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Abstract

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 sgf mutant
and Leftyl-overexpressing 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.
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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 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).
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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 ef a/., 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 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, sgt,
and cyc,sqt double mutants all exhibit open anterior neural tubes, as do embryos
overexpressing the Nodal signaling inhibitor Leftyl (Aquilina-Beck et a/., 2007; Lu et al.,
2013). In contrast, the posterior region of the neural tube is closed (Ciruna et a/., 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 (Aquilina-Beck 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 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).
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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 fwistand cart 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 neuroepithelium is already abnormal by
neural plate stages (Aquilina-Beck et a/., 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.

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 (Aquilina-Beck
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 signaling is required during a subset of this time
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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 ALK 4,5, and 7
Nodal specific receptors (DaCosta Byfield et a/., 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 uM 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 a/., 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 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 uM. The
penetrance of the open neural tube phenotype increased with increasing inhibitor
concentration, producing complete penetrance at doses of 10 uM and higher (Fig. 3; Table
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2). Similarly, the number of mesoderm-derived somites decreased with increasing inhibitor
concentrations (Fig. 3). At the 5 uM concentration and higher, embryos developed a cyclopic
eye phenotype (Fig. 3).

Embryos treated with 100 uM SB505124 exhibited phenotypes more severe than MZ oep
mutants (Fig. 3). In particular, MZ oep mutants typically have several somites in their tails.

In our 100 uM 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 MZ oep 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 uM and 20 uM of SB505124
from blastula stages through 24 hpf had similar phenotypes to MZ oep mutants, which lack
all Nodal signaling (Fig. 3) (Gritsman et al., 1999). However, when embryos were treated for
only 20 minutes, 75 uM 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 uM 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 inhibitor,
the timing of effect on neural tube closure remained the same (Fig. 4, Table 3). The timing
also remained the same when 20 pM SB505124 was used, suggesting any inhibition of
Activin-like proteins at the 100 uM dose was not contributing to the neural tube phenotype
(Supplemental Table 1). In all cases, treatment starting at 4.3 or earlier caused open neural
tubes, while treatment starting 4.7 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 sgf mutants and Lefty1 overexpressing

Genesis. Author manuscript; available in PMC 2017 July 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gonsar et al.

Page 6

embryos in a correlative approach. These embryos have variable mesendoderm/mesoderm
and neural tube phenotypes (Aquilina-Beck et al., 2007; Thisse et al., 2000). Four tissues
were assayed, including the prechordal plate mesendoderm-derived 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 a/., 1994; Vogel and Gerster,
1997). The prechordal plate underlies the presumptive anterior neuroectoderm during
gastrulation, when specification of the neuroectoderm is initiated (Schmidt et a/., 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 ¢ coefficient. =1
indicated an absolute positive correlation between a closed neural tube and hatching gland
presence, and ¢=—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 Leftyl overexpressing embryos (sgt ¢=0.2566; P=0.26;
leftyI mRNA injected: =0.61; P=0.000086).

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 (sgr ¢=0.39; P=5.4 x 107%; /eftyI mRNA injected ¢=0.49; P=4.6x1079)
(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 fwist 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 (sgr ¢=0.42, P=8.1 x 107%; /efty1
mRNA injected ¢=0.67, P=2.5 x 1075) (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 a/., 1990). We found a strong
relationship between head muscles in /effyZ mRNA injected embryos (¢=0.40, P=0.024), but
only a weak correlation in sgt (9=0.10; P=0.52;).
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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 (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 sgf 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 that ranged 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, 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 sgt mutant datasets, P=2.2 x 10716; SB505124 treated alone P=2.2 x
10716; sgt 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
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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 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 a/., 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 and floor
plate of the spinal cord) (Hatta et a/., 1991; Rebagliati et a/,, 1998; Sampath et a/., 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 a/., 2014). Further, the
pattern of gene expression in the developing neural tube (with the exception of ventral neural
tube markers) is remarkably normal in MZ oep 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-
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derived Oep or a slightly earlier onset of zygotic transcription, resulting in sufficient Oep
protein during the period when Nodal is required for neurulation.

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 sg¢t mutant and 4.3 hpf SB505124 treated embryos. There was a strong dose
dependent effect. With increasing total tissue scores, 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 a/., 1990; Solnica-
Krezel and Sepich, 2012). At the start of gastrulation, the mesendodermal cells move inward
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through the blastopore, 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 a/., 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 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 cell-cell signaling
pathways (ex. Sonic Hedgehog, Fibroblast Growth Factors, and Wingless Integrated) (Harris
and Juriloff, 2007, 2010; Londin et a/., 2005; Yamamoto éf 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.

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 sgt ¢Z5%
(Feldman et al., 1998), cyc ™94 (Schier et al., 1996), or casanova @6 (cas) (Chen et al.,
1996) mutations. WT, cyc, and cas embryos were incubated at 28.5 °C and sgtembryos 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 a/., 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 uM 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 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 uM 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 (cts/1b) (Mogel and
Gerster, 1997), paired box gene 2.1 (pax 2.1) (Pfeffer et al., 1998), floating head (fIh)
(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 (colZal) (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
sqtheterozygotes were identified by natural breeding or by Polymerase Chain Reaction
(PCR) using sg1°?3% 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 sgf 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.).

mMRNA injections

One to two celled stage ZDR embryos were pressure injected with 0.38-2.5 pg of /efty1
mMRNA 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

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 SB505124 concentrations
ranging from 0 pM to 100 uM 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 two-tailed 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 sgt, cyc, cas, and lefty 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 neural tube closure and
mesendodermal/mesodermal tissue presence was determined through the Phi Coefficient (¢).
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For co-analysis of hatching glands, notochord, and pineal morphology, sgt 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Stage at Onset of Oblong Sphere Dome 30% Epiboly
SB505124 Exposure: 4.0 hpf 4.3 hpf 4.7 hpf

Live image
stage of exposure

%

closed NT. closed NT.

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 pM 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 pm. Second row: Lateral
views anterior to the left, scale bar: 50 um. Third row: Dorsal views anterior to the top. Scale
bar: 50 um. Refer to Table 1 for quantitative data.

Live image
~ 24 hpf

otx5 expression
~24 hpf
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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 uM
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), f/his expressed in the developing notochord (arrow). (H) SB505124
treated embryos have partial reduction of notochord tissue. Scale bars: 250 um.

live embryo

SB505124 CONTROL
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SB505124 Live Embryos 24 hpf Pineal Phenotype
Dose Lateral Frontal Oval Elongated Divided

0 uM

0.1 uM

1 uM

5uM

10 uM

20 uM

50 uM

100 uM

Figure 3. Open neural tube phenotype is fully penetrant upon treatment with SB505124 at
concentrations of 10 uM 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 pum.
Second column: Anterior to the top. Scale bar: 100 um. 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 um. Refer to Table 2 for quantitative data.
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Stage at Onset  Live Embryos 24 hpf Pineal Phenotype
of SB505124
Exposure Oval Elongated Divided

3.8 hpf

High Oblong

Sphere
4.0 hpf

4.3 hpf

Dome
4.7 hpf

30% Epiboly

50% Epiboly
5.3 hpf

3.8 hpf

DMSO only
High Oblong

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 um. Second column:
Lateral views of whole embryos with anterior to the left and dorsal to the top. Scale bar: 250
um. Third column: Lateral views of whole embryos with anterior to the left and dorsal to the
top. Scale bar: 250 um. Third through fifth column: Embryos were assayed for otx5
expression in the pineal gland. Dorsal views, anterior to the top. Scale bar: 50 um. Refer to
Table 3 for quantitative data.

Genesis. Author manuscript; available in PMC 2017 July 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Gonsar et al.

Page 21

A 10-14 somites [ B 30 hpf

W hatching gland precursors (cst/1b)
M cephalic paraxial mesoderm (col9a2)
[l notochord (col2a1)
prechordal plate (gsc)
M pineal (epiphysis) (0tx5)
[l dorsal craniofacial muscles (smyhc2)
ventral craniofacial muscles (smyhc2)
[l 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 ef a/., 2008; Murakami et al., 2006;
Thisse et al., 2001).
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Figure 6. Positive correlation between a closed 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, co/lZal
in the notochord, and c¢st/16 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. sgtembryos have a range of neural tube, notochord, and hgg defects as
indicated. Note that, at this stage, co/Zal 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 sgtembryo 1 correspond to loss of all three tissues. The
narrow region of staining in sgfembryo 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 pm. (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, col9a2is expressed in the cpm (white arrowheads) and the ears

(white arrow) and the oix5 expressing pineal anlage (black arrowheads) is oval shaped
indicating a closed neural tube. (B-D") sgtembryos 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 pm.
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Figure 8. Correlation between presence of head muscles and neural tube closure in sgt mutants
(A-E) WT and sgtembryos were raised to 3 dpf and processed in tandem for smy#hc2, in the

head muscles (hm) and o£x5, 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) sgtembryos 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 um (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: cts/Zbin the hatching glands, pax 2.1,
col9a2 in cephalic paraxial mesoderm, and sh4 (for cas mutant) or co/2al 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 um.
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Figure 10. Correlation between total mesendodermal/mesodermal tissue presence and neural

tube phenotype

Combination of data from sg¢ 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 /Agg1 and colZa1 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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Increasing penetrance of NTD with increasing dose of Nodal inhibitor.

Table 2

Closed NT Open NT
SB505124 Dose  Oval Pineal  Elongated Pineal Divided Pineal Total
ouM 74 (100%) 0 (0%) 0 (0%) 74
0.1 M 73 (100%) 0 (0%) 0 (0%) 73
1uM 61 (100%) 0 (0%) 0 (0%) 61
5 uM 36 (55%) 10 (16%) 19 (29%) 65
10 uM 1 (1%) 8 (11%) 63 (88%) 72
20 pM 0 (0%) 53 (93%) 4 (1%) 57
50 pM 0 (0%) 1 (1%) 83 (99%) 84
100 pM 0 (0%) 1 (2%) 51 (98%) 52
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Table 3

Initiating treatment of embryos with 100 uM Nodal inhibitor at or before 4.3 hpf causes open neural tubes.

Closed NT Open NT

Stage at Onset of SB505124 Exposure  Oval Pineal  Elongated Pineal Divided Pineal  Total

High Oblong (3.8 hpf) 0 (0%) 32 (14%) 199 (86%) 231
Sphere (4.0 hpf) 9 (2%) 85 (18%) 308 (80%) 474
Dome (4.3 hpf) 209 (90%) 17 (8%) 3 (27%) 231

30% Epiboly (4.7 hpf) 452 (98%) 6 (1%) ™ 5 (19%) * 463

50% Epiboly (5.3 hpf) 178 (99%) 1 (0.05%) 1 (0.05%) 180

*
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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