 4% sucrose, and 0.15 mM CaCl2 in 0.1 M pH 7.3 phosphate
buffer) with 1% DMSO for 5 hrs at room temperature followed by 4 washes with 0.1 M
phosphate buffer. Fixed embryos were stored for no more than 1 week at 4 °C prior to
being used for the immunohistochemistry assay.
For immunohistochemistry, fixed embryos were incubated in 0.1% collagenase
(Sigma C9891) for 25 min at 37 °C followed by 3, 5 min washes in 10 mM pH 6.0 citrate
buffer at room temperature. While in the third citrate buffer wash, embryos were steamed
in a vegetable steamer (Oster CKSTSTMD5-W) for 10 min. Once cooled to room
temperature, embryos were washed in incubation buffer (0.2% bovine serum albumin and
0.5% Triton X-100 in 0.1 M phosphate buffer) 3 times for 5 mins. Embryos were
incubated in phosphate buffered saline with 10% Triton X-100 for 30 min at room
temperature prior to 3 additional 5 min washes in incubation buffer. Block solution
(incubation buffer with 3% sheep serum) was added to embryos for 1 hour at room
temperature. Following blocking, 500 µl primary antibody solution was prepared at the
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appropriate dilution, as described above, in block solution. Embryos were incubated in
primary antibody solution for 3 days at 4 °C on a rocker. After primary antibody
incubation, embryos were washed for 2 hours in incubation buffer 4 times before adding
500 µl secondary antibody solution at the appropriate dilution, described above, in block
solution. The embryos were incubated overnight at 4 °C on a rocker and protected from
light. After the secondary antibody incubation, embryos, again, were washed for 2 hours
incubation buffer 4 times. Embryos were stored in glycerol at 4 °C prior to confocal
imaging.

Confocal Microscopy and Image Preparation
Embryos assayed using immunohistochemistry were imaged with a Zeiss 710
confocal microscope using Zen 2011 software. Whole embryo heads were mounted in
glycerol on glass coverslips and optical slices were obtained. Images were processed
using FIJI software (Schindelin et al., 2012) to convert optical slices to a summed slices z
projection.

Results
Identification of over 3,000 genes potentially involved in anterior neurulation
This study compared the transcriptome of developing zebrafish embryos that
would have a closed neural tube to the transcriptome of those that would have an open
neural tube. To do this, we used the drug SB505124. SB505124 blocks function of Nodal
and Activin receptors, the Activin receptor-Like Kinases (ALKs) 4, 5, and 7, by binding
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to their ATP binding site (DaCosta Byfield et al., 2004; Hagos and Dougan, 2007). As in
our previous studies, early treatment with SB505124 beginning at mid-blastula stages
(sphere stage, 4.0 hpf) resulted in an open neural tube, as indicated by an elongated or
divided pineal anlage (Fig. 1) (Gonsar et al., 2016). Treatment with SB505124 at lateblastula stages (30% epiboly stage, 4.7 hpf) resulted in a closed anterior neural tube, as
indicated by a pineal organ with normal, oval morphology located at the dorsal midline of
the forebrain (Fig. 1). Hereafter, embryos treated at sphere will be referred to as Open
Neural Tube (ONT) and those treated at 30% epiboly will be referred to Closed Neural
Tube (CNT), even though they were typically assayed at stages before anterior
neurulation was completed.
In order to identify transcripts potentially involved in different steps of
neurulation, ONT and CNT embryos were snap frozen at three stages important for
neurulation: shield stage (6.0 hpf), when neuroectoderm induction initiates, tailbud stage
(10.0 hpf), when the neural plate starts to fold, and 7 somite stage (around 12.0 hpf),
when the closed neural rod is formed in the forebrain (Grinblat et al., 1998; Kimmel et
al., 1995). Thus, there were a total of six experimental samples (ONT frozen at 6, 10, and
12 hpf and CNT frozen at 6, 10, and 12 hpf). Three repeats for each experimental sample
were sequenced, and the average transcript number was used as the expression level for
each experimental sample. Differentially expressed mRNA’s were analyzed by
comparing transcripts between ONT and CNT embryos at each of the three stages. These
mRNAs were then identified by mapping the raw reads to NCBI’s RefSeq Danio rerio
mRNA sequences. Only mRNAs that differed in expression by 50% or more between the
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ONT and CNT samples and had at least 100 total counts in one collection point with a
false discovery rate of < 0.05 were considered significantly different between ONT and
CNT samples.
After all criteria were applied, a total of 3,187 transcripts were significantly
differentially expressed between the CNT and ONT embryos (Table 1). Expression
differences were viewed as ratios of counts in CNT embryos divided by counts in ONT
embryos. Thus, CNT/ONT ratios of > 1 indicated higher expression in CNT embryos
while ratios of < 1 indicated higher expression in ONT embryos.
The success of our RNAseq approach was supported by the appearance of several
Nodal downstream genes on the list of differentially expressed genes (Table 2). For
instance, Cyclops and Squint, two of the three zebrafish Nodal ligands, promote the
expression of the transcription factor genes mixl1 and sox32. Mixl1 and Sox32 then
promote expression of sox17, which leads to endoderm formation (Alexander and
Stainier, 1999). As expected for genes positively regulated by Nodal signaling, all three
of these genes had CNT/ONT ratios of > 1 on the differential gene list (Table 2). Since
SB505124 blocks ALK receptor function, we did not expect to see differential expression
of ALK transcripts. Consistent with this, none of the ALKs involved in Nodal signaling
were differentially expressed (data not shown). However, acvr1l mRNA, which encodes
a component of the ALK receptor complex, was differentially expressed, suggesting there
may be some transcriptional regulation of receptor function.
Our data also contained genes known to cause NTDs in mice and humans,
suggesting these genes might have a conserved role in neurulation (Table 3) (Copp and
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Greene, 2010; Copp et al., 2013). For instance, of four genes with loss-of-function
mutations associated with human anencephaly, three were differentially expressed in our
screen (Lemay et al., 2015).

Identification of candidate signaling pathways
One of the main goals for this study was to identify potential signals that could act
downstream of Nodal to induce or maintain mesendoderm/mesoderm or to mediate the
interaction between the mesendoderm/mesoderm and the neuroectoderm. Since these
signals would be involved in promoting neural tube closure, we expected their associated
genes would be decreased in ONT embryos compared to CNT embryos. Genes mapping
to four pathways fit these criteria: the Nodal (Table 2, Fig. 2), Wnt (Canonical, PCP, and
Ca++) (Fig. 3), BMP (Fig. 2), and FGF (Fig. 4) signaling pathways.
Our previous research indicates that the role of Nodal in anterior neurulation is to
induce mesendodermal/mesodermal tissues. While it is possible the Nodal pathway acts
both to induce mesendoderm/mesoderm and mediate communication with the
neuroectoderm, this is unlikely, as cell autonomous activation of Nodal signaling within
the mesendoderm/mesoderm is sufficient to rescue neural tube closure in Nodal signaling
mutants (Aquilina-Beck, 2007).
BMP signaling works in a gradient to specify the dorsoventral mesodermal
tissues, with high BMP signaling causing ventral fates and low causing dorsal fates (De
Robertis, 2009). We found that BMP signaling is increased in embryos with open neural
tubes (Fig. 2). Several genes encoding negative regulators of the BMP pathway had
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CNT/ONT > 1 (chd, fsta, nog1), while several genes encoding positive regulators had a
CNT/ONT < 1 (bmp7a, bmp2a, smad1, smad6a). BMP signaling is negatively regulated
by Nodal signaling, which activates the expression of chd in the organizer (Shimizu,
2000). Thus, the upregulation of BMP signaling is likely due to the greater reduction in
Nodal signaling in ONT vs CNT embryos.
The Wnt family of secreted signals has several distinct downstream pathways, all
of which have roles during development. The RNAseq data on genes common to all Wnt
signaling pathways are consistent with either activation or inhibition of Wnt signaling
playing a role in anterior neurulation (Fig. 3). For instance, zebrafish have 14 genes
encoding Frizzled (Fzd) proteins, the receptor component common to all of the Wnt
pathways. Four genes encoding some fzd genes were higher in embryos with closed
neural tubes at shield stage, while others were lower (Fig. 3).
Canonical Wnt signaling is involved in many events during development,
including dorsal-ventral axis induction, organ development, tail formation, and neural
patterning (Komiya and Habas, 2008). The RNAseq data suggest inhibition of canonical
Wnt signaling promotes anterior neurulation. Genes encoding positive regulators
(bambia) or downstream effectors (lef1, tcf7l2, tcf7l1a) had CNT/ONT ratios < 1,
demonstrating lower expression when the neural tube is closed. In contrast, dkk1b, which
encodes a secreted inhibitor of the canonical Wnt pathway, had a CNT/ONT ratio > 3 at
shield and tailbud stages. Further, dkk1b is expressed in the dorsal, anterior mesendoderm
at these stages, placing it in the right place and time to be involved in regulating anterior
neurulation in addition to its known role in head development (Komiya and Habas,
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2008). Consistent our screen, overexpression of the zebrafish Nodal signal Squint caused
expanded dkk1b expression, while loss of Nodal signaling caused reduced expression
(Hashimoto et al., 2000).
The PCP Wnt pathway is essential for neurulation through its role in polarizing
the cells of the neuroepithelium (Cai and Shi, 2014; Ciruna et al., 2006; Tawk et al.,
2007; Wallingford and Harland, 2002). The Wnt/Ca++ pathway shares many components
with the PCP pathway, including being activated by the same subset of Wnt ligands
(Wnt4-7, 11) (Li et al., 2005). Our screen did not give a clear prediction for these two
related pathways, as some positive components were expressed more highly in ONT and
others in CNT embryos. For instance, wnt5b was differentially expressed during shield
stage and had a CNT/ONT ratio < 1, while the wnt11r was differentially expressed during
the 7 somite stage and had a CNT/ONT ratio > 1. The one differentially expressed gene
associated only with the PCP pathway, daam1b, was differentially expressed solely
during shield stage, and the CNT/ONT was < 1. Several genes that encode potential
downstream effectors of the Wnt Ca++ pathway were differentially expressed (Fig. 3).
Two calcium/calmodulin-dependent protein kinase 2 genes, camk2g1 and camk2b1, had
CNT/ONT ratios > 1 at shield stage, but were not differentially expressed at later time
points. Two cAMP-dependent protein kinase genes, prkaca and prkcbb, had CNT/ONT
ratios > 1 at shield stage, and another, prkacab, had a ratio > 1 at tailbud stage. Thus, it is
difficult to place the PCP and Ca++ Wnt pathways into a model for anterior neurulation
without functional studies.
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FGF inhibitor causes open anterior neurulation
Of the candidate pathways, we chose to further test the potential role of FGF
signaling in anterior neurulation. The RNAseq data in part supported higher FGF
signaling in embryos with closed neural tubes, as fgf17 was expressed more highly in
CNT embryos at shield stage and fgfr8a was expressed more highly at tailbud and 7
somite stages (Fig. 4). However, other aspects of the RNAseq data support an association
between decreased FGF signaling and anterior neurulation. For example, FGFR-like
proteins lack the intracellular kinase domain and are therefore thought to inhibit FGF
signaling. At tailbud and 7 somite stages, two fgf receptor-like genes, fgfrl1b, fgfrl1a, had
CNT/ONT ratios > 1 (Fig. 4).
To test the function of FGF signaling in neurulation, we used the small molecule
SU5402 to inhibit the tyrosine kinase activity of FGFR (Mohammadi et al., 1997; Sun et
al., 1999). Tg(flh:EGFP)C161 embryos, which express EGFP in the developing pineal,
were treated starting at high stage (3.3 hpf) with a low concentration (33.8 µM) or
starting at dome to 30% epiboly stage (4.3 to 4.7 hpf) with high concentration (67.5 µM)
of SU5402. Treatments were maintained until 24 hpf.
Embryos lacking FGF signaling had phenotypes very similar to embryos that lack
Nodal signaling (compare Fig. 5 with Fig. 1) and with medaka embryos that completely
lacked fgfr1 expression (Shimada et al., 2008). Phenotypes included a small tail, a
complete lack of somites in the trunk and a reduced number of somites in the tail. In
addition, areas of darkened tissue were found in both the Nodal and FGF deficient
embryos, likely indicating areas where cells were dying. In contrast to Nodal deficient
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embryos, which have cyclopic eyes, the embryos with deficient FGF signaling had two
eyes that were smaller than normal or no eyes.
Consistent with an essential role for FGF signaling in neurulation, inhibition of
FGF signaling caused anterior neural tube defects. Approximately 2% of embryos treated
with the low concentration of inhibitor and 70% of embryos treated with the high
concentration had an open neural tube (Fig. 5). In contrast, all DMSO-treated embryos
(n=266).

Differential expression of genes involved in cell adhesion
Cell-cell adhesion is responsible for organizing the developing neural tube into a
polarized epithelium and ultimately for the movements that close the neural tube.
Formation of epithelia is a progressive process. The first step in the formation of many
epithelia is interactions among Nectin proteins on opposing cells. These interactions then
begin the formation of Cadherin based adherens junctions, which in turn seed the
formation of adjacent tight junctions. Our screen identified many adherens and tight
junction genes with known and unknown roles in neurulation (Figs. 6 and 7).
Interestingly, the most apparent trend for adherens junctions was increased
expression of genes involved in the Nectin pathway (Fig. 6). Two Nectin genes (nectin1b,
3b) were differentially expressed at shield stage, although in different directions. In
addition to mediating cell-cell adhesion, Nectin proteins also act as juxtracrine signals
(Huang and Lui, 2016). Several genes encoding proteins that act downstream of Nectin
(src, cdc42, baiap2, iqgap) had a CNT/ONT > 1 at shield stage, suggesting a positive role
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for Nectin signaling in anterior neurulation. Only four genes were differentially expressed
at later stages, and all encoded proteins with functions in different parts of the adherens
junction (Fig. 6).
In addition to the Nectin, adherens junctions also include the cadherin protein
complexes (Fig. 6). Cadherin protein complexes are made up of a calcium dependent
transmembrane cadherin protein and 3 intracellularly located catenin proteins, β catenin,
α catenin, and p120 catenin (Meng and Takeichi 2009). While some Nectin genes were
found to have differential expression between embryos expected to have closed and open
neural tubes, we did not find any differentially expressed cadherin pathway genes.
The majority of differentially genes involved in tight junction formation varied
only at shield stage, with no genes being differentially expressed at more than one time
point (Fig. 7). The differentially expressed genes encoded proteins involved in a large
number of functions, including transmembrane proteins that directly mediate the binding
to neighboring cells, intracellular components of tight junctions, kinases that regulate
these components, and myosin subunits (Fig. 7). The majority had a CNT/ONT > 1
(n=21/34) although this trend was reversed for the few genes differentially expressed at
the later stages (n=2/6). This suggests that transcription regulation could be very dynamic
at shield stages, but plays a lesser role at later stages.
To determine if there were any changes in the cadherin pathway at the protein
level, we assayed 24 hpf embryos with open and closed anterior neural tube phenotypes
using immunohistochemistry. Assayed embryos were either cyc;sqt double mutants and
wildtype siblings or embryos treated with 20 µM SB505124 or 1% DMSO starting at
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sphere stage (4.0 hpf). Several cadherin complex proteins were analyzed qualitatively,
including E cadherin, N cadherin, β catenin, and p120 catenin. We also used a Pan
cadherin antibody to look at expression of multiple cadherin proteins rather than
individual cadherin proteins, such as N cadherin or E cadherin. All embryos with open
neural tube phenotypes expressed the cadherin complex proteins we tested (Fig. 8).
Further, none of the proteins appeared to have a difference in expression level between
embryos with open and closed anterior neural tube phenotypes (Fig. 8).
Atypical protein kinase C (aPKC) are a subset of the protein kinase C proteins
that help develop cellular polarity (Ohno 2001). There are two forms of the atypical
protein kinase C, aPKCζ and aPKCλ, and neither form were found to be differentially
expressed in our RNAseq screen. As with the cadherin complex, we tested for a
difference at the protein level of aPKCζ using immunohistochemistry. To compare open
and closed neural tube embryos, we again used embryos treated with 20 µM SB505124
or 1% DMSO starting at sphere stage (4.0 hpf). We found that aPKCζ was present in
embryos with open neural tubes and there was not a qualitative difference in protein
expression when comparing embryos with open and closed neural tubes (Fig. 8).

Discussion
Comparison of the transcriptome between embryos with and without neurulation
defects identified over 3,000 candidate genes that could act downstream of Nodal
signaling in zebrafish anterior neurulation. In particular, there were several sets of
differentially expressed genes that mapped to the same signaling pathway, suggesting
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these pathways could regulate neurulation. For instance, the pattern of differential
expression suggests FGF signaling could have a positive role in anterior neurulation,
while Wnt signaling could have a negative or inhibitory role. In support of this, treatment
of embryos with a FGF signaling inhibitor caused open neural tube defects. Although
previous studies suggest Nodal deficient mutants have defects in cell adhesion within the
neuroepithelium, genes involved in making adherens and tight junctions were
differentially expressed at the onset of gastrulation, when the neuroepithelium was being
induced. This suggests that any defects in cell adhesion are due to post-transcriptional
mechanisms. Finally, this screen identified many genes that have not yet been linked to
neurulation, thus providing many new candidate genes that could be involved in human
NTDs.

Advantages of RNAseq approach
RNA-sequencing has been proven to be a very useful approach for identifying
candidates involved in neurulation downstream of Nodal. Since few embryos are needed
for sequencing, this technique is very accessible. 30-60 embryos per sample in our study,
and around 100 embryos in other recent studies contained over 1 µg of high quality
mRNA (Harvey et al., 2013; Vesterlund et al., 2011). Also, the cost of RNA-sequencing
has decreased over the last few years, making sequencing of multiple samples more cost
effective. Therefore, RNA-sequencing has become a much more accessible technique
and will be very useful for a variety of future forward genetic studies. Importantly, since
Nodal signaling is involved in so many developmental events, we compared embryos that
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differed by only 20 minutes in the timing of their Nodal inhibitor treatment. These
closely related treatments resulted in embryos that had many of the same phenotypes
(cyclopic eyes, reduced mesoderm, etc.), but differed in having open and closed anterior
neural tubes. Although the function of most of the genes identified remains to be tested,
the fact that our first functional tests found a new signaling pathway (FGF) suggests that
this approach enriched for genes involved in anterior neurulation.

FGF signaling is required for anterior neurulation in zebrafish
Our study suggests FGF signaling is required for anterior neurulation. Treating
embryos with a high level of the FGFR inhibitor SU5402 resulted in an open neural tube
in approximately 70% of embryos. SU5402 was originally found as a specific inhibitor of
FGFR1, but has since been shown to act on a well-conserved region that is present in all
four types of FGFR (FGFR1-4) (Johnson and Williams, 1993; Mohammadi et al., 1997).
The five zebrafish FGFR all fall into one of these receptor types, so all FGF signaling is
likely affected in the inhibitor treated embryos.
In support for a role for FGF signaling in neurulation, FGFR-1 KO mice die
before neurulation occurs. However, chimeric mice with a low level of FGFR1-/- cells
have a number of neural tube defects including duplication of the spinal cord neural tube
and spina bifida. No defects were found in the anterior neural tube (Deng et al., 1997).
However, mice with a large percentage of cells lacking FGFR1 died, and so it is possible
that this masked a role for FGF signaling in anterior neurulation.
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The penetrance of neural tube defects was high only when relatively high
concentrations of SU5402 were used. The simplest possibility is that a low level of FGF
signaling is sufficient for anterior neurulation. Consistent with this, posterior tissues
appear to be more sensitive to FGF defects than anterior tissues. For instance, in our
experiments, somites were lost in a posterior to anterior direction. In another study, when
zebrafish embryos were injected with the highest dose of dominant-negative FGFR3c
mRNA, anterior structures remained normal while posterior structures were severely
affected (Ota et al., 2009). Another possibility is that a FGFR relatively insensitive to
SU5402 is involved in anterior neurulation. Zebrafish FGFR1a, FGFR1b, and FGFR4 all
have one amino acid difference from the SU5402 binding site in human FGFR1 (Johnson
and Williams, 1993; Mohammadi et al., 1997). Although these changes are all
conservative, they could affect inhibitor binding.

Potential role for cell adhesion defects
Previous studies indicate the developing neural tube is disorganized in Nodal
signaling deficient embryos with an open neural tube (Aquilina-Beck et al., 2007; Araya
et al., 2014). The organization of the neural tube is mediated by adherens and tight
junctions, which both form in a step wise fashion. Our RNAseq data suggest
transcriptional regulation plays a role in the regulation of adherens and tight junction
genes only at the onset of gastrulation (shield stage). This is consistent with earlier
studies on Nodal-deficient embryos. For instance, N-cadherin protein was decreased at
the membrane of Nodal signaling-deficient embryos at tailbud and early somite stages,
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but mRNA levels were normal (Aquilina-Beck et al., 2007). Similarly, ZO1 (TJP1a),
which is associated with both adherens and tight junctions, was expressed at normal
levels in embryos treated with SB505124 at similar stages to our study (Araya et al.,
2014).
To further test the hypothesis that cell adhesion is reduced in Nodal deficient
embryos, we used whole mount immunohistochemistry to compare cell adhesion protein
levels in embryos with closed and open neural tube phenotypes. We found cadherin
complex proteins were present and expressed at qualitatively similar levels at 24 hpf in
embryos with open neural tubes compared to those with closed neural tubes. These data,
along with the RNAseq data, suggest cadherin complex proteins are not affected by
Nodal deficiency. However, further research should be completed to compare cadherin
complex protein cellular localization and polarity between embryos with closed and open
neural tubes.
There are several post-transcriptional regulatory processes that could be affected
upon loss of Nodal signaling. These include incorrect apical-basal polarity of the
neuroepithelium, negative regulation of adherens junctions by the Wnt signaling
pathway, and failure of newly generated neural cells to intercalate into the
neuroepithelium. Our RNAseq data gives insight into only one of these. We found that
inhibition of Wnt signaling was lower in embryos with open neural tubes. Wnt signaling
acts in competition with adherens junctions for β-catenin (Nelson and Nusse, 2004).
Thus, increased Wnt signaling could disrupt the integrity or number of adherens junctions
and cause disorganization of the anterior neural tube.
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Table 1: Over 3,000 transcripts were significantly differentially expressed between
embryos that would have closed and open neural tubes.
Shield
(6.0 hpf)

Tailbud
(10.0 hpf)

7 somites
(12.0 hpf)

All 3 stages

Total significantly
2,553
423
634
3,186
differentially expressed
Higher expression in embryos
1,427
288
290
1,792
that would have a closed vs.
open neural tube
*Genes with significant differential expression had to have at least 100 average counts in
at least one treatment group, had to differ in expression by at least 50%, and have a false
discovery rate of <0.05.
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Table 2: Genes known to be affected by Nodal were differentially expressed in the
RNA-sequencing screen.
Differential Expression Ratio
CNT / ONT

sox17

Shield
(6.0 hpf)
8.63

Tailbud
(10.0 hpf)
-

7 Somites
(12.0 hpf)
-

sox32

-

-

1.90

mixl1

3.23

-

-

(Alexander and Stainier, 1999;
Kikuchi et al., 2001)

goosecoid

6.12

2.04

-

noggin1

5.09

6.12

1.58

(Agius et al., 1999; Thisse et al.,
1994)
(Ragland and Raible, 2004; Szeto
and Kimelman, 2006)

follistatin a

-

36.57

2.94

(Ragland and Raible, 2004; Szeto
and Kimelman, 2006)

pitx2

-

-

2.27

(Liang et al., 2000; Yan et al.,
1999)

Gene

References
(Alexander and Stainier, 1999;
David and Rosa, 2001)
(Dickmeis et al., 2001; Kikuchi et
al., 2001; Sakaguchi et al., 2001)
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Table 3: Genes associated with NTDs in other vertebrates were differentially
expressed in developing zebrafish.
Expression Ratio (CNT/ONT)
In Animals with NTDs
Zebrafish

Mouse

Humans

Citation

Symbol

Zebrafish
Found in Our
RNASeq
Analysis

plld

>1

>1

-

(Luo et al., 2005)

vcla

>1

>1

-

(Xu et al., 1998)

Gene

shroom3

<1

>1

>1

brd2a

>1

>1

-

(Hildebrand and
Soriano, 1999;
Lemay et al., 2015)
(Shang et al., 2009)

nf1b

>1

>1

-

(Lakkis et al., 1999)

casp9

>1

>1

-

(Kuida et al., 1998)

cited2

>1

>1

-

crebbpa

<1

>1

-

gli2a

<1

>1

-

(Pan et al., 2009)

prkacab

>1

>1

-

ptch1

<1

>1

-

cyp26a1

<1

>1

-

grhl3

>1

-

>1

(Huang et al., 2002)
(Goodrich et al.,
1997; Milenkovic et
al., 1999)
(Niederreither et al.,
2002)
(Lemay et al., 2015)

ptprsa

>1

-

>1

(Lemay et al., 2015)

(Bamforth et al.,
2001; Yin et al.,
2002)
(Tanaka et al.,
2000)
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Figure 1
Sphere (4.0 hpf)

30% Epiboly (4.7 hpf)

300 µm

400 µm

100
µm
400 100
µm
µm

otx5 expression

Phenotype at ~24 hpf
20 µm Tocris drug

Phenotype at ~24 hpf
100 µm Sigma drug

Phenotype at time of
treatment

Stage at SB505124
Exposure:

40 µm

Fig. 1: ONT and CNT cause open and closed neural tube phenotypes, respectively.
Treatment with SB505124 at sphere stage always results in an open neural tube while
treatment at 30% epiboly stage always results in a closed neural tube. SB505124 from
Sigma-Aldrich, was used for the RNA-sequencing experiments. Due to inconsistencies
between batched of the Sigma drug, SB505124 from Tocris was used for WISH and RTPCR experiments. The effects of these drugs were similar, with 100 µM treatment of
Sigma-Aldrich SB505124 and 20 µM treatment Tocris SB505124 causing NTDs (row 4).
The somite and tail phenotypes were also similar between these treatment groups (rows 2
and 3). Top row: Lateral views, animal pole to top. 2nd and 3rd rows: Lateral views,
anterior towards top. Bottom row: Dorsal view, anterior towards top.
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A

Nodal/Activin pathway

BMP pathway
Chordin
Cerberus

Fsta

Noggin

Lefty

Smad2/3

Smad2/3

BAMBI

BMPRI

P P

P P

P P

*

BMPRII

ActRII

Oep

ALK4,5,7

ActRII

ALK4,5,7

BMP

Activin

Nodal

Smad1/5/8

Smad1/5/8

P
Smad4

Smad4

Smad2/3

P

Smad6/7

Smad4
Smad1/5/8

P

P

P

Smad4
FoxH1Smad2/3
P

Smad4
Mixer Smad2/3
Smad4
Smad1/5/8

P

P

B
Gene Name
activin receptor type 1 like (acvr1l)
bmp and activin membrane-bound inhibitor
homolog a (bambi)
bone morphogenetic protein 2b (bmp2b)
bone morphogenetic protein 7a (bmp7a)
chordin (chd)
follistatin a (fsta)
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Fig. 2: Differential expression of transcripts encoding components of the BMP and
Nodal signaling pathways. A) Danio rerio Nodal/Activin and BMP signaling pathways.
Blue stars indicate the corresponding gene had higher expression in CNT embryos.
Yellow stars indicate the corresponding gene had lower expression in CNT embryos. B)
Table of differentially expressed genes in these pathways and the corresponding
expression ratios from the RNA-sequencing data analysis.
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Fig. 3: Differential expression of transcripts encoding portions of the Wnt signaling
pathway. A) Danio rerio Wnt signaling pathway. Colored stars used as in Figure 2. B)
Table of differentially expressed genes in the Wnt pathway and corresponding
expression ratios from the RNA-sequencing data analysis.
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Fig. 4: Differential expression of transcripts encoding portions of the FGF signaling
pathway. A) Danio rerio FGF signaling pathway. Colored stars used as in Figure 2. B)
Table of differentially expressed genes represented in the FGF pathway and
corresponding expression ratios from the RNA-sequencing data analysis.
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Fig. 5: Inhibition of FGF signaling causes an open neural tube phenotype
Wildtype embryos and embryos from all three phenotypic classes were present in 33.7
µM treatments while only class II and class III embryos were present in 67.4 µM
treatments. Embryos from class II and class III were difficult to distinguish from each
other after in-situ hybridization and results from these two classes are combined. Overall
there were 266 control embryos treated with corresponding concentrations of DMSO.
All of these control embryos were wildtype and had closed neural tubes. 22 wildtype
embryos were also present overall in the 33.7 µM treatments, all which had a closed
neural tube. Some class III embryos in the higher treatment groups remained in
gastrulation stages at 24 hpf and therefore did not have pineal phenotypes. Top row:
Lateral views, anterior to left. Bottom row: Dorsal view, anterior to the top.
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Fig. 6: Differential expression of transcripts encoding portions of Adherens
Junctions. A) Schematic of an adherens junction. Colored stars used as in Figure 2. B)
Table of differentially expressed adherens junction genes and corresponding expression
ratios from the RNA-sequencing data analysis.
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Fig. 7: Differential expression of transcripts encoding portions of the Tight
Junction pathway. A) Schematic of a tight junction. Colored stars used as in Figure 2.
B) Table of differentially expressed tight junction genes and corresponding expression
ratios from the RNA-sequencing data analysis.
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Figure 8
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Fig. 8: Several adherens junction and apical-basal polarity proteins present in
embryos with open neural tube phenotypes. Sum slice z projections of embryos fixed
at 24 hpf and assayed using immunohistochemistry. Primary antibody used denoted by
each set of open and closed neural tube embryo pair. A) Open neural tube embryos were
cyc+/+;sqt+/+ double mutants and closed neural tube embryos were wildtype siblings. B)
Open neural tube embryos were treated with 20 µM SB505124 while closed neural tube
embryos were treated with 1% DMSO with both treatment types starting at sphere stage
(4.0 hpf). Dorsal views, anterior to the left.
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Chapter IV: Investigating potential roles for the FGF and canonical Wnt signaling
pathways in anterior neurulation in zebrafish
Neural tube defects (NTD) are among the most prevalent human birth defects.
Previous research found Nodal signaling is required for proper anterior neurulation.
Nodal signaling works by inducing anterior mesendodermal and mesodermal tissues
which likely signal to the overlying neuroectoderm to form a closed anterior neural tube.
A recent study used RNAseq to compare Nodal signaling deficient zebrafish embryos
with closed and open neural tubes. The RNAseq screen suggested the FGF signaling
pathway was downregulated and the canonical Wnt signaling pathway was upregulated in
embryos with open neural tubes. This study investigated the potential for both signaling
pathways to have a role in anterior neurulation. We found FGF signaling is required
through the onset of gastrulation for neurulation and FGF deficiency produces similar
anterior NTD to Nodal deficient embryos. Further, our data suggest FGF signaling has a
similar role to Nodal signaling in neurulation, in which FGF signaling maintains, and
perhaps induces, mesodermal tissue but not mesendodermal tissue. In contrast, activation
of the canonical Wnt signaling pathway did not induce an open anterior neural tube in
embryos.

Introduction
Neural tube defects (NTD) are one of the most prevalent human birth defects,
affecting 1.2-124 in 10,000 births, with variation due to geographic location (Zaganjor et
al., 2016). These defects arise when the developing neural tube, brain and spinal cord
precursor, fails to close properly. Anencephaly and spina bifida are among the more
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common NTD. Anencephaly, a fatal defect, results from anterior neural tube closure
failure and causes the skull and brain to not fully develop. Spina bifida arises from a
posterior neural tube closure failure and causes a range of spinal defects (Detrait et al.,
2005).
Neurulation is a conserved process in vertebrates, but variations in the process
exist between different species (Lowery and Sive, 2005). In zebrafish, the neural tube
begins as a flat bilayer of epithelial cells known as the neural plate. A wedge-like neural
keel forms as the neural plate thickens at the lateral edges and sinks ventrally in the
medial portion. As the ventral sinking continues, the most lateral edges of the neural keel
converge at the dorsal midpoint to form the solid neural rod. The neural tube is
considered closed with dorsal convergence of the lateral edges of the tissue and an open
neural tube occurs when this dorsal convergence does not occur. Neurulation concludes
when a lumen develops in the neural rod to make the neural tube (Geldmacher-Voss et
al., 2003; Lowery and Sive, 2005).
Previous research in our laboratory has shown that zebrafish embryos deficient in
Nodal signaling form an open anterior neural tube phenotype (Aquilina-Beck et al., 2007;
Gonsar et al., 2016; Kindt et al., submitted). Our work indicates that Nodal signaling is
required through late blastula stages (4.3 hpf), which overlaps with
mesendodermal/mesodermal tissue induction by Nodal (Hagos and Dougan, 2007;
Gonsar et al., 2016). Using Nodal deficient embryos, we found a significant correlation in
neural tube closure and mesendodermal/mesodermal tissue presence, but no individual
tissue was sufficient for neural closure. Further, our data suggest that a certain total
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mesendodermal/mesodermal tissue presence is likely required for neural tube closure,
rather than a single tissue (Gonsar et al., 2016).
With these findings, we suggest a model for zebrafish neurulation in which Nodal
signaling induces anterior mesendodermal/mesodermal tissues. The
mesendodermal/mesodermal tissues then produce signals to the overlying neuroectoderm.
These signals are thought to promote cell adhesion in the neuroectoderm in order to form
a closed anterior neural tube.
In previous work to identify potential signals from the anterior
mesendodermal/mesodermal tissues to the overlying neuroectoderm, we used RNAsequencing to compare embryos with closed and open neural tube phenotypes at several
time points important for neurulation. Overall, we found over 3,000 differentially
expressed genes between the embryos with closed and open neural tubes. Genes
associated with two signaling pathways, Fibroblast growth factor (FGF) signaling and
canonical Wnt signaling, were determined to be candidates for potential signals required
for neurulation. Specifically, our data suggested FGF signaling was decreased in embryos
with open neural tubes compared to embryos with closed neural tubes while canonical
Wnt signaling was over activated in embryos with open neural tubes compared to
embryos with closed neural tubes (Kindt et al., 2018).
Both the FGF and canonical Wnt signaling pathways are important for several
early developmental processes. Consistent with our model, FGF signaling is necessary
for maintaining, and perhaps inducing, mesoderm (Böttcher and Niehrs, 2005). This
suggests FGF signaling could have a similar or overlapping role with Nodal signaling in
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anterior neurulation. Also, FGF signaling is involved in gastrulation movements,
anterior-posterior patterning, and neural induction (Böttcher and Niehrs, 2005). The
canonical Wnt signaling pathway is required for the formation of the organizer, dorsal
axis, and anterior head (Komiya and Habas, 2008). Additionally, this pathway has other
roles in neural patterning, cell proliferation, organ formation, and posterior development
(Komiya and Habas, 2008). The characterized spatial and temporal roles of both
pathways make them likely candidates to be involved in anterior neurulation.
In this study, we wanted to test the FGF and canonical Wnt signaling pathways
for a role in anterior neurulation in zebrafish. Using an FGF signaling inhibitor, we found
that FGF signaling is required for anterior neural tube closure through the initiation of
gastrulation. Additionally, we showed that FGF signaling deficiency results in a
reduction of mesodermal tissue, similarly to Nodal deficiency. However, FGF signaling
deficient embryos did not have reduced mesendoderm as is observed in Nodal deficient
embryos. In contrast, treating embryos with the canonical Wnt signaling activator, LiCl,
induced several phenotypic effects, but all embryos had closed anterior neural tubes. As a
result, we suggest the increased canonical Wnt signaling, as observed in our RNAseq
data (Kindt et al., 2018), does not cause open anterior neural tube defects.

Methods
Animal Care
Zebrafish stocks were maintained at 28.5°C on a 14:10 light:dark cycle, according
to standard protocol (Westerfield, 2000). The wild type stock, ZDR (Aquatica Tropical,
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Plant City, FL), was used in these experiments. Embryos were collected from natural
spawning events and raised at 28.5°C until fixation. Embryonic stages were determined
using morphology (Kimmel et al., 1995).

SU5402 Treatment
The FGF signaling inhibitor 2-[(1,2-Dihydro-2-oxo-3H-indol-3-ylidene)methyl]4-methyl-1H-pyrrole-3-propanoic acid (SU5402) (Tocris) was dissolved in DMSO and
prepared as a 6.75 mM stock solution. This stock solution was added to embryo media to
make a working solution with an overall concentration of 67.5 µM SU5402 and 2%
DMSO. Embryos were pooled and sorted into Petri dishes (15 mm x 60 mm) with
embryo media and kept at 28.5°C until treatment. Once desired treatment stage was
reached, embryo media was removed from the Petri dish, using a plastic pipet, and was
replaced with 12 mL of SU5402 working solution. Control embryos were treated and
raised in embryo media with 2% DMSO. All embryos were raised at 28.5°C until 24 hpf
in their treatments. At 24 hpf, embryos were dechorionated with fine forceps and imaged
for live phenotype prior to fixation in 4% paraformaldehyde. Fixed embryos were stored
at 4°C until assayed using WISH.

LiCl Treatment
LiCl (Fisher Scientific) was dissolved in embryo media to make a 1 M stock
solution. The stock solution was diluted to prepare 0.2 M, 0.3 M, 0.4 M, and 0.5 M LiCl
working solutions. All working solutions were stored at 4°C but were brought to room
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temperature prior to treatment. Embryos were pooled and sorted into Petri dishes (15 mm
x 60 mm) with embryo media and maintained at 28.5°C until treatment. When at the
desired treatment stage, embryo media was removed from the Petri dish, using a plastic
pipet, followed by the addition of 12 mL of desired LiCl working solution. The Petri dish
was swirled prior to being placed at 28.5°C for a treatment time of 10-25 min., with
timing dependent on experiment. After treatment time, the LiCl solution was removed
from the dish with a plastic pipet, and embryos were washed 4 times with 12 mL of
embryo media. Control embryos were treated with 12 mL embryo media at desired stage
for 10-25 min at 28.5°C and washed with 12 mL of embryo media 4 times. Following the
washes, all embryos were raised at 28.5°C to 24 hpf. Embryos at 24 hpf were
dechorionated with fine forceps and imaged for live phenotype prior to fixation with 4%
paraformaldehyde. Fixed embryos were assayed by WISH for pineal phenotype using the
pineal marker orthodenticle homobox 5 (otx5) and mesodermal marker expressed in the
pineal precursor floating head (flh).

Whole Mount In Situ Hybridization (WISH)
SU5402 and LiCl treated embryos were assayed for specific mRNA expression
using an established protocol for whole mount in situ hybridization (Thisse and Thisse,
2014). The following digoxygenin (DIG) labeled antisense mRNA probes were used:
orthodenticle homobox 5 (otx5) (Gamse et al., 2002), wingless-type MMTV integration
site family member 1 (wnt1) (Krauss et al., 1992; Kelly et al., 1995), collagen type 2
alpha1a (col2a1) (Yan et al., 1995), cathepsin L 1b (ctsl1b) (Vogel and Gerster, 1997),
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and floating head (flh) (Talbot et al., 1995). Fixed embryos were incubated with DIG
labeled probes overnight at 70°C in 50% formamide. After washing off the probe,
embryos are incubated with a DIG antibody conjugated with Alkaline Phosphatase (AP)
overnight at 4°C. Following antibody incubation, AP substrates, 4-nitro blue tetrazonium
(NBT) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP), were added, and cells
expressing the mRNA of interest turned purple.

Data Analysis
Embryos were treated with SU5402 at time points ranging from mid blastula to
mid gastrula stages and were processed using WISH for pineal morphology to determine
neural tube closure. A 6 X 2 contingency table was prepared with the cells corresponding
to neural tube closure and stage at initiation of SU5402 treatment. A two-tailed Fisher’s
exact test was used to determine association between neural tube closure and timing of
SU5402 treatment. Sample size was considered sufficient with a significant association
(P<0.05) observation.
FGF signaling deficiency effects on mesendodermal/mesodermal tissue presence
were tested by exposing embryos to SU5402 starting at late blastula to mid gastrula
stages. Each embryo was processed for both hatching gland and notochord presence
using WISH. Individual tissue presence, notochord or hatching gland, was given a score
ranging from 0-3. The scores corresponded to tissue presence as follows: 0 equaled no
tissue present, 1 equaled some tissue present, 2 equaled most tissue present, and 3
equaled full tissue present. Separate 4 X 2 contingency tables for notochord and hatching
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gland were prepared with cells corresponding to neural tube closure and tissue presence
scores. We used a two-tailed Fisher’s exact test to determine association between tissue
presence and neural tube closure if P<0.05. All Fisher’s exact tests were performed using
R version 3.1.2 software.

Imaging
All embryos were imaged using a Nikon Eclipse 80i microscope mounted with a
SPOT Insight Fire Wire camera. Live embryos were mounted in methylcellulose on glass
depression slides. Fixed embryos were mounted in 100% glycerol on glass coverslips.
Images were processed using Adobe InDesign CS6 and image clarity adjustments were
made using Adobe Photoshop CS6 (Adobe Systems Inc.).
Results
FGF signaling is required until the onset of gastrulation for neurulation
To determine the temporal requirement for FGF signaling in zebrafish anterior
neurulation, embryos were exposed to an FGF signaling inhibitor, SU5402, with
initiation of treatment ranging from mid blastula to mid gastrula stages. Embryos
remained in the 67.5 µM SU5402 treatment until fixation at 24 hpf. Embryos treated with
SU5402 were organized into four classes based on 24 hpf phenotype. Class I embryos
had a truncated tail, normal somites, small eyes, and minimal apoptosis (Table 1). Only
embryos treated with SU5402 at 70% epiboly (8.0 hpf) were consistent with the class I
description (Figure 1, Table 2). Class II embryos had a truncated non-moving tail, no or
misshapen somites, small eyes, and apoptosis in the head and tail (Table 1). Most
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embryos were described by class II, including embryos treated with SU5402 at dome (4.3
hpf), 30% epiboly (4.7 hpf), 50% epiboly (5.3 hpf), and shield (6.0 hpf) stages (Figure 1,
Table 2). Class III embryos had a small or absent tail, no or misshapen somites, no or
malformed eyes, and apoptosis in the head and tail (Table 1). Embryos treated at sphere
(4.0 hpf) and dome (4.3 hpf) stages were described as class III (Figure 1, Table 2).
Embryos in Class IV were arrested in gastrulation and only embryos treated with SU5402
at sphere (4.0 hpf) stage were described by this class (Figure 1, Tables 1 and 2).
Treated embryos were assayed using WISH to determine the pineal phenotype
using otx5 as a pineal marker. The pineal organ precursors are found at the most lateral
edges of the neural plate and converge at the dorsal midline when the neural tube closes.
A closed anterior neural tube forms an oval pineal anlage. If the neural tube fails to close,
the pineal precursors remain divided and form an elongated or divided pineal organ
phenotype (Aquilina-Beck et al., 2007).
Initiating SU5402 treatment at or before shield stage (6.0 hpf) caused an open
neural tube phenotype in a subset of treated embryos (Figure 1, Table 3). With later
initiation of FGF signaling inhibitor treatment, less embryos had an open neural tube
phenotype at 24 hpf. Embryos treated at mid blastula stages, sphere stage (4.0 hpf) and
dome stage (4.3 hpf), all had either an elongated or divided pineal phenotype, indicating
an open neural tube (Figure 1, Table 3). When treated with inhibitor at late blastula
stages, 30% epiboly stage (4.7 hpf) and 50% epiboly stage (5.3 hpf), 49% and 33%,
respectively, of the embryos had elongated or divided pineal phenotypes (Figure 1, Table
3). Treatment at the initiation of gastrulation, shield stage (6.0 hpf), resulted in only a
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small subset of embryos, 8%, with an elongated or divided pineal phenotype (Figure 1,
Table 3). By treatment starting at 70% epiboly (8.0 hpf), all embryos had an oval pineal
anlage, or closed neural tube phenotype. A two-tailed Fisher’s exact test indicated an
association between SU5402 treatment initiation and neural tube phenotype as well as a
significant sample size with P = 2.2 x 10-16.

Lack of FGF signaling causes anterior NTD
To test the extent of the NTD along the anterior-posterior axis of embryos with an
elongated or divided pineal phenotype, embryos with SU5402 treatment initiation
between mid blastula and mid gastrula stages were analyzed for both otx5 and wnt1
expression using WISH. wnt1 is a marker for the neural tube roof plate (Krauss et al.,
1992; Kelly et al., 1995). In a closed neural tube, the roof plate forms at the dorsal
midline of the neural tube and runs along the anterior-posterior axis. Thus, the roof plate
is visualized as a single line along the anterior-posterior axis of the dorsal midline in
embryos with a closed neural tube assayed for wnt1 expression (Aquilina-Beck et al.,
2007). In contrast, an open neural tube forms two lines at the site of a NTD in embryos
assayed for wnt1 expression (Aquilina-Beck et al., 2007). Previous work comparing
pineal phenotypes to wnt1 expression found the anterior NTD in Nodal deficient embryos
extended from the pineal organ to the mid-hindbrain boundary (MHB) (Aquilina-Beck et
al., 2007). While embryos treated with SU5402 had variations in neural tube roof plate
phenotypes, the FGF deficient embryos were considered to have anterior defects similar
to those found in Nodal deficient embryos.
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The wnt1 expression in embryos with open neural tubes ranged from no wnt1
expression to wnt1 expressed as two lines at only just beyond the elongated or divided
pineal before converging to a single line along the rest of the anterior-posterior axis. The
wnt1 expression phenotypes can be organized into three categories, including no wnt1
expression, wnt1 expressed as two lines until no tissue or the MHB, and wnt1 expressed
as a single line at least once before the MHB (Figure 2). Embryos starting SU5402
treatment during the late blastula stage, 30% epiboly (4.7 hpf), and the gastrulation onset
stage, 50% epiboly (5.3 hpf), had the most variation in wnt1 expression, with embryos
falling into all three of the categories (Table 4). About half of all embryos with an open
neural tube had wnt1 expressed as two lines from the pineal until no tissue or the MHB
(Table 4). This suggests that FGF deficient embryos have similar anterior NTD to Nodal
deficient embryos.

FGF deficient embryos have a correlation with notochord presence and neural tube
closure but not with hatching glands
Previous research found a correlation between several anterior
mesendodermal/mesodermal tissues and neural tube closure in Nodal deficient embryos.
These mesendodermal/mesodermal tissues likely signal to the overlying neuroectoderm
to form a closed neural tube (Gonsar et al., 2016). To further test these findings, we
analyzed FGF inhibitor treated embryos for a correlation between two
mesendodermal/mesodermal tissues and neural tube closure. Embryos were treated with
the FGF inhibitor SU5402 starting at several developmental time points between late
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blastula through mid gastrula stages until 24 hpf. At 24 hpf, embryos were fixed and
assayed for otx5 expression, a pineal marker, as well as col2a1 and ctsl1b expression,
notochord and hatching glands markers, respectively, using WISH. Tissues were scored
on a scale of 0 to 3, in which 0 indicated no tissue present, 1 indicated some tissue
present, 2 indicated most tissue present, and 3 indicated full tissue present. We found a
correlation between notochord presence and neural tube closure, but we did not find a
correlation for the mesendodermal tissue hatching glands.
The notochord is a mesodermal tissue found just ventral to the neuroepithelium
and follows a majority the anterior-posterior axis of the neural tube. Almost all SU5402
treated embryos had at least some notochord present for both open and closed neural tube
phenotypes. As initiation of SU5402 treatment times became later, the embryos had an
increasing score for notochord presence for both open and closed neural tube phenotypes
(Figure 3, Table 5). Most embryos with an open neural tube had a notochord presence
score of 1, indicating only some notochord was present (Figure 3, Table 5). In
comparison, most embryos with a closed neural tube either had a notochord presence
score of 2 or 3, indicating most or all of the notochord was present, respectively (Figure
3, Table 5). While the notochord was present in most of the embryos, our data suggest
generally embryos with open neural tubes have less notochord present compared to
embryos with closed neural tubes. To further support this conclusion, we performed a
two-tailed Fisher’s exact test and found P = 2.2 x 10-16. This indicated there was an
association between amount of notochord present and neural tube closure in embryos
treated with SU5402.
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The hatching glands are formed from the one of the first tissues to involute in
gastrulation, the prechordal plate mesendoderm (Thisse et al., 1994; Vogel and Gerster,
1997). The embryos tested for notochord presence were co-analyzed for hatching gland
presence. While the embryos had varying amounts of notochord present, all embryos,
including both open and closed neural tube phenotypes, had a score of 3 for hatching
glands, indicating the full hatching gland was present (Figure 4). We performed a twotailed Fisher’s exact and found P = 1. This supported there was no association between
amount of hatching gland present and neural tube closure in embryos treated with
SU5402.

Increased canonical Wnt signaling did not induce an open neural tube phenotype
Our previous research using RNAseq suggested that the canonical Wnt signaling
pathway is upregulated in embryos with an open anterior neural tube compared to
embryos with a closed neural tube (Kindt et al., 2018). β-catenin acts as a downstream
transcriptional activator in the canonical Wnt signaling pathway (Cavodeassi 2013). The
β-catenin degradation complex regulates canonical Wnt signaling by degrading β-catenin,
and thus, preventing downstream signaling (MacDonald et al., 2009). LiCl is a known
canonical Wnt signaling activator and works by blocking a protein in the β-catenin
degradation complex, called GSK3β (Klein and Melton, 1996). To test if increased
canonical Wnt signaling induces an open anterior neural tube, embryos were exposed to
LiCl at various concentrations and at three time points relevant to neurulation and the

118
RNAseq screen. We determined canonical Wnt signaling is likely not important for
anterior neurulation as LiCl exposed embryos all had closed anterior neural tubes.
In our RNAseq screen, canonical Wnt signaling appeared to be highly upregulated
at shield stage (6.0 hpf) in embryos with open neural tubes compared to those with closed
neural tubes (Kindt et al., 2018). Using this timing information, we decided to test if
activation of canonical Wnt signaling at 30% epiboly stage (4.7 hpf), shield stage (6.0
hpf), and 70% epiboly stage (8.0 hpf) would cause an open neural tube phenotype in
embryos. Four different concentrations of LiCl, ranging from 0.2 M-0.5 M, were used on
separate embryos at each time point. Embryos were exposed to the specific LiCl
treatment for only 10 mins before the treatment was washed off with embryo media,
which is the standard exposure time for most LiCl studies in zebrafish (Joly et al., 1993;
Mullins et al., 1995; Kim et al., 2002; Lee et al., 2014). Control embryos were exposed to
embryo media at 30% epiboly stage (4.7 hpf) for 10 mins and also experienced the same
embryo media washing as the LiCl treated embryos. As with the SU5402 studies,
embryos were analyzed for pineal morphology as an indicator of anterior neural tube
closure.
Embryos developed an increased phenotypic response with exposure to LiCl at
later time points and increasing concentrations. Exposure of 0.2 M LiCl at all three time
points resulted in embryos that appeared indistinguishable to the control embryos (Figure
5). However, embryos treated with 0.3 M-0.5 M LiCl were observed to have small or no
eyes, some apoptosis in the head, and shortened tails compared to control embryos. While
the phenotypes were observed in these concentrations at all three time points, the severity
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of the phenotypes varied from treatment to treatment, and even within the same treatment
(Figure 6; data for 0.5 M treatment not shown). This suggests the embryos may not have
been exposed to the LiCl treatment within the same dish. One possibility is that the
embryos were not swirled enough in the LiCl solution prior to incubation. LiCl exposure
can produce varying phenotypic responses when exposure is not uniform in the dish.
All time points and LiCl concentrations tested did not cause an open anterior
neural tube phenotype that could be detected using the pineal assay. Embryos exposed to
0.2 M and 0.3 M LiCl at all three time points produced the normal oval pineal phenotype
expected when the anterior neural tube is closed (Figures 5-6; Table 6). However, for 0.4
M and 0.5 M LiCl exposed embryos, an oval pineal phenotype was only observed in a
subset of embryos treated at 70% epiboly stage (8.0 hpf) (Figure 6; Table 6). For the
treatment of 0.4 M LiCl at 70% epiboly, 39% of embryos that lived to 24 hpf had an oval
pineal while 48% had an enlarged pineal and 13% had no pineal staining (Figure 6; Table
6). Similarly, the embryos that lived to 24 hpf in treatment with 0.5 M LiCl at 70%
epiboly had about 25% with an oval pineal phenotype and 75% with no pineal staining
(Table 6). At 30% epiboly (4.7 hpf) and shield (6.0 hpf) stages, all embryos that lived to
24 hpf had no pineal staining (Table 6).
The enlarged pineal phenotype appears similar to an elongated pineal phenotype,
but instead of stretching laterally across the dorsal head, the enlarged pineal stretches in
an anterior to posterior direction on the head. Previous research has noted enlarged pineal
phenotypes in embryos overexpressing the canonical Wnt signaling pathway (Masai et
al., 1997). An enlarged pineal phenotype corresponds to a closed anterior neural tube
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similarly to an oval pineal phenotype. The lack of pineal staining observed in a subset of
these embryos is likely due to the pineal organ not developing in these embryos rather
than loss of expression of our pineal marker as we used two pineal markers, otx5 and flh.
The flh marker is expressed in the notochord at the stage these embryos were assayed.
The embryos without pineal staining still expressed flh in the notochord, suggesting flh
expression was not lost in these embryos.
Next, we tested if canonical Wnt signaling needed to be activated for longer
periods of time in order to induce an open anterior neural tube. Embryos were exposed to
0.2 M-0.5 M LiCl at shield stage (6.0 hpf) for 10, 15, 20, or 25 min before washing out
the treatment. Control embryos were treated with embryo media at shield stage and
experienced the same washes as the LiCl treated embryos. Our 10 min exposure had
similar phenotypic results to the previous LiCl experiment at all four concentrations.
However, as the LiCl exposure length increased, the embryos had a higher phenotypic
response at 24 hpf, with phenotypes similar to the previous LiCl experiment (Figure 7).
Additionally, with increased exposure time at our highest LiCl concentration, the
mortality rate also increased, and by 20 min or longer exposure, no embryos survived to
24 hpf in the 0.5 M LiCl treatments (Table 7).
Again, all embryos in the various treatments had either a closed neural tube or no
pineal staining. The 0.2 M LiCl treatments all resulted in embryos with an oval pineal
phenotype, except for two embryos with an enlarged pineal in the 15 min exposure
(Figure 8; Table 7). As before, the 0.3 M LiCl treatments had variable pineal phenotypes,
but all embryos did not have pineal staining by the 20 min and longer exposures (Figure
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8; Table 7). All embryos treated with 0.4 M and 0.5 M LiCl that lived to 24 hpf had no
pineal staining (Table 7).

Discussion
This study investigated the potential role of the FGF and canonical Wnt signaling
pathways in anterior neurulation. We found FGF signaling is required through mid
gastrula stages, and FGF deficiency results in similar anterior NTD to embryos with
reduced Nodal signaling. Our data suggest the requirement for FGF signaling is similar to
the role of Nodal signaling in our model for anterior neurulation. We propose the role for
FGF signaling is to induce or maintain mesoderm tissue which likely signals to the
overlying neuroectoderm to form a closed neural tube. In comparison, activation of the
canonical Wnt signaling pathway did not cause an open neural tube phenotype in
embryos. This was unexpected as our previous RNAseq data suggested embryos with an
open neural tube had increased canonical Wnt signaling compared to embryos with a
closed neural tube.

Role of FGF signaling in our zebrafish anterior neurulation model
Research in a number of vertebrate systems, including zebrafish, indicates that
FGF and Nodal signaling work coordinately to promote mesoderm development (Kieker,
2016). Since anterior mesendoderm/mesoderm are required for anterior neurulation, the
most likely cause of the NTD in the FGF signaling inhibitor treated embryos is the loss of
mesoderm. Consistent with this, most embryos with open neural tubes had only a small
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amount of notochord present while embryos a closed neural tube mostly had most of their
notochord tissue or a full notochord. Statistical analysis found a significant correlation
between notochord presence and a closed anterior neural tube. The expression patterns of
fgf and fgfr genes are consistent with FGF signaling acting through the development of
mesoderm. Several genes encoding FGF ligands are expressed in the anterior
mesendoderm/mesoderm during the period when anterior neurulation is occurring. For
example, we previously found that fgf8a and fgf17 were differentially expressed in our
RNAseq screen (Kindt et al., 2018). fgf8a is expressed in the cephalic paraxial
mesoderm, a tissue involved in promoting anterior neural tube closure, during
gastrulation (Gonsar et al., 2016; Thisse and Thisse, 2004). fgf17 is expressed in the
presumptive dorsal mesoderm at sphere stage (Reifers et al., 1998; Shimizu et al., 2006;
Thisse and Thisse, 2004; Warga et al., 2013).
Using a similar approach, the requirement for Nodal signaling in anterior
neurulation was mapped to up to late blastula stages (4.3 hpf) (Gonsar et al., 2016). In
this study, inhibition initiated up to or before the onset of gastrulation (6.0 hpf) causes
anterior NTD. This suggests that the requirement for FGF signaling occurs in part after
the requirement for Nodal signaling. Because inhibitor is difficult to remove once added
(Gonsar et al., 2016), we cannot map the stage when the requirement for a signaling
pathways begins. Therefore, it is possible that FGF signaling also acts before and at the
same time as Nodal signaling to promote anterior neurulation.
Work in zebrafish and other vertebrates suggests that FGF and Nodal signaling
act in complex feedback loops. For instance, in zebrafish, the genes fgf3, fgf8, and fgf17b
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can be induced by ectopic activation of Nodal signaling and expression is lost in the
anterior regions of embryos that lack Nodal signaling, suggesting FGF signaling is in part
downstream of Nodal (Cao et al., 2004; Mathieu et al., 2004). However, use of the same
FGF signaling inhibitor, abolished the transcription of Nodal signaling-induced genes,
such as no tail/ta, that are expressed in the developing mesoderm (Mathieu et al., 2004).
Interestingly, our previous studies suggested that both mesoderm and mesendoderm were
involved in anterior neurulation (Gonsar et al., 2016). However, since loss of FGF
signaling affects only mesoderm, this subsequent study suggests that a severe loss of
mesoderm is sufficient to cause an open neural tube.
Although there is a great deal of evidence suggesting FGF signaling is required
for anterior neurulation through its role in mesoderm development, we cannot rule out
other roles for FGF signaling. The two fgf genes that were differentially expressed in our
previous study using RNAseq (Kindt et al., 2018) are not exclusively transcribed in the
mesendoderm/mesoderm. fgf8a is expressed in the forebrain neural rod at ~5-9 somite
stages as well as later in the neural tube while fgf17 is expressed in the presumptive
telencephalon from 1-13 somite stages in zebrafish (Guo et al., 1999; Heisenberg et al.,
1999; Jovelin et al., 2010; Lun and Brand, 1998; Reifers et al., 1998; Thisse and Thisse,
2004). The binding affinity of FGF17 for different FGFRs has not yet been tested.
However, modular scanning in zebrafish demonstrated that FGF8 binds FGFR1 and
FGFR4 in vivo with affinities appropriate with them being FGF8 receptors (Ries et al.,
2009). Although not differentially expressed, fgfr1a and fgfr1b are both are expressed in
all or almost all cells during cleavage stages up to early gastrulation. After this,
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expression becomes more restricted, but persists in the anterior neural plate during
gastrulation (Ota et al., 2010; Ota et al., 2009; Rohner et al., 2009; Thisse et al., 2001).
These data are consistent with fgf8a, fgf17, fgfr1a, and fgfr1b being part of the pathway
that mediates mesendoderm/mesoderm to neuroectoderm communication or acting within
the neuroectoderm to promote anterior neurulation.

A potential indirect role for canonical Wnt signaling genes in our neurulation model
Although our RNAseq data suggested otherwise, we determined that over
activated canonical Wnt signaling likely does not cause open anterior NTD in zebrafish.
However, further experiments should be performed to verify this finding. Over one third
of all embryos exposed to LiCl had no pineal staining, especially at the higher LiCl
concentration treatments. It is possible that this subset of embryos had an open anterior
NTD but could not be detected using the pineal assay. Previous research found that
embryos treated with LiCl lost all forebrain structures while the MHB expanded more
anteriorly compared to wildtype embryos (Kim et al., 2002). Thus, with over activated
canonical Wnt signaling, it is expected that forebrain structures, such as the pineal organ,
to be lost, which may explain why we did not observe a pineal organ in a large portion of
our LiCl treated embryos. To better test LiCl exposed embryos for open NTD, the roof
plate marker, wnt1, should be used in the future.
Previous work, as well as the data shown in this study, demonstrates canonical
Wnt signaling should be inhibited in the anterior head of the developing embryo for
anterior structures to form (Kim et al., 2002; Hikasa and Sokol, 2013). This indicates that
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while the canonical Wnt signaling pathway may not be required for anterior neurulation,
inhibition of this pathway may be indirectly important for our model to allow for anterior
development. Our previous RNAseq data found that the canonical Wnt signaling inhibitor
dkk1b was downregulated in embryos with open neural tubes compared to those with
closed neural tubes (Kindt et al., 2018). Further, the differential expression of dkk1b
between the embryos with closed and open neural tubes was very large, suggesting it was
important neurulation. Studies have found dkk1b is required for anterior development,
such as inducing anterior neural fates, and embryos with reduced dkk1b expression have a
headless phenotype (Glinka et al., 1998; Kazanskaya et al., 2000; Seiliez et al., 2006).
Interestingly, a recent study found evidence that dkk1b may be a downstream factor of
the FGF signaling pathway, in which FGF signaling maintains dkk1b expression (Tanaka
et al., 2017). This finding suggests that while FGF signaling may promote anterior
neurulation through mesoderm maintenance, the pathway may also promote neurulation
by maintaining expression of genes that induce anterior neural fates.
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Table 1. Embryos treated with SU5402 can be organized into four phenotypic
classes.
Class
Class I
Class II
Class III
Class IV

Class Description
Truncated moving tail, normal somites, small eyes, minimal
apoptosis
Truncated non-moving tail, no or misshapen somites, small eyes,
apoptosis in head and tail
Small or absent tail, no or misshapen somites, no or malformed
eyes, apoptosis in head and tail
Arrested in gastrulation
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Table 2. Embryos have a reduced phenotypic effect with later initiation of SU5402
treatment.
Stage at Onset
of SU5402
Exposure

WT

Class I

Class II

Class III

Class IV

Total

DMSO Control

298

0

0

0

0

298

Sphere

0

0

0

23

36

59

Dome

0

0

51

26

0

77

30% Epiboly

0

0

270

6

0

276

50% Epiboly

0

0

276

0

0

276

Shield

0

0

267

0

0

267

70% Epiboly

0

249

0

0

0

249
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Table 3. Initiating treatment of embryos with 67.5 µM SU5402 at or before the onset
of gastrulation causes open neural tubes.
Closed NT

Open NT

Stage at Onset of
SU5402 Exposure

Oval
Pineal

Elongated
Pineal

Divided
Pineal

Total

DMSO Control

298 (100%)

0 (0%)

0 (0%)

298

Sphere (4.0 hpf)

0 (0%)

4 (36%)

7 (67%)

11*

Dome (4.3 hpf)

0 (0%)

17 (28%)

43 (72%)

60

30% Epiboly (4.7 hpf)

119 (51%)

74 (32%)

39 (17%)

232

50% Epiboly (5.3 hpf)

184 (67%)

28 (10%)

63 (23%)

275

Shield (6.0 hpf)

242 (92%)

22 (8%)

0 (0%)

264

70% Epiboly (8.0 hpf)

243 (100%)

0 (0%)

0 (0%)

243

*A total of 59 embryos were analyzed for pineal phenotype but only 11 embryos
presented staining for otx5
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Table 4. Anterior NT roof plate is separated in FGF deficient embryos with divided
and elongated pineal phenotypes.

Stage at Onset of
SU5402 Exposure
Sphere
Elongated Pineal
Divided Pineal
Dome
Elongated Pineal
Divided Pineal
30% Epiboly
Elongated Pineal
Divided Pineal
50% Epiboly
Elongated Pineal
Divided Pineal
Shield
Elongated Pineal
Divided Pineal
Total

No wnt1
expression

Divided wnt1
until no tissue
or MHB

Some wnt1
division
before MHB

Total

4
7

0
0

0
0

4
7

3
10

14
22

0
0

17
32

4
5

10
28

30
0

44
33

0
17

5
26

16
5

21
48

0
0
50

5
0
110

15
0
66

20
0
226
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Table 5. Notochord presence increases with later initiation of SU5402 treatment.
Stage at Onset
No
Some
Most
Full
of SU5402
notochord notochord notochord notochord
Exposure
present
present
present
present
DMSO Control
Closed NT
0
0
0
108
Open NT
0
0
0
0
30% Epiboly
Closed NT
2
17
36
0
Open NT
2
28
3
0
50% Epiboly
Closed NT
0
32
59
0
Open NT
0
4
2
0
Shield
Closed NT
0
2
79
64
Open NT
0
1
1
0
70% Epiboly
Closed NT
0
0
0
130
Open NT
0
0
0
0

Total
108
0
55
33
91
6
145
2
130
0
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Table 6. Embryos exhibit a closed NT phenotype or no pineal present when treated
with LiCl at time points relevant to anterior neurulation.
Stage at 10 min
LiCl Exposure
30% Epiboly

EM
Control

0.2 M

0.3 M

0.4 M

0.5 M

Total

Oval Pineal
Enlarged Pineal

22
0

28
0

24
4

0
0

0
0

0
0

0
0
17
1

74 (59%)
4 (3%)

No Pineal
Dead Embryos
Shield

0
0
29
0

Oval Pineal
Enlarged Pineal

0
0

29
0

29
0

0
0

0
0

0
0

0
0
19
4

58 (56%)
0 (0%)

No Pineal
Dead Embryos
70-80% Epiboly

0
0
23
0

Oval Pineal
Enlarged Pineal

0
0

27
0

29
0

9

1

11

0

66 (70%)
11 (12%)

No Pineal
Dead Embryos

0
0

0
0

0
0

3
4

3
7

6 (6%)
11 (12%)

46 (37%)
1 (1%)

42 (40%)
4 (4%)

Several embryos had pineal present but morphology unable to be scored. These include
2 embryos at 70-80% epiboly and 0.4 M.
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Table 7. Embryos do not exhibit a pineal anlage with increasing LiCl exposure at
6.0 hpf.
LiCl
Exposure Time
10 minutes

EM
Control

0.2 M

0.3 M

0.4 M

0.5 M

Total

Oval Pineal
Enlarged Pineal
No Pineal
Dead Embryos
15 minutes

21
0
0
2

23
0
0
1

17
5
0
1

0
0
22
2

0
0
14
7

61 (53%)
5 (5%)
36 (31%)
13 (11%)

Oval Pineal
Enlarged Pineal
No Pineal
Dead Embryos
20 minutes

19
0
0
7

19
2
0
2

2
4
11
4

0
0
5
19

0
0
2
20

40 (34%)
6 (5%)
18 (16%)
52 (45%)

Oval Pineal
Enlarged Pineal
No Pineal
Dead Embryos
25 minutes

26
0
0
0

24
0
0
1

0
0
22
3

0
0
20
4

0

50 (45%)
0 (0%)
42 (38%)
19 (17%)

0
0
11

0
Oval Pineal
23
24
0
0
47 (40%)
Enlarged Pineal
0
0
0
0
0
0 (0%)
3
No Pineal
0
0
24
0
27 (23%)
14
24
Dead Embryos
3
1
2
44 (37%)
Several embryos had pineal present but morphology unable to be scored. These
include the following: 1 embryo at 10 min. and 0.3 M, 2 embryos at 15 min. and
0.3 M, 1 embryo at 15 min. and 0.4 M, 1 embryo at 20 min. and 0.3 M, and 1
embryo at 25 min. and 0.3 M.
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DMSO only
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70% Epiboly
8.0 hpf

Shield
6.0 hpf

50% Epiboly
5.3 hpf

30% Epiboly
4.7 hpf

Dome
4.3 hpf

Sphere
4.0 hpf
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Figure 1. FGF signaling is required for neural tube closure at or before the onset of
gastrulation. Embryos were treated with SU5402 starting at time points ranging from
mid blastula to mid gastrula stages. All embryos were analyzed for anterior neural tube
closure, in which an oval pineal phenotype indicated a closed neural tube while an
elongated or divided pineal indicated an open neural tube. First column: lateral views of
whole embryos with anterior to the left and dorsal to the top. Scale bar: 250 µm. Secondfourth columns: dorsal view with anterior to the top. Scale bar: 50 µm. Refer to Table 2
for quantitative data.

SU 5402 wnt1
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wnt1 expression
Divided wnt1
until MHB

SU5402
Open NT

no wnt1

Some wnt1
division before
MHB

Figure 2. FGF signaling deficient embryos have anterior NTD. Embryos treated with
SU5402, resulting in either an elongated or divided pineal, were analyzed for neural tube
roof plate phenotype. The wnt1 gene is a neural tube roof plate marker. The anterior
neural tube was considered open if wnt1 was divided prior to the mid hindbrain
boundary. Dorsal view with anterior to the top. Scale bar: 100 µm. Refer to Table 4 for
quantitative data.
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DMSO Control
Full nc

100%

SU5402 Treated Embryos
Oval Pineal
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Some nc

4%

31%

Most nc

65%

Absent nc

6%

Elongated Pineal
Some nc

85%

Most nc

9%

Figure 3. Embryos treated with SU5402 show a correlation between notochord
presence and neural tube closure. FGFR inhibitor treated embryos were assayed for
col2a1 expression to determine the amount of notochord (nc) present in embryos with
closed and open neural tubes. Representative images of embryos treated with DMSO or
SU5402 at 30% epiboly are shown. The embryos to the left have an oval pineal
phenotype, indicating a closed neural tube, while embryos to the right have an elongated
pineal phenotype, indicating an open neural tube. Embryos with open and closed neural
tubes that were treated with SU5402 starting at 30% epiboly had absent, some, and most
nc presence. The DMSO treated embryos had full nc presence. Dorsal views of deyolked
embyro trunk with anterior to the left. Scale bar: 150 µm. Refer to Table 3 for
quantitative data.
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Oval
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Oval
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Elongated
SU5402

Divided
SU5402

Figure 4. Embryos treated with SU5402 show no correlation between hatching
gland presence and neural tube closure. SU5402 exposed embryos were assayed for
cstl1b expression to determine amount of hatching gland present. Embryos were also
analyzed for anterior neural tube closure, in which an oval pineal anlage indicates a
closed neural tube while an elongated or divided pineal indicates an open neural tube. All
SU5402 treatments resulted in normal hatching gland presence, even when the anterior
neural tube was open. The number of embryos assayed at each stage of SU5402 initiation
are as follows: 30% epiboly = 88, 50% epiboly = 97, shield = 147, 70% epiboly = 130,
and DMSO control = 108. Frontal views with anterior to the top. Scale bar: 100 µm.
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0.2 M LiCl
Pineal
24 hpf live phenotype phenotype

30% epiboly

Oval

70-80% epiboly

Shield

30% epiboly

EM Control
Pineal
24 hpf live phenotype phenotype
Oval

Figure 5. Embryos exposed to 0.2 M LiCl at blastula and gastrula stages for 10 min.
do not form an open neural tube. Embryos treated with (A) embryo media or (B) 0.2 M
LiCl all had an oval pineal phenotype. Each row shows representative embryos from the
LiCl treatment stage denoted on left side of the row. First columns: lateral views of whole
embryos with anterior to the left and dorsal to the top. Scale bar: 250 µm. Second
columns: dorsal view with anterior to the top. Scale bar: 50 µm. Refer to Table 6 for
quantitative data.
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70-80% epiboly

Shield

30% epiboly

A
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Shield

30% epiboly

B

Figure 6. Embryos exposed to 0.3 M and 0.4 M LiCl at blastula and gastrula stages
for 10 min. do not form an open neural tube. Embryos treated with (A) 0.3 or (B) 0.4
M LiCl had an oval or enlarged pineal phenotype or no pineal expression. Each row
shows representative embryos from the LiCl treatment stage denoted on left side of the
row. First-third columns: lateral views of whole embryos with anterior to the left and
dorsal to the top. Scale bar: 250 µm. Fourth-fifth columns: dorsal view with anterior to
the top. Scale bar: 50 µm. Refer to Table 6 for quantitative data.
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Pineal
phenotype
Oval
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20 minute
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10 minute

0.2 M LiCl
24 hpf live phenotype

Figure 7. Embryos exposed to 0.2 M LiCl at shield stage (6.0 hpf) for up to 25 min.
do not form an open neural tube. Embryos all had an oval pineal phenotype, except
several embryos exposed to LiCl for 15 min. had an enlarged pineal phenotype. Each row
shows representative embryos from total LiCl exposure in minutes, denoted on left side
of the row. First-second columns: lateral views of whole embryos with anterior to the left
and dorsal to the top. Scale bar: 250 µm. Third-fourth columns: dorsal view with anterior
to the top. Scale bar: 50 µm. Refer to Table 7 for quantitative data.

Figure 8
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Figure 8. Embryos exposed to 0.3 M LiCl at shield stage (6.0 hpf) for up to 25 min.
do not form an open neural tube. Embryos all had an oval or enlarged pineal
phenotype, unknown staining, or no pineal expression. Each row shows representative
embryos from total LiCl exposure in minutes, denoted on left side of the row. Firstsecond columns: lateral views of whole embryos with anterior to the left and dorsal to the
top. Scale bar: 250 µm. Third-sixth columns: dorsal view with anterior to the top. Scale
bar: 50 µm. Refer to Table 7 for quantitative data.
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Chapter V: Future Directions
The studies described in this thesis have advanced our model for anterior
neurulation in zebrafish. Our original broad model for neurulation had three main steps,
and we expanded our knowledge at each step. The first step in our broad model was
Nodal signaling induces mesendodermal/mesodermal tissues. We further defined this step
in three ways. First, we found Nodal signaling is required through mid-late blastula
stages (4.3 hpf) to induce mesendodermal/mesodermal tissues. Second, we supported that
a minimum threshold of anterior mesendodermal/mesodermal tissues is required to
support anterior neural tube closure. Finally, FGF signaling is required through gastrula
stages (6.0 hpf) induce or maintain mesodermal tissues. The second step in our broad
model was anterior mesendodermal/mesodermal tissues produce signals to the overlying
neuroectoderm. RNAseq was used to compare closed and open neural tubes at three time
points in zebrafish development. Specifically, we compared embryos at the onset of
gastrulation (6.0 hpf), during neural plate folding (10 hpf), and when the anterior neural
rod closes (12 hpf). Using our RNAseq approach, we identified over 3000 transcripts and
several signaling pathways that were differentially expressed between embryos with open
and closed anterior neural tubes that could serve as signals. The canonical Wnt signaling
pathway was potentially upregulated in embryos with open neural tubes compared to
closed neural tubes in our RNAseq screen. However, our initial studies using LiCl to
activate the canonical Wnt signaling pathway did not cause an open anterior neural tube
to form in zebrafish embryos. This study suggested downregulation of canonical Wnt
signaling is not sufficient for anterior neurulation, but further studies should be
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performed to confirm these findings. The third step in our broad model was signals
promote cell adhesion in the developing anterior neural tube. In our RNAseq screen, we
found several adherens and tight junctions were differentially expressed between
embryos with closed and open neural tubes. Our initial analysis of protein expression
showed some cell adhesion proteins are still present in embryos with open neural tubes.
The protein levels were similar between embryos with open and closed neural tubes
(Figure 1).
The advances in our original broad model supported and also redefined parts of
our neurulation model. Our current model begins with Nodal signaling inducing anterior
mesendodermal/mesodermal tissues through late blastula stages (4.3 hpf) to produce a
closed neural tube. Similarly, FGF signaling is required through the onset of gastrulation
(6.0 hpf) to either induce or maintain only mesodermal tissues, suggesting a substantial
loss of mesodermal tissues may be enough to disrupt neurulation. The anterior
mesodermal, and perhaps mesendodermal, tissues then signal to the overlying
neuroectoderm. Our RNAseq screen provided over 3,000 differentially expressed
transcripts between embryos with open and closed neural tubes that could serve as this
signal. Initial work rules out inhibition of the canonical Wnt signaling pathway for the
mesendoderm/mesoderm to neuroectoderm signal. Originally, we thought the signal was
to promote cell adhesion in the developing neural tube. However, we found several cell
adhesion proteins were expressed similar quantities embryos in embryos with open neural
tubes compared to embryos with closed neural tubes. While the signal may not promote
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cell adhesion proteins, it likely organizes the neuroepithelium through initiating cellular
polarity in the neuroectoderm to form a closed anterior neural tube.
This research has improved our model for zebrafish anterior neurulation, but
several gaps in knowledge still remain for our model and understanding of neurulation.
The three main areas that should be the focus for further studies include
mesendodermal/mesodermal tissue induction, mesendoderm/mesoderm to neuroectoderm
signal identification, and role of cell adhesion proteins definition. Within these three
areas, several research projects can be outlined. Future studies should work to fill these
knowledge gaps and further refine our neurulation model.

Mesendodermal/mesodermal tissue induction
Further studies of the FGF signaling requirement in neurulation
Using the FGF signaling inhibitor, we determined the temporal requirement for
FGF signaling in anterior neurulation, demonstrated FGF signaling reduction causes
specifically anterior NTD, and found FGF signaling induces or maintains mesoderm, but
not mesendoderm. While these findings enhanced our understanding of the role of FGF
signaling in anterior neurulation, research still remains to find which FGF ligands and
receptors are required for anterior neurulation. Additionally, we need to establish the
combined roles of FGF and Nodal signaling for mesendoderm/mesoderm tissue induction
and maintenance.
To examine the individual FGF signaling ligands and receptors, CRISPR/Cas9
should be used to knockout each gene to create individual mutant zebrafish lines. Once
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individual mutant lines are characterized, double and triple mutant lines should be formed
through crossing individual mutant lines or making a double or triple knockout with
CRISPR/Cas9. It is likely several FGF signaling ligands and receptors are necessary for
mesoderm induction or maintenance. By analyzing individual mutant lines as well as
double and triple mutant lines, we may be able to determine which part of FGF signaling
is required to form a closed anterior neural tube.
As discussed previously, Nodal and FGF signaling may work in feedback loops.
To study these feedback loops in the context of neurulation, we could perform two rescue
experiments to determine if Nodal signaling and FGF signaling have overlapping roles
for mesoderm induction or maintenance. In one experiment, embryos would be injected
with a constitutively activated form of the FGFRs (Ota et al., 2009). These embryos
would then be treated with the Nodal signaling inhibitor at a stage that would produce an
open neural tube phenotype. At 24 hpf, the embryos would be fixed and processed for
WISH to score the neural tube phenotype. If the open neural tube phenotype is rescued,
this suggests FGF is sufficient for neural tube closure in the absence of Nodal signaling
and may induce mesodermal tissues as well as maintain their development. In contrast, if
the phenotype is not rescued, FGF likely maintains mesoderm but not induce this tissue,
which could be verified by analyzing tissue presence.

Mesendodermal/mesodermal quantification
In our Nodal signaling studies, we found that no single
mesendodermal/mesodermal tissue was required for neurulation. However, our work
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suggested a certain overall amount of mesendodermal/mesodermal tissue presence
necessary for neural tube closure. While our initial work supports this, a more
comprehensive study is needed to determine the tissue presence requirement. Defining
the mesendodermal/mesodermal tissues as well as the specific total tissue presence
required will help in determining the mesendoderm/mesoderm to neuroectoderm signal
and making the model complete. Unfortunately, our standard WISH protocols limit our
abilities to analyze the expression of multiple genes in the same embryo. Recently
published studies have established a multicolor fluorescent in situ hybridization (FISH)
technique that fluorescently labels up to three mRNA markers and allows for
colocalization analysis (Lauter et al., 2011). Using this approach, overall tissue presence
can be better quantified.
To quantify mesendodermal/mesodermal tissue presence for neurulation, embryos
with open neural tubes should be compared to embryos with closed neural tubes.
Embryos should be treated with either Nodal or FGF inhibitors at stages to induce both
open and closed neural tube phenotype, and embryos treated with DMSO would serve as
the control. All embryos would be fixed at 24 hpf prior to processing for fluorescent in
situ hybridization (FISH) following an established protocol (Lauter et al., 2011). Three
mesendodermal/mesodermal tissue marker probes would be used, so this process would
need to be repeated several times to examine the presence of all anterior
mesendodermal/mesodermal tissues. Processed embryos would be imaged using confocal
microscopy. The images would be analyzed for fluorescence quantification using the
program FIJI in order to quantify the tissue presence of each tissue. Total tissue presence
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would be averaged among the embryos of each treatment type. These averages could be
compared between treatments with open and closed neural tube phenotype embryos to
determine total mesendodermal/mesodermal tissue presence required for neural tube
closure.
By comparing results for the Nodal and FGF treated embryos, it can be
determined if mesendoderm presence should be considered as a requirement for anterior
neurulation. The data from this study will provide insights about the
mesendoderm/mesoderm to neuroectoderm signal. Our RNAseq dataset identified many
potential signal(s), but better understanding the tissues involved in this signal will allow
for more refined criteria when considering potential signals.

Mesendoderm/mesoderm to neuroectoderm signal identification
Further studies of canonical Wnt signaling in neurulation
The initial studies of canonical Wnt signaling suggest over activating this
pathway does not result in an open neural tube phenotype in wildtype zebrafish embryos.
This data was surprising as our RNAseq screen suggested embryos with open neural
tubes had reduced inhibition of the signaling pathway. Several studies have already been
suggested to verify the LiCl data in this thesis. One important study includes improving
the LiCl experiments by using a neural tube roof plate marker in addition to the pineal
marker. This study is required since a large portion of the embryos examined did not have
any pineal expression for two separate markers. It may be possible that canonical Wnt
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signaling over activation causes open neural tubes but was not detected due to
posteriorizing effect of this signaling pathway.
Utilizing CRISPR/Cas9 to create mutant lines for several genes associated with
the canonical Wnt signaling pathway should be considered. The canonical Wnt signaling
inhibitor dkk1b would be a main candidate gene for knocking out using this technique. In
our RNAseq screen, dkk1b was one of the most differentially expressed genes with
reduced expression in embryos with open neural tubes compare to embryos with closed
neural tubes. If dkk1b knockout embryos have an open neural tube phenotype, this would
suggest canonical Wnt signaling inhibition is required for anterior neurulation. In
contrast, if these embryos had a closed neural tube, it would suggest canonical Wnt
signaling is not required for anterior neurulation. With either result, mutant lines for other
canonical Wnt signaling genes should be made because it is possible dkk1b may have
other roles in neurulation besides inhibiting this pathway.

Using proteomics to better understand early signaling in neurulation
Our RNAseq screen identified many potential mesendoderm/mesoderm to
neuroectoderm signals. While we have worked to narrow down the signal(s), it will be
difficult to test every gene that was differentially expressed in our screen by
characterizing mutant zebrafish lines or exposing embryos to pharmaceutical treatments.
To hasten our testing, we could perform a proteomics screen to compare the proteins in
embryos with open and closed neural tubes at times points similar to our RNAseq screen.
The results of the proteomics screen could be compared to the RNAseq screen dataset. If
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both the transcript and protein of the same gene are differentially expressed, this would
suggest that gene is likely important for neurulation. Additionally, a proteomics screen
may provide insights into any post-transcriptional regulation that cannot be obtained from
the RNAseq screen alone.
Furthermore, qualitative techniques such as immunohistochemistry are useful for
gathering spatial data. However, it is difficult to quantify fluorescence accurately. In our
beginning study on cell adhesion proteins, we found these proteins were present in
embryos with open neural tube phenotypes. While these data suggest adherens junction
proteins are not down regulated in embryos with open neural tubes, it is important to use
a quantitative measurement to determine if there is a difference in amount of proteins
present between embryos with closed and open neural tubes. A proteomics screen would
allow us to make these comparisons for the proteins tested in the immunohistochemistry
study as well as all other cell adhesion proteins. This approach would allow us to make
more accurate conclusions and form better hypotheses for our neurulation model.

Defining the role of cell adhesion proteins
Cell adhesion protein cellular localization
The initial cell adhesion data suggests embryos with open and closed neural tube
phenotypes have relatively similar amounts of each individual protein tested. Further
work remains to quantify the cell adhesion proteins, but the neural tube morphology
defect still likely results from a difference in cell adhesion proteins between embryos
with closed and open neural tube phenotypes. We hypothesize that the disrupted neural
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tube morphology may result as a change in cell adhesion protein localization from at the
cell membrane to within the cell. Alternatively, the cell adhesion proteins in the open
neural tube may still localize to the cell membrane but may not maintain a normal cell
polarity. Supporting this hypothesis, previous work in our laboratory found that Ncadherin expression was not localized to the cell membrane in mutants with an open
neural tube phenotype (Aquilina-Beck et al., 2007).
To test this hypothesis, embryos treated with the Nodal inhibitor at stages to
produce open and closed neural tubes, as well as control embryos. Inhibitor treated
embryos should be used because neural tube phenotype cannot be determined or
predicted at stages prior to neural tube closure in mutant lines. Treated embryos would be
fixed and embedded in agarose before being sectioned through the otic vesicle, a
morphology present in embryos with closed and open neural tubes, using a vibratome.
These sections would be processed for immunohistochemistry. Each section would be
labeled with an antibody or stain for the cell membrane, cell adhesion protein, and nuclei.
Sections would be imaged with confocal microscopy and the images would be analyzed
with the program FIJI.
Cell adhesion proteins, such as members of the classical cadherin family, are
expected to be localized at the cell membrane. Each image could be examined for
colocalization of the cell adhesion protein with the cell membrane. Additionally, the
nuclei marker can help in deciding if cell polarity is altered, as the nucleus is found on the
basal side and adherens junctions are on the apical side of the cell. By comparing
embryos treated with the same inhibitor but with different neural tube phenotypes,
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differences observed in cell adhesion protein localization and polarity can be assumed to
be due to the neural tube phenotype and not the inhibitor treatment.

Using β-catenin localization for insights on adherens junctions and canonical Wnt
signaling
The localization of β-catenin may provide information about both cell adhesion as
well as canonical Wnt signaling in anterior neurulation. Unbound cytoplasmic β-catenin,
known as free β-catenin, is required for driving transcription of canonical Wnt signaling
pathway targets (Heuberger and Birchmeier 2010, Reiss et al. 2005). When β-catenin is
used for canonical Wnt signaling, it is localized to the nucleus, but in the adherens
junction, β-catenin is localized to the cell membrane on the intracellular region of the
cadherin. Earlier work demonstrates the formation of adherens junctions reduces the free
β-catenin pool, and as a result, inhibits the Wnt signaling pathway (Reiss et al. 2005). If
we find β-catenin is localized more in the nucleus in embryos with open neural tubes
compared to closed neural tubes, we could conclude β-catenin is being utilized for
canonical Wnt signaling to confirm the results of our RNAseq data. Further, this result
could suggest an explanation for reduced adherens junction localization to the cell
membrane, if found in the cell adhesion localization studies. Overall, this could provide
an alternative role for the canonical Wnt signaling pathway in zebrafish anterior
neurulation.
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Figure 1. Timeline and updated zebrafish anterior neurulation model. The black
arrows and writing show our original broad anterior neurulation model. The red arrows
and writing highlight the updates made to the broad anterior neurulation model from the
research described in this thesis. With the updated model, we were able to add
developmental time points to better explain our model in the context of zebrafish
development. The question marks for canonical Wnt signaling indicate that while our
initial research suggests downregulation of canonical Wnt signaling is not required for
anterior neurulation, more studies need to be performed to completely rule out a role
canonical Wnt signaling.
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