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Abstract

The mechanisms underlying mammalian neural tube closure remain poorly understood. We report
a unique cellular process involving multicellular rosette formation, convergent cellular protrusions,
and F-actin cable network of the non-neural surface ectodermal cells encircling the closure site of
the posterior neural pore, which are demonstrated by scanning electron microscopy and genetic
fate mapping analyses during mouse spinal neurulation. These unique cellular structures are
severely disrupted in the surface ectodermal transcription factor Grhl3 mutants that exhibit fully
penetrant spina bifida. We propose a novel model of mammalian neural tube closure driven by
surface ectodermal dynamics, which is computationally visualized.
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1. Introduction

The neural tube is the embryonic precursor structure of the brain and spinal cord. During
mammalian neurulation, neural tube closure initiates at the border region of the future brain
and spinal cord, and the closure spreads rapidly towards both anterior and posterior
directions to seal up the brain and spinal cord [1,2]. Defective closure of the neural tube may
cause neural tube closure defects (NTDs), which is among the commonest and severest
structural birth defects in humans [3-6]. Among various anatomically distinct NTDs, spina
bifida, resulted from defective caudal neural tube closure, is the commonest NTDs affecting
numerous liveborn infants [7,8]. Mutant mice have been long and widely used to address the
cause and prevention of human neural tube defects [9-14]. Thus, understanding the basic
mechanisms of normal and defective neural tube closure, particularly, the spinal neurulation
in the mouse model, is both scientifically and clinically significant.

The neural tube arises from the neural plate flanked by the non-neural surface ectoderm.
Numerous studies focused on the apical constriction of the neuroepithelial cells and neural
plate bending [15-17], while little is known about the role of the non-neural surface
ectodermal cells in neural tube closure. It has been long known that cellular protrusions
(referred as ruffles or lamellipodia) present at the dorsal tips of mouse neural folds [18,19].
A recent study shows that these cellular protrusions are regulated by small GTPase Racl and
may be extended from the surface ectodermal cells during mouse spinal neurulation [20].
Nevertheless, it remains unknown how these cellular protrusions are generated and whether
these cellular protrusions and related surface ectodermal cells play an active role in neural
tube closure.

In this study, we found unique cellular structures of the non-neural surface ectodermal cells
that form multicellular rosette-like structures and convergent F-actin protrusions and cable
network encircling the closure site during posterior neural tube closure, which are severely
disrupted in the mutant mouse models with fully penetrant spina bifida. These results
provide evidence for a novel neural tube closure model driven by the non-neural surface
ectodermal cell dynamics, which is computationally visualized.

2. Materials and methods

2.1. Animals

The Grhl3°"¢ knock-in mouse line [21] was acquired through the Mutant Mouse Resource &
Research Centers (MMRRC) at UC Davis. Rosa26-mT/mG reporter mice [22] were
acquired through the Jackson Laboratory. All research procedures using laboratory mice
were approved by UC Davis Animal Care and Use Committee and conform to NIH
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guidelines. Pregnant, timed mated mice were euthanized prior to cesarean section. The noon
of the conception day was designated as EQ.5.

2.2. Scanning electron microscopy (SEM)

SEM was carried out as previously described [23]. Briefly, mouse embryos were fixed in
2.5% glutaraldehyde and 2% paraformaldehyde (PFA) in PBS and dehydrated in a graded
ethanol (200 proof) series. Hexamethyldisilazane (HMDS) was used for the final drying of
samples. The treated embryos were mounted on aluminum stubs and then sputter coated
with gold (Pelco Auto Sputter Coater, Ted Pella) for scanning electron microscopy (Phillips
XL30 TMP, F.E.I. Company, Hillsboro, OR, USA).

2.3. Wholemount immunofluorescence, F-actin labeling, and confocal microscopy

Mouse embryos were dissected into ice-cold PBS and fixed in 4% PFA in PBS overnight in
the cold room. Wholemount immunofluorescence was performed according to standard
protocols with slightly modifications. Briefly, fixed embryos were washed three times for 30
minutes each time in PBS with 0.1% TritonX-100, blocked in PBS with 0.1% TritonX-100
and 5% donkey serum for 2 hours, incubated in diluted primary antibodies in PBS with 0.1%
TritonX-100 and 1% donkey serum overnight in cold room with gentle rocking, washed
three times for 1 hour each time in PBS with 0.1% TritonX-100, incubated in diluted
secondary antibodies in PBS 0.1% TritonX-100 and 1% donkey serum for 4 hours, washed
three times for 30 minutes each time in PBS with 0.1% TritonX-100 by gentle rocking,
counter-stained in PBS with 1pg/ml DAPI for 20 minutes with gentle rocking. The
antibodies and dilutions were as following: Rabbit anti B-tubulin (1:100, Cell Signaling), Rat
anti-E-cadherin ((1:300, EMD Millipore), and Alexa 488 donkey anti-rabbit or rat 1gG
(1:200, Invitrogen). Alexa Fluor Phalloidin (1:100, Invitrogen) was used for F-actin staining.
The stained embryos were transferred to a Petri dish with 4% agarose (for positioning
embryos) filled with PBS for confocal imaging (Nikon Al confocal laser microscope with
NIS-Elements C software).

2.4. Dynamic visual modeling of neural tube closure at single-cell resolution

Using our scanning electron microscopy and immunofluorescence confocal micrographs as
references, a dynamic closure model of the mouse caudal neural tube was created by a
digital sculpting software Pixologic ZBrush. This 3D model was imported into a computer
animation & modeling software Autodesk Maya and a custom animation rig was developed
to visualize the dynamic closure process at single-cell resolution. In addition, convergent F-
actin protrusions and F-actin cables were modeled and rigged separately in Maya. This
dynamic model was rendered into a series of images from Maya and imported into Adobe
After Effects for compositing and creation of the final video.

3. Results

3.1. Scanning electron microscopy reveals multicellular structures of non-neural surface
ectodermal cells during posterior neural tube closure

Using scanning electron microscopy (SEM), we found a large rosette-shaped multicellular
structure that is formed by surface ectodermal cells and is converged with clustered cellular
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protrusions at the leading midline fusion site of the mouse posterior neural pore (PNP)
around embryonic day (E) 9.5 (around 24-somite stage (ss24)) (Fig. 1A and E). This large
midline rosette has partial opening with the pending closure gap towards the posterior
direction. Around ss28 (Fig. 1B and F), two large midline rosettes with convergent
protrusions are found at both anterior and posterior leading fusion sites, consisting of 10 to
14 visible cells (no. 1 & no. 7 in Fig. 1F). Between these two midline rosettes, there are 5
paired partial rosettes/protrusions (no. 2 to no. 6 in Fig. 1F) located at the opposing sides of
the pending closure gap of the PNP. Along the pending closure edge, one or two visible and
elongated cells contribute to two adjacent rosettes and protrusions. Around ss32 (Fig. 1C
and G), the last two midline rosettes/protrusions (labeled no. 3 and no. 4 in Fig. 1G,
presumably equivalent to the same numbers for the regions with the largest pending closing
gap in Fig. 1F) merged through a shortened surface ectodermal cell on each side of the final
midline epithelial fusion site. These SEM observations strongly suggest that each rosette-
forming cell generates cellular protrusions that are intermingled and converged together to
mediate surface ectodermal cell fusion at the leading midline closure site, to seal up the
pending closure gap, and to complete the final midline closure process. These observations
indicate that the surface ectodermal rosette formation and convergent cellular protrusions
may play a previously unrecognized active role in neural tube closure.

3.2. The rosette formation and convergent F-actin protrusions are disrupted in the
surface ectodermal Grhl3 mutants with fully penetrant spina bifida

To demonstrate this speculation, we examined these unique cellular processes in the surface
ectodermal mutant mice that exhibit fully penetrant spinal NTDs. Indeed, the surface
ectodermal rosette formation and convergent protrusions are severely disrupted in the mutant
PNPs of Grhl3¢e/Cre (Grhi3-KO) [21] mouse embryos at E9.5 (Fig. 2). The grainyhead-like
transcription factor Grhi3 is predominantly expressed in the surface ectodermal cells and is
required for epidermal development and neural tube closure (particularly, spina bifida) [24—
27]. In addition to the missing midline rosette and protrusions at the fusion site, small
rosettes centered with visible protrusions are abnormally located away from the closure edge
in the Grhl3-KOPNPs (Fig. 2A and B). Together, these results demonstrate that a local
signaling cascade mediated by transcription factor Grhl3 is required for the surface
ectodermal rosette formation and convergent cellular protrusions to promote PNP closure.

3.3. Genetic fate mapping and immunofluorescence confocal microscopy demonstrate
the surface ectodermal nature of the rosette-forming cells that generate the F-actin
protrusions and cable network during posterior neural tube closure

To further demonstrate the role of surface ectodermal cells and the nature of the cellular
protrusions in neural tube closure, we conducted genetic fate mapping by crossing
GrhI3¢r®* mice with the Cre reporter Rosa™7/MG mice [22], in combination with F-actin
labeling by fluorescence-conjugated phalloidin (Fig. 3). We found that the rosette-forming
cells are Grhl3-expressing lineage cells that wrap the opposing dorsal tips of the pending
closing PNP (Fig. 3A and Al). These cells generate the F-actin-based cellular protrusions
(Fig. 3B and B1), evident by the complete overlapping of the fate-mapped membrane EGFP
and F-actin labeling (Fig. 3C and C1). At the leading closure site, the EGFP/F-actin
colabeled cellular protrusions merge at the midline connecting the opposing tips of the
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dorsal PNP (Fig. 3A2-C2). At the newly closed dorsal midline, the EGFP-labeled cells
attached or fused to each other, bridging the dorsal neuroepithelial cells on each side of the
PNP (Fig. 3A3-C3). Notably, the rosette-forming cells also generate a large and tangentially
oriented F-actin cable network with a cable running anteriorly from the leading fusing site
along the recently closed midline, and two cables separated from the leading fusion site
running posteriorly along the edges of the pending closing gaps (Fig. 3B,B3,C,C3). The
posteriorly running F-actin cables have recently been shown to form a cable ring connecting
cellular protrusions around the pending closure site and to play a role in biomechanical
coupling for PNP closure at late somite stages [28]. The surface ectodermal nature of these
rosette-forming cells wrapping along the dorsal edges of the PNP is also demonstrated by
the immunolabeling of B-tubulin or the surface ectoderm adherens junction marker E-
cadherin (Fig. 4A and B). Although E-cadherin immunolabeling also shows some signals in
the neuroepithelial cells, it has been used to support that the non-neural surface ectoderm
wraps around neural ectoderm right before the neural folds meet during mouse cranial neural
tube closure [29]. Our genetic fate mapping and immunolabeling results provide conclusive
evidence for the non-neural surface ectodermal nature of the rosette-forming cells (Fig. 4C)
that wrap around the pending closure tips and fuse at the dorsal midline by merging the
convergent cellular protrusions during posterior neural tube closure.

3.4. Computational visual model of the dynamic neural tube closure process driven by
non-neural surface ectodermal cells and F-actin dynamics

Based our SEM, genetic fate mapping, and immunolabeling results, we propose a dynamic
model of PNP closure driven by surface ectodermal rosette formation and F-actin protrusion/
cable network (Fig. 4D & Movie 1). Each rosette-forming cell generates polarized F-actin
protrusion that converges at the center of the rosette to form a large cluster of F-actin
protrusions. There are one or two elongated cells running along the F-actin cable. Both ends
of these cells generate F-actin protrusions connecting two adjacent rosettes. Thus, the
convergent protrusions of the adjacent rosettes generate the force to tighten the F-actin
cables between them and to pull the paired rosettes toward the midline. When the first pair
(next to the leading fusion site) of rosette protrusions meet and fuse at the midline, a
transiently existing full rosette will form at the midline, resulting in one-cell length closure.
Sequentially, it will start the next full rosette formation when the next paired rosettes meet at
the midline, and so on, advancing the PNP closure (Fig. 4D & Movie 1).

4. Discussion

The current study revealed novel mechanisms of mouse neural tube closure driven by the
non-neural surface ectoderm cells. Neural tube closure involves dynamic morphogenetic
movements, such as convergent extension, neural plate bending, and apical constriction of
neuroepithelial cells. However, the role of the non-neural surface ectodermal cells in neural
tube closure remained poorly understood until recently. Meanwhile, the dynamics of
mammalian neural tube closure has been understudied due to the challenge of live imaging
experiments for in utero development [30]. The Niswander group has pioneered ex vivo live
imaging of mouse neurulation and revealed several important findings in cranial neural tube
closure, including the filopodia- and lamellipodia-like cellular projections from the non-
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neural ectoderm and membrane shuttling during cranial neural tube closure [29,31,32].
These findings suggest an active role of the non-neural surface ectodermal cells in
mammalian neural tube closure. However, it remains unknown how these cellular
projections are generated and whether they are essential for cranial neural tube closure. It
also remains unclear if similar cellular dynamics may occur during spinal neurulation, which
should be addressed in future live imaging studies.

Our SEM, genetic fate-mapping, and gene-targeting results clearly demonstrate that the non-
neural surface ectodermal cells form rosette-like multicellular structures that generate the F-
actin-based convergent protrusions for dorsal midline fusion during spinal neurulation,
which are disrupted in the surface ectodermal mutants of Grh/3-KO mice that exhibit fully
penetrant spina bifida [24]. The surface ectodermal role of Grhi3 in PNP closure is further
demonstrated by its expression timing and conditional ablation of Grhl3 in the
neuroepithelium using NkxI-2"€, which generated no spina bifida [33]. Together, these
results demonstrate that Grhl3 is required for non-neural surface ectodermal rosette
formation and convergent cellular protrusions to fuse the dorsal midline during PNP closure.
Intriguingly, conditional ablation of Grhl3 in the hindgut using Sox7¢" generated partial
penetrant spina bifida, supporting the hypothesis that diminished Grhl3 expression in the
hindgut maybe the cause of spina bifida in the curly tail mice with a hypomorphic Grhl3
allele [33]. Increased expression of Grhl3 can rescue spina bifida in the curly tail mice [27],
but transgenic overexpression of Grhl3 also causes spina bifida [34]. It would be important
to examine whether non-neural ectodermal rosette formation and F-actin dynamics are intact
or disrupted in Gral3"". Sox1 7" (hindgut ablation), curly tail (hypomorphic Grhl3), or
homozygous TgGrh/3 (gain-of-function) mouse embryos during spinal neurulation.

We have previously demonstrated that canonical Wnt/beta-catenin signaling regulates
transcription factors Pax3 and Cdx2 to promote spinal neural tube closure in mice [35].
Nevertheless, it remains unknown if Pax3 and Cdx2 also play a role in the surface
ectodermal dynamics during neural tube closure. Grhl3 has been suggested to act
downstream of canonical Wnt signaling to specify the neural plate border cells during mouse
neural tube closure [36]. Therefore, it is highly possible that Wnt/beta-catenin signaling also
regulates Grhl3 to promote surface ectodermal morphogenesis and F-actin dynamics for
neural tube closure. Significantly, the Drosophilahomologue Grainyhead (grh) is required
for dorsal closure that is an analog event of neural tube closure and wound healing in
vertebrates [37], suggesting an evolutionally conserved role of Grhl transcription factors in
epithelial closure processes, with potentially varied cellular mechanisms among different
anatomical regions and species.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Non-neural ectodermal cells form multicellular rosettes during mouse PNP
closure

. Rosette-forming cells generate convergent F-actin protrusions and cable
network

. Rosettes and protrusions are disrupted in the surface ectodermal Grhl3-KO
mutants

. Computational modeling visualizes the stepwise closure of mouse PNP
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Fig. 1.

Sugrface ectodermal rosette formation and convergent cellular protrusions during the normal
closure of the posterior neural pore (PNP) in the wild-type mouse embryos. (A-D) Dorsal
views of the caudal mouse embryos with a large ongoing PNP closure site at E9.5 around
ss24 (A), a late closure site at ss28 (B), the final fusion site at ss32 (C), and a completely
closed neural tube at E10.5 around ss36 (D). (E) Enlarged view of the dashed rectangle in A
clearly shows a forming rosette of the surface ectodermal cells with convergent cellular
protrusions at the fusion site. Dashed arrow indicates the closure direction towards the
posterior end of the neural fold. (F) Enlarged view of the dashed rectangle in B demonstrates
a late closure site with the last seven paired rosette formation, including two midline
rosettes/protrusions located at the leading fusion sites (1 and 7) and five paired partial
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rosettes/protrusions (2 to 6) towards the midline fusion sites. (G) Enlarged view of the
dashed rectangle in C demonstrates the final fusion site with the last two merged rosettes and
convergent protrusions that are approximately equivalent to the rosette fusion sites of 3 and
4 in F. ss, somite stage.
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Fig. 2.
Disrupted rosette formation and convergent protrusions with defective PNP closure in the

surface ectoderm mutant mouse embryo at E9.5. The midline rosette formation and cellular
protrusions as seen in the normal control embryo (A) are severely disrupted in the defective
PNPs of Grh/3-KO mouse embryo. The dashed rectangles in A is enlarged in B. Arrows
indicate the defective leading fusion site by missing the midline rosette and protrusions.
Arrowheads indicate the relocated rosette protrusions away from the closure sites (B).
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Fig. 3.
Genetic fate mapping and F-actin labeling demonstrate an F-actin protrusion and cable

network generated by the rosette-forming surface ectodermal cells during PNP closure. (A-
C) Dorsal views of the PNP by co-labeling of the genetically fate-mapped Grhl3€"¢;EGFP
positive surface ectodermal cells (green) and phalloidin-labeled F-actin (red). Dashed lines
in B indicate the F-actin cables running through the closed midline (Zgp), the leading fusion
site (asterisk), and both edges of the pending closure sites (arrows). (A1-C3) Transverse
sections of the pending closing (A1-C1), leading fusion (A2-C2), and post-fusion (A3-C3)
sites, corresponding to the dashed lines in A.
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Fig. 4.
Immunolabeling of surface ectodermal markers endorses a novel model of PNP closure.

(A,B) Immunofluorescence for B-tubulin and E-cadherin on a transverse section of E9.5
mouse PNP demonstrating a single layer of the surface ectodermal cells (aashed lines)
which extend into the inner side of the dorsal PNP, and wrap up the dorsal tips where they
meet and fuse at the midline (asterisk). (C) A SEM micrograph of E9.5 PNP showing a
midline rosette and its convergent protrusion cluster at the leading fusion site (asterisk),
three adjacent rosettes and their respective protrusions (arrowheads) on each side of the
pending closure PNP. (D) A mechanistic model for PNP closure driven by surface
ectodermal rosette formation and F-actin protrusion/cable network. The convergent F-actin
protrusions from the rosette-forming cells generate the force to tighten the F-actin cables and
to pull the paired rosettes toward the midline. When the paired rosette protrusions of “1a”
and “1b” meet at the midline and fuse at “n1”, a transiently existing full rosette “n” will
form at the midline, resulting in one-cell length closure from “n” to “n+1”. Sequentially, it
will start the next full rosette formation of “n+1” when the next paired rosettes meet at “n
+2”, and so on, advancing the PNP closure. Dashed arrow indicates the closure direction
towards the tailbud.
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