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ABSTRACT

Human mutations in the planar cell polarity component VANGL2 are
associated with the neural tube defect spina bifida. Homozygous
Vangl2 mutation in mice prevents initiation of neural tube closure,
precluding analysis of its subsequent roles in neurulation. Spinal
neurulation involves rostral-to-caudal ‘zippering’ until completion of
closure is imminent, when a caudal-to-rostral closure point, ‘Closure 5’,
arises at the caudal-most extremity of the posterior neuropore (PNP).
Here, we used Grh/3°™ to delete Vang|2 in the surface ectoderm (SE)
throughout neurulation and in an increasing proportion of PNP
neuroepithelial cells at late neurulation stages. This deletion impaired
PNP closure after the ~25-somite stage and resulted in caudal spina
bifidain 67% of GrhI3°™®"*Vangl2F"F embryos. In the dorsal SE, Vang|2
deletion diminished rostrocaudal cell body orientation, but not
directional polarisation of cell divisions. In the PNP, VangI2 disruption
diminished mediolateral polarisation of apical neuroepithelial F-actin
profiles and resulted in eversion of the caudal PNP. This eversion
prevented elevation of the caudal PNP neural folds, which in control
embryos is associated with formation of Closure 5 around the 25-somite
stage. Closure 5 formation in control embryos is associated with a
reduction in mechanical stress withstood at the main zippering point, as
inferred from the magnitude of neural fold separation following zippering
point laser ablation. This stress accommodation did not happen in
Vangl2-disrupted embryos. Thus, disruption of Vangl2-dependent
planar-polarised processes in the PNP neuroepithelium and SE
preclude zippering point biomechanical accommodation associated
with Closure 5 formation at the completion of PNP closure.

KEY WORDS: Neural tube, Vangl2, Biomechanics, F-actin, Mouse,
Embryo

INTRODUCTION
Neural tube defects (NTDs) are severe neurodevelopmental
disorders which affect approximately one in every 1000 births
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(Morris et al., 2016). NTDs arise owing to failure of NT closure in
early gestation. In mammals, NT closure initiates at multiple sites
referred to as ‘closure points’, with Closure 1 at the hindbrain/
cervical boundary initiating cephalic and spinal neurulation. Spinal
NT formation involves a wave of ‘zippering’ that moves in a rostral-
to-caudal direction along the elongating spinal axis (Nikolopoulou
et al., 2017). The region of closing NT caudal to the ‘zipper’ is
called the posterior neuropore (PNP). It is composed of elevating
lateral neural folds that flank a midline neural plate. During spinal
neurulation, the neural folds become apposed medially, narrowing
the PNP and uniting at the zippering point to create the roof of the
newly formed NT, which is covered by surface ectoderm (SE).
Failure of this closure process leads to open spina bifida
(myelomeningocele).

Closure progresses along much of the length of the future spinal
cord through the combination of neural fold medial apposition and
zippering, with narrowing and shortening of the PNP. When
completion of PNP closure becomes imminent, a de novo closure
point, referred to as ‘Closure 5°, forms at the caudal extremity of the
embryo (Galea et al., 2017). This recently described closure point is
characterised by a change in PNP shape from a spade-like to
elliptical morphology, in which the elevated neural folds are
encircled by an F-actin ring-like structure with cytoskeleton-rich
protrusions forming at the caudal canthus of the PNP. Such
protrusions have been found to characterise the main zippering point
(Rolo et al., 2016), and their presence at Closure 5 suggests that it
also forms a (caudal-to-rostral) zipper. Closure 5 biomechanically
contributes to neural fold apposition as its laser ablation causes rapid
widening of the PNP (Galea et al., 2017). However, the mechanisms
underlying Closure 5 formation and its roles in the completion of
spinal closure are largely unknown.

The mechanisms underlying initiation of spinal closure are
crucially dependent on planar cell polarity (PCP)/van Gogh-like
(Vangl) 2 signalling. Global deletion of Vangl2 precludes
convergent extension movements required to narrow the neural
plate and form Closure 1 at the start of neurulation (Ybot-Gonzalez
et al., 2007b). Consequently, Vangl2~/~ embryos develop fully
penetrant craniorachischisis (Ramsbottom et al., 2014), precluding
analysis of Vangl2 roles in spinal neurulation. Nonetheless, various
lines of evidence suggest that Vangl2 does play substantial roles in
spinal neurulation, subsequent to closure initiation. In humans,
unique Vangl2 mutations have been associated with cases of
lumbosacral NTDs (Kibar et al., 2011). In mice, heterozygous
dominant-negative loop tail (Lp) mutation of Vangl2 causes distal
spina bifida in a large proportion of embryos when combined with
homozygous deletion of Sdc4 (Escobedo et al, 2013), or
heterozygous deletion of Ptk7 (Lu et al., 2004) or Sec24b (Merte
et al., 2010). Given that the locations of spina bifida lesions reflect
the somite level at which PNP closure ceases, each of these
examples of distal spina bifida suggest that Vangl2 is involved in
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late spinal neurulation, although its roles in completion of PNP
closure are poorly understood.

The cellular functions of Vangl2 in neurulation have
predominantly been studied in lower vertebrates and during early
stages of mouse neurulation. In the zebrafish neuroepithelium,
Vangl2 directs anterior-posterior cell polarisation and coordinates
the direction of cell division (Ciruna et al., 2006). A well-established
role of PCP signalling in various models is its regulation of the actin
cytoskeleton, at least in part by recruiting Rac GTPases to adherens
junctions (Lindqvist et al., 2010). Cytoskeletal regulation by Vangl2
is likely to be of relevance to spinal closure, given that combined
haploinsufficiency of Vangl2 and the actin regulator Shroom3 also
causes distal spina bifida in mice (McGreevy et al., 2015). This is
consistent with the evolutionarily conserved role of PCP signalling
in directing formation of supracellular F-actin cable-like structures
extending across neighbouring cells (Ossipova et al., 2015b; Monier
et al, 2010). Apical F-actin cables which form through a
PCP-dependent mechanism have been shown to contribute to
bending of the chick neural plate (Nishimura et al., 2012). F-actin is
normally enriched in the apical domain of the mouse
neuroepithelium, and supracellular F-actin enrichments have been
described in the anterior neural folds at early stages of mouse
neurulation (McGreevy et al., 2015). These apical enrichments are
disrupted by the Lp mutation (McGreevy et al., 2015). Consistent
with this disruption of apical F-actin, neuroepithelial cells in Lp
homozygous mutant mouse embryos are deficient in the process of
apical neighbour exchange involved in convergent extension
movements (Williams et al., 2014). Similar roles of Vangl2 in
cellular partner exchange have also previously been documented
in lower vertebrates, such as in epithelial radial intercalation in
Xenopus (Prager et al., 2017; Ossipova et al., 2015a).

Many of these studies in mice have depended on use of the Lp
allele, which has proven to be a tremendously valuable genetic tool
but is limited by its constitutive, global nature. The development of
a floxed allele of Vangl2 (Vangl2'") permits Cre-driven targeted
deletion (Ramsbottom et al., 2014). In this study, we selectively
deleted Vangl2 using the previously reported (Camerer et al., 2010)
Grhi3©. Expression of this Cre driver follows that of the
endogenous Grhil3 gene, with early expression in the SE from
embryonic day (E) 8.5 (when Closure 1 occurs) later followed by
scattered expression in the neuroepithelium from E9 (Camerer et al.,
2010; Rolo et al., 2016). Thus, in this study we disrupted PCP/
Vangl2 signalling in the Grhl3 expression domain in order to
interrogate this pathway’s roles in spinal neurulation.

RESULTS

The neuroepithelium and surface ectoderm of mid-
neurulation mouse embryos display features of planar
polarity

The PNP of mid-neurulation mouse embryos shows features of PCP
in both the neuroepithelium and SE. Both these cell types (as well as
the intervening mesoderm) express Vangl2 (Fig. 1A). We have
recently identified a supracellular F-actin cable (Fig. 1B) running
along the borders of the neural folds, where it colocalises with the
SE marker E-cadherin (Galea et al., 2017). This cable is also
enriched in phosphomyosin light chain (pMLC) II (Fig. S1).
Examination of apical F-actin in the PNP neuroepithelium revealed
a second type of F-actin enrichment: mediolaterally oriented
multicellular cell border enrichments (Fig. 1B-E). Similar
actomyosin enrichments were previously identified in the mouse
cranial neuroepithelium at earlier developmental stages (McGreevy
et al., 2015) and in epithelia of embryos from other species

Fig. 1. The neuroepithelium of mid-neurulation mammalian embryos
displays planar-polarised F-actin profiles. (A) Whole-mount
immunofluorescence image of an E9.5 mouse embryo stained for Vangl2,
showing expression in the posterior neuropore (PNP) as well as surrounding
surface ectoderm (SE). Vangl2 colocalisation with the SE marker E-cadherin
(E-Cad) is shown in an optical slice (located within the white line box next to the
zippering point, which is indicated by an asterisk). (B) Representative
phalloidin-stained E9.5 mouse PNP showing the presence of a supracellular
F-actin cable along the neural folds (arrows) and F-actin enrichment on the
apical surface of the PNP (white line box, enlarged in C-E). (C) Fire LUT of the
boxed area in B, highlighting F-actin enrichment in red. (D) The same image
shown binarised to illustrate ML profiles (cyan arrows) of enriched borders.
(E) Enlarged region from the boxed area in C, showing F-actin enrichment of
ML-oriented cell borders (cyan arrows) relative to RC-oriented borders
between them, forming a ladder-like pattern. Scale bars: 100 pm.

(Nishimura et al., 2012), and have been described as F-actin
‘cables’. In order to distinguish these neuroepithelial apical F-actin
enrichments from the much more extensive cable that can extend
over 0.5 mm along the neural folds of the mouse PNP, we will refer
to the mediolateral arrangements as ‘apical profiles’. pMLCII
staining in the apical neuroepithelium is more heterogeneous than
that of F-actin, but similarly forms mediolateral profile-like
enrichments (Fig. S1).

Analysis of putatively planar-polarised properties in the SE is
substantially confounded by deeper tissues, which are also
visualised by confocal micrographs (Fig. 2A; Fig. S2A). To
circumvent this, we developed an in-house macro, implementable in
ImagelJ, which allows selective analysis of the SE as the top cell
layer (Fig. 2A). Using this image processing tool, we initially
analysed the orientation of SE divisions, previously reported to be
preferentially mediolaterally (ML) and rostrocaudally (RC)
polarised (Sausedo et al., 1997). Preferential ML and RC
orientation of SE cell divisions occurring rostral to the zippering
point was confirmed in these analyses (Fig. 2B). The analyses also
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Fig. 2. The surface ectoderm of mid-neurulation mouse embryos displays
directionally polarised cell divisions and cell bodies. (A) Representative
dorsal view of an E9.5 mouse embryo whole mount stained for the surface
ectoderm marker E-cadherin (E-Cad). The same image is shown before (top)
and after (below) surface subtraction segmentation using an in-house macro,
allowing selective analysis of the tissue surface (e.g. exclusion of DAPI signal
from deeper cells). Although the cell dimension and orientation analyses could
only be performed in the relatively flat region of the dorsal midline (black
bracket), the angle of division analyses were performed over a larger region
(magenta bracket), owing to the small number of divisions directly in the flat
region, independently replicating a previous report (Sausedo et al., 1997).
(A") Representative mediolateral (ML) division (RC, rostrocaudal). The
magenta arrow indicates the orientation of division. (A”) lllustration of the
determination of cell orientation based on the long axis of an ellipse around the
cell borders. (B) SE divisions in the dorsal SE are preferentially RC and ML
oriented. Data represent 101 divisions from eleven 13- to 17-somite-stage
embryos. (C) The long axes of SE cells on the embryonic dorsal midline rostral
to the zippering point are polarised in a predominantly RC orientation. Data
represent 876 cell-long axes within one field of view rostral to the zippering
point from five 15- to 17-somite-stage embryos. ***P<0.001 versus the
expected proportions in a random distribution, 90° is RC. Scale bars: 100 ym.

revealed that SE cells overlying the closed NT along the embryonic
dorsal midline are preferentially RC oriented (Fig. 2A,C); however,
these analyses could not be extended beyond the dorsal midline
because of lateral tissue curvature.

Deletion of Vangl2 in the Grhl3 expression domain causes
distal spina bifida

Having identified planar-polarised cell behaviours putatively
influenced by PCP signalling, we disrupted this pathway by
deleting Vangl2 using Grhl3-driven Cre. Grhl3¢" recombines in the
SE throughout neurulation (Camerer et al., 2010) and also
recombines in the PNP particularly at later neurulation stages
(Fig. 3A; Fig. S2B). Consistent with Gral3“"* VangI2""* parent
stock mice being morphologically normal, Grhl3"*Vangl2™"
embryos did not show any differences in PNP closure compared
with Grhl3*/* embryos (Fig. S2C,D). Grhi3 " Vangl2™*, Grhi3**
Vangl2™" and Grhi3<** Vangl2™™* embryos were therefore
considered as ‘controls’.

Vangl2 deletion in the Grhl3 expression domain delayed PNP
shortening (Fig. 3B) and narrowing (Fig. S2E) at late-somite stages,
without affecting overall embryo elongation (Fig. S2G). This delay
in PNP closure tended to become evident around the 25-somite
stage (Fig. 3B; Fig. S2E), the approximate somite stage at which
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Fig. 3. Vangl2 deletion in the Grhl3 expression domain induces spina
bifida. (A) Representative 16-somite-stage PNP of a Grh/3¢®*mTmG embryo,
showing Cre-positive lineage tracing (green) in all surface ectoderm cells and
numerous neuroepithelial cells (within the dashed boundary) caudal to the
zippering point (indicated by an asterisk) at this stage. (B) Quantification of
PNP length in control (Grhl3**Vangl2F"F and GrhI3°™®*Vangl2F"*, see

Fig. S1B,C) and GrhI3°®*VangI2F"F E9-E10.5 embryos. Each point
represents an individual embryo; P<0.001 relates to linear regression slope
comparison between genotypes. (C) Representative E14.5 control and
GrhI3Cre*Vangl2FF! fetuses showing distal spina bifida and curled tail (arrows)
in the latter. (D) Representative 18-somite-stage, Vangl2 whole-mount-stained
control and GrhI3¢™'*Vangl2""F' embryo PNPs showing reduced Vangl2
staining intensity in the latter. (E) Quantification of mean neuroepithelial Vangl2
staining intensity normalised to DAPI in control and Grhi3¢™®*Vangl2 '
embryo PNPs, n=6, **P<0.01. Scale bars: 100 pm.

Closure 5 forms (Galea et al., 2017). Consistent with this, out of 24
Grhl3° Vangl2""F! embryos collected after E10.5, 67% had
distal spina bifida (Fig. 3C), 12% had a kinked tail without evident
spina bifida and the remaining 21% were morphologically normal.
Preceding this, by the 15- to 18-somite stages, Vangl2 expression
was abolished in the SE (Fig. S2F,H) and significantly diminished
in the neuroepithelium (Fig. 3D,E).

VangI2 disruption diminishes surface ectoderm and
neuroepithelial cell orientation

The orientation of SE cell divisions in Gral3<"* Vangl2™"""
embryos was significantly different from random (P<0.001 by
Chi-square test, compared with the expected proportions in a
random situation) and was not significantly different from that in
control embryos (Fig. 4A), again showing ML and RC
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Fig. 4. VangI2 deletion in the Grhl3 expression domain diminishes
polarised orientation of SE cells, but not the orientation of division.

(A) Orientation of SE division in the dorsal midline of 14- to 19-somite stage
control (124 divisions from 14 embryos) and GrhI3¢™®"*Vangl2""*' (94 divisions
from 13 embryos) embryos. There was no significant difference in SE division
orientation between the genotypes. The schematic illustrates the angle of
division (red line) of two daughter nuclei (blue circles) of a dividing cell.

(B) Orientation of SE cell-long axes along the dorsal midline of control (1080
cells from six embryos) and GrhI3¢™®/*Vangl2""F! (1098 cells from six embryos)
embryos. SE cells along the dorsal midline of GrhI3¢™*Vangl2F"" embryos
were significantly less RC oriented than those in controls. The schematic
illustrates the long axis (red solid line) of an ellipse drawn around each cell (red
dashed line). (C) Representative surface-subtracted E-cadherin staining of a
control and GrhI3¢™'*Vangl2""F' embryo, showing the orientation of cell-long
axes (cyan lines), with the zippering point at the left.

predominance. Vangl2 deletion did not alter the rate of SE division
(Fig. S3A). SE cell bodies along the embryonic dorsal midline were
also significantly RC oriented in Grhi3°** Vangl2™*! embryos
(P<0.001 by Chi-square test), but significantly less so than in control
embryos (Fig. 4B,C). Measures of SE cell shape including area,
aspect ratio and roundness were not significantly different between
genotypes (Fig. S3B-D). Thus, roles of Vangl2 in the SE include the
directional polarisation of cell bodies, but not the directional
orientation of their division.

In the neuroepithelium, we initially investigated whether Vangl2
disruption altered F-actin enrichments. The neural fold F-actin cable
and overall F-actin staining intensity were not significantly different
between Gral3<* Vangl2™*" and control embryos (Fig. 5A;
Fig. S4A-C). However, the ML neuroepithelial F-actin profiles were
substantially disrupted in Gril3<"* Vangl2"VF" embryos (Fig. 5;
Fig. S5). To quantify this, we initially calculated F-actin ML
enrichment scores based on the ratio of F-actin staining intensity
along ML- versus RC-oriented border, such that ratios greater than 1
indicate ML enriched profiles (illustrated in Fig. S5A). Enrichment
scores in control embryos were significantly greater than 1 (P<0.001
by one-sample Student’s #-test), whereas enrichment scores of
GrhI3<* Vangl2""F" embryos were not significantly different from

1 (P=0.164) and were significantly smaller than those of control
embryos (Fig. 5B,C).

Nonetheless, F-actin profiles were still subjectively visible in the
PNP of Grhl39 Vangl2™"" embryos (Fig. 5C,F). These
supracellular profiles were significantly less ML oriented than in
control embryos (Fig. 5C-F). As these profiles form in the apical
surface of neuroepithelial cells, we analysed these cells’ apical
orientations (Fig. S5B). Neuroepithelial apical surfaces were
significantly less ML oriented in Vangl2-disrupted embryos
(Fig. SE,F), without substantial differences in their dimensions
(Fig. S5C,D). Thus, the roles of Vangl2 in the PNP include ML
polarisation of F-actin profiles associated with ML orientation of
apical cell surfaces.

VangI2 disruption alters caudal neuroepithelial morphology,
precluding biomechanical accommodation at late stages of
PNP closure

Diminished Vangl2 function has previously been reported to alter
apical cell intercalation with minimal changes in the epithelial basal
domain (Williams et al., 2014). Consistent with a domain-specific
effect, the ratio of basal to apical neuroepithelial ML length was
significantly smaller in Grhl3“** VangI2""" mid-PNP relative to
controls (Fig. 6A). The apical neuroepithelial ML length was not
significantly different from the basal length in control embryos
(P=0.10 by Student’s t-test paired by embryo) in this minimally
elevated region of the neuroepithelium, but the apical length was
significantly longer than the basal length in Gril3"* Vangl2"""
embryos (P=0.01). PNP morphometric analysis also revealed that
elevation of the neural folds was significantly diminished in the
rostral PNP (25% of the PNP length from the zippering point), but
similar at the mid-PNP of Grhl3°"** Vangl2*"" compared with
control embryos (Fig. 6B,C). In the caudal PNP (75% of the PNP
length from the zippering point), the neural folds were everted in
GrhI3< Vangl2™VF! embryos relative to the apical surface of the
neuroepithelium, whereas in control embryos they were flat
(Fig. 6B,C).

Eversion of the PNP persisted towards the end of spinal
neurulation, producing a dorsal ‘bulge’ of midline neuroepithelial
tissue at a stage when, in control embryos, the midline neural plate is
flat and located between elevating caudal neural folds (Fig. 7A).
This tissue bulge intervened between the neural folds of Grhl3<7*
Vangl2™" embryos and prevented the PNP from adopting a
Closure 5 morphology: that is, an elliptical PNP encircled by F-actin
cables running along elevated neural folds with cytoskeletal-rich
protrusions at its caudal canthus (Fig. 7A). The presence of a caudal
PNP ‘bulge’ in Grhl3* VangI2"""" embryos was also visible in
live-imaged embryos (Fig. S6A). Functions of Closure 5 include
facilitation of medial apposition of the neural folds, as demonstrated
by laser ablation experiments in which its ablation results in lateral
recoil of the neural folds and widening of the caudal PNP (Galea
et al., 2017). In keeping with this finding, we observed that the
formation of Closure 5 around the 25-somite stage in control
embryos was associated with a reduction in PNP widening
following laser ablation of the rostral zippering point (Fig. 7C).
This suggests that formation of a biomechanically active Closure 5
diminishes or ‘accommodates’ the mechanical stress withstood by
the rostral zippering point when completion of closure is imminent.
The absence of Closure 5 from Gral3<¢ Vangl2""" embryos led
us to hypothesise that stress accommodation at late developmental
stages would not occur in this genotype. Experimental analysis,
by laser ablation of the main zippering point in Control and
Grhi3° Vangl2""F! embryos, strongly supported this hypothesis:
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there was no reduction in PNP widening following zippering point
ablation in Grhl3¢* Vangl2"™*! embryos with more than 25
somites, in contrast to controls that exhibited a significant reduction
in widening at this stage (Fig. 7C; Fig. S6B,C). We conclude that
biomechanical accommodation of mechanical stresses at the
zippering point facilitates the final stage of PNP closure under
normal circumstances, whereas, in the absence of Vangl2 function,
Closure 5 fails to form, the zippering point experiences supranormal
mechanical stress and closure fails, leading to distal spina bifida
(Fig. 7D).

Frequency (%)
Control

Grhi3Crevangi2FI/Fl

Frequency (%)

DISCUSSION

PCP is crucially required for the initiation of NT closure (Ybot-
Gonzalez et al., 2007b). Data from humans as well as mice suggest
that it also contributes to completion of spinal closure. Here, we
demonstrate that planar-polarised cellular features are evident in
both the SE and neuroepithelium of mid- to late-neurulation mouse
embryos.

The SE contributes to PNP closure, at least in part, through the
formation of zippering protrusions (Rolo et al., 2016) and by
secreting signalling molecules (Ybot-Gonzalez et al., 2007a).
Planar-polarised divisions in this tissue have previously been

Fig. 5. Vangl2 deletion in the Grhl3 expression domain
disrupts the polarised orientation of F-actin and apical
cell surfaces in the caudoventral PNP. (A) Representative
phalloidin-stained 16-somite control and Grhl3¢™®"*Vangl2'F
embryos, illustrating the presence of an F-actin cable along
the neural folds (magenta arrows; quantified in Fig. S4).

(B) The ratio of mediolateral (ML) to rostrocaudal (RC) F-actin
staining intensity was quantified in >35 PNP neuroepithelial
apical cell surfaces from each of nine control and
GrhiI3¢*Vangl2'f 16- to 18-somite embryos to derive an
enrichment score (median or ratios per embryo). This
process is illustrated in B’ and shown in more detail in

Fig. S5A. Enrichment scores were compared between
control and GrhI3¢®*Vangl2f"" embryos, **P<0.01 versus
control. (C) Representative magnified view of phalloidin-
stained apical surface of PNP neuroepithelial cells. Fire LUT
was used to highlight enrichments (white arrows).

(D,E) Analysis of the orientation of supracellular F-actin
profiles (D: control, 91 profiles from seven embryos;
GrhiI3°*Vangl2'F, 122 profiles from seven embryos) and
apical surface long axis (E: control, 3945 cells from five
embryos; GrhI3°™®/*Vangl2fF, 4324 cells from five embryos)
in control and GrhI3°™®"*Vangl2f"F embryos. ***P<0.001
comparing proportions in control versus Grhl3¢®"*Vangl2F'F,
(F) Inverted grey LUT of phalloidin-stained apical surface of
PNP neuroepithelial cells in a representative control and
GrhiI3¢®*Vangl2™"F embryo, illustrating the orientation of
apical surfaces (cyan lines) and F-actin enrichments (red
lines). Scale bars: 50 pm.

reported (Sausedo et al., 1997) and, at later developmental stages
when multi-layered skin has formed, core PCP components
influence the RC versus dorsoventral predominance of epidermal
cell divisions (Oozeer et al., 2017). Established roles of PCP
signalling in the skin include the RC orientation of dorsal hair
follicles (Devenport and Fuchs, 2008), although whether this
phenotype is influenced by the planar-polarised orientation of SE
cell bodies earlier in development is not known. Conditional
deletion of Vangll and Vangl2 with Cdx2“"¢ causes distal spina
bifida (Chang et al., 2016), similar to that seen with Gral3¢" in the
present study. Cdx2“"*-mediated deletion of Vangll and Vangl2
resulted in a near-complete (95%) penetrance of distal spina bifida,
tail truncation and retarded growth of the hind limbs, whereas
Grhl3° Vangl2"f! embryos in the present study had a lower
penetrance of distal spina bifida and a curled tail similar to that in
Vangl2™"* mutants. These differences might be caused by different
Cre expression domains [which in the case of Cdx29" is the
embryonic ‘posterior, including the epidermis’ (Chang et al.,
2016)], or to deletion of Vangll as well as Vangl2. In the present
study, we found that Vangl2 nonredundantly influenced the
orientation of SE cell bodies, but not of planar-polarised cell
divisions, suggesting that PCP signalling is active in this cell layer
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Fig. 6. Vangl2 deletion in the Grhl3 expression
domain results in a thinner, more caudally everted
PNP neuroepithelium. (A) Quantification of the
mid-PNP ratio between the basal and apical lengths of
the neuroepithelium in 16- to 18-somite-stage control
and Grhl3°™*Vangl27"F embryos, n=6 per genotype.
(A") llustrative, digitally enhanced (ImageJ local contrast
enhancement and mesoderm removed) PNP optical
cross-section through a control and GrhlI3¢™®/*Vangl2FF!
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embryo, showing the ML length of the apical (magenta
dashed line) and basal (cyan dashed line) domain of the
neuroepithelium in the control. Scale bar: 100 um.

(B) Quantification of neural fold dorsoventral elevation
between the apical neuroepithelium ventrally

(i.e. median hinge point in the rostral PNP) and the

25%

Grhi3Creyangl2Fl/Fl

even before NT closure is complete. SE cell morphometric analyses
were performed in embryos with 14-19 somites, before PNP
dimensions or zippering point tensions diverge significantly
between genotypes.

Recombination of Grhl3¢"¢ is largely SE-specific at early

developmental stages, but scattered Cre expression in the
neuroepithelium has previously been described (Rolo et al.,
2016). Neuroepithelial recombination is most evident from mid-
spine neurulation stages, consistent with the expression pattern of
the endogenous Grhl3 gene (Rolo et al., 2016; Gustavsson et al.,
2007). In the present study, Grhl3<"¢ reduced Vangl2 protein in both
the SE and neuroepithelium, although the proportion of recombined
neuroepithelial cells was variable, in contrast to the SE, where Cre
recombination occurred in effectively 100% of cells. Variability of
Cre recombination in the neuroepithelium could account for the
incomplete penetrance of the spina bifida phenotype.

Despite this variable reduction in neuroepithelial Vangl2
expression, the detailed morphometric analysis workflows used in
this study enabled substantial neuroepithelial tissue- and cell-level
disruptions to be documented in GriI3"* Vangl2""*! embryos. In
chick embryos, PCP-dependent ML contraction of apical F-actin
profiles elevates the neural folds by bending the neuroepithelium
(Nishimura et al., 2012). To our knowledge, the present study is the
first to document such profiles in the mid-neurulation mouse
neuroepithelium. We found that Vangl2 disruption prevents the
organisation of neuroepithelial apical F-actin into ML-oriented
profiles associated with ML orientation of apical cell surfaces. By
contrast, the biomechanically coupling F-actin cable (Galea et al.,
2017) along the neural folds is unaffected. This suggests
neurulation-stage epithelia are able to form Vangl2-dependent
ML F-actin profiles in the bending neuroepithelium, but use
Vangl2-independent mechanisms to form the F-actin cable along
the neural folds. Consistent with biomechanical coupling of
the PNP being intact, laser ablation of the zippering point caused
far-reaching PNP widening in Vangl2-disrupted embryos to a

50%

75% neural fold tips dorsally at 25%, 50% and 75% of the

PNP length from the zippering point (indicated in C).
Negative values indicate eversion (neural fold tips below
apical surface of the PNP), n=7 per genotype, 16-to 18-
somite stages. (C) Optical cross-sections through
representative cell mask-stained control and Grh/3¢™
*Vangl2F"F embryo PNPs illustrating neural fold
elevation or eversion (magenta arrowheads). Scale
bars: 50 ym. *P<0.05, **P<0.01 versus control.

similar extent as in control littermates at somite stages before the
formation of Closure 5. The presence and normal appearance of
these cables in future spina bifida Gril3<"* Vangl2™V*" embryos
suggests they are not, by themselves, sufficient to drive PNP
closure.

PCP/Vangl2 signalling is linked to actomyosin contractility
through a Dishevelled/Shroom3 pathway involving ROCK proteins
in mammalian cells (McGreevy et al., 2015). In E8.5 mouse neural
plates, phosphomyosin follows a planar-polarised distribution
similar to F-actin and its distribution is disrupted by Vangl2?/*»
mutation (McGreevy et al., 2015). Anisotropic actomyosin
distribution  suggests that neuroepithelial cells generate
mechanical force anisotropically, preferentially in the direction of
neural fold apposition. Quantification of the magnitude and
distribution of tension within this epithelium will, at the very
least, require careful analysis of targeted laser ablations of
ML- versus RC-oriented cell borders, which is beyond the scope
of the current investigation.

The most marked difference between genotypes observed in this
study was eversion of the caudal PNP, which was evident from mid-
spine neurulation levels and persisted as a neuroepithelial ‘bulge’ at
stages when Closure 5 normally forms. This, together with loss of
neuroepithelial F-actin profiles and apical cell surface orientation,
suggests that the neuroepithelium is the primary tissue in which loss
of Vangl?2 precipitates failure of PNP closure. Epithelial bending, as
exemplified by NT closure, occurs through a reduction in apical
surface length relative to basal length (Nishimura et al., 2012). This
was confirmed for control embryos in the present study, but the
opposite was seen in the everting neuroepithelium of Gra/3¢7¢™*
Vangl2™"" embryos. Although the basal neuroepithelium could not
be directly investigated in this study of mid- to late neurulation
embryos, previous live-imaging analysis of earlier stage embryos
(before axial rotation) concluded that extension of basal cellular
processes involved in convergent extension was unaffected by
homozygous Lp mutation of Vangl2 (Williams et al., 2014).
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Fig. 7. Vangl2 deletion in the Grhl3 expression domain disrupts biomechanical accommodation normally associated with Closure 5 formation.

(A) Representative phalloidin-stained control and Grhl3¢™/*Vangl2""F' embryos at the indicated somite stages (som). Control images indicate elevation

of the neural folds (cyan arrow in the optical cross-section through the distal PNP at the level of the white line) and subsequent formation of cytoskeletal-rich
terminal protrusions characteristic of Closure 5 (magenta arrow at 30 som). Grhi3°"®*Vangl2F"F images indicate eversion of the caudal neural plate tissue (cyan
arrow in cross-section) resulting in a tissue ‘bulge’ (white arrows) in the region where Closure 5 would usually form (31 som). (B) Schematic illustration of the
zippering point laser ablation methodology previously reported (Galea et al., 2017). After laser ablation of the zippering point and recently fused neural tube
(dashed red line), the change in PNP width (double-headed arrow) was quantified in live-imaged embryos. (C) Increase in PNP width at the zippering point
following laser ablation in control and Grhi3¢®'*Vangi2F"F embryos at the indicated somite stages. Shaded areas indicate the 95% confidence interval
around the linear regression. P-values for individual genotypes indicate that the regression slope of the control embryo data is significantly different from 0 and
that of the GrhI3¢™*Vangl2™'F embryo data is not. The comparison P-value indicates a significant overall difference between genotypes based on a linear
regression F-test. (D) Schematic of the proposed model of PNP closure (in the direction of the blue arrows). In control embryos, the PNP is biomechanically
coupled by long-ranging F-actin cables (solid green lines) linking the zippering point to ML-polarised F-actin profiles in the neuroepithelium (dashed green lines),
facilitating medial apposition of the neural folds. The zippering point withstands mechanical tension as evidenced by neural fold recoil observed following
laser ablation (red arrows). When completion of closure is imminent, this tension is shared with Closure 5, decreasing the magnitude of recoil when the zippering
point is ablated. By contrast, disorganised F-actin and cell alignment in the PNP of Grhl3¢®/*Vangl2f" embryos is associated with morphologically abnormal
Closure 5 and no reduction (biomechanical accommodation) in the magnitude of neural fold recoil with advancing somite stage.

Apical constriction was also diminished in Vangl2?"? embryos
prior to Closure 1 (Williams et al., 2014). By contrast, in the present
study, apical neuroepithelial surface area in fixed embryos and the
normalised overall intensity of F-actin staining were not
significantly different between genotypes. It is possible that
paraformaldehyde fixation masked dynamic differences in these
measures (Goodwin et al., 2016), although distinct supracellular
F-actin structures were clearly preserved despite fixation. In live-
imaged embryos at mid-spine neurulation stages, the lateral recoil of
the neural folds following zippering points laser ablation was not
significantly different in Gral3* Vangl2"""" embryos compared
with controls. Our previous biomechanical evaluation of PNP
stresses demonstrated that the zippering point withstands
RC-oriented stress in the direction of body axis elongation as well
as ML-oriented stress, which must be overcome to achieve neural

fold apposition (Galea et al., 2017). The analyses reported here
extend those observations by demonstrating that zippering point
tension is dynamic, decreasing at somite stages associated with
formation of Closure 5 as a distinct load-bearing structure (Fig. 7D).
Laterally tethering stresses are overcome, at least in part, thanks to
apical constrictions of the neuroepithelium between the neural folds
(Galea et al., 2017). The profiles form part of a larger F-actin
network extending to the biomechanically coupling F-actin cable.
However, disruption of Closure 5 formation in Grhl3* Vangl 2t/
embryos owing to eversion and eventual bulging of the caudal PNP
prevents stress accommodation (Fig. 7D). Divergence in zippering
point stress magnitude between the genotypes, evident from
around the 25-somite stage, coincided with the delay in the
progression of closure, as indicated by the decrease in PNP length
and width. This provides evidence that Closure 5 is not a ‘passive
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bystander’ in mammalian neurulation, but actively facilitates
completion of spinal closure.

A human equivalent of Closure 5 has previously been proposed
based on clustering of distal lumbosacral spina bifida lesions (Van
Allen etal., 1993; Seller, 1995). The anatomical location of Closure 5
suggests that it might also be involved in the transition to secondary
neurulation. Secondary neurulation defects in mice are believed to
include the characteristic kinked or looped tail seen in various mutant
models (van Straaten and Copp, 2001). This phenotype was also
evident in GrhI3“"*"* Vangl2"™*" embryos with spina bifida as well as
38% of embryos which achieved closure. The neuroepithelial
dorsoventral eversion observed in the present study, rather than ML
widening characteristic of PCP mutants (Curtin et al., 2003; Pryor
et al., 2012), suggests that Vangl2 functions extend beyond
convergent extension. The cellular basis of convergent extension
movements include ML cell intercalation, narrowing tissue
dimensions mediolaterally while extending rostrocaudally (Keller
et al., 2000). However, it is not clear whether ML cell intercalation
movements continue to narrow the late-stage PNP.

In conclusion, the mid- to late-neurulation mouse SE and
neuroepithelium show features of planar polarity consistent with
their expression of Vangl2. Vangl2 deletion in the Grial3¢"¢ domain
does not significantly impair the initiation of closure or its
progression until approximately the 25-somite stage, but
subsequently results in spina bifida. Our findings suggest that the
cause of spina bifida in GrhI3<"* Vangl2"" embryos is failure of
Closure 5 formation, resulting in excessive mechanical stress at the
rostral zippering point during late stages of closure (Fig. 7D). If
applicable to humans, these findings begin to explain why Vangl2
mutations are associated with distal NT lesions in a proportion of
human patients (Kibar et al., 2011; Juriloff and Harris, 2012) in
whom neurulation has progressed unperturbed along much of the
spinal axis, but fails when completion of closure is imminent.

MATERIALS AND METHODS

Animal procedures

Studies were performed under the UK Animals (Scientific Procedures) Act
1986 and the Medical Research Council’s Responsibility in the Use of
Animals for Medical Research (1993). Mice were timed mated overnight
and the morning a copulation plug was identified was considered as EQ.5.
Heterozygous Grhl3<"* and Vangl2™*" mice were as previously described
(Camerer et al., 2010; Ramsbottom et al., 2014), and were maintained on a
C57BL/6 background. To generate parent stock, Gral3“* males were
mated with Vangl2™"" females to generate Grhl3<**Vangl2™* mice,
which were morphologically normal. Grhl3¢* Vangi2™* males were
crossed with Vangl2"/F" females to generate embryos with the desired
genotypes. Yolk sacs were collected from each embryo and genotyping was
performed as previously reported (Rolo et al., 2016). Each embryo was
assigned a sequential code which did not reflect its genotype, such that all
analyses undertaken at developmental stages before a gross phenotype is
visible were performed blinded to genotype. No embryos were excluded
from analyses. Gt(ROSA)26Sor"™#ACTB-tdTomato.-EGFP)Luo; 1 (mTmG) double
fluorescent reporter mice, which show constitutive tdTomato expression,
which is converted to EGFP expression in Cre-recombined cells, were as
previously described (Muzumdar et al., 2007) and maintained on a
homozygous background.

Embryos were harvested at E9-E14.5 as previously described (Pryor et al.,
2012) and rinsed in PBS prior to fixation in 4% paraformaldehyde, pH 7.4. E9-
E10.5 embryos were imaged using a Leica DC500 camera to measure PNP
length and width and overall embryo length in Fiji (Schindelin et al., 2012).

Whole-mount staining
All images are representative of observations in at least four independent
embryos. Rabbit anti-Vangl2 [Millipore clone 2G4, as previously validated

(Belotti et al., 2012), 1:100 dilution], mouse anti-E-cadherin (BD
Transduction Laboratories clone 36, 1:200 dilution), pMLCII (Cell
Signaling Technology 3671T, 1:100 dilution), Alexa Fluor® 568-
conjugated phalloidin (Life Technologies) and Depp Red CellMask® were
used. Paraformaldehyde-fixed embryos were permeabilised in PBS with
0.1% Triton X-100 (PBT) for 1 h at room temperature, blocked overnight in
a 5% BSA/PBT at 4°C and incubated overnight in primary antibody diluted
in blocking solution at 4°C. Embryos were then washed three times for 1 h at
room temperature in blocking solution, incubated for 2h at room
temperature in a 1:300 dilution of Alexa Fluor® dye-conjugated
secondary antibodies (Thermo Fisher Scientific), 1:200 dilution of
phalloidin, 1:500 dilution of CellMask and 0.5 pg/ml DAPI in blocking
solution. Excess secondary antibody was removed by washing for 1 h in
blocking solution and a further two times for 1h in PBT at room
temperature. Images were captured on a Zeiss Examiner LSM880 confocal
using a 20x/1.0 NA Plan Apochromat dipping objective. Embryos were
typically imaged with X/Y pixel sizes of 0.59 pym and Z-step of 1.0 um
(speed, 8; bidirectional imaging, 1024x1024 pixels). Images were processed
with Zen2.3 software and visualised as maximum projections in Fiji. Look-
up tables (LUTs) used are in-built in Fiji, including the Fire LUT used to
emphasise regions of bright pixels (which appear hot over a darker blue
background).

Morphometric analyses

In order to selectively visualise the most superficial cell layer (surface
ectoderm), Z-stacks were digitally resliced such that the dorsoventral axis
was aligned to the image y-axis and the ML axis along the x-axis. An in-
house macro was then applied to binarise the image, identify the top (most
dorsal) surface and describe a band ~5 pm deep into the tissue. This band
was then used as a mask to subtract everything outside it. The resulting
image was then resliced perpendicularly to allow dorsoventral visualisation.
The macro and instructions for use are available from the corresponding
author on request.

Symmetry around the dorsoventral axis was assumed whenever
calculating angles. Orientation of SE division was analysed in surface-
subtracted projections rostral to the zippering point. Anaphase/telophase
cells were identified based on their characteristic nuclear morphology and an
angle was calculated between the centres of the two daughter nuclei.
Divisions identified over the closed dorsal NT and more laterally dorsal to
the pre-somitic mesoderm were analysed. SE cell morphometric analyses
were performed using Tissue Analyser (Aigouy et al., 2016) in Fiji, based on
maximum projections of E-cadherin-stained whole mounts. As tissue
curvature would substantially alter apparent cell dimensions, only a narrow
region approximately five to six cells on either side of the midline over the
dorsal NT within one field of view rostral to the zippering point were
analysed. Morphometric analysis of the apical surface of the
neuroepithelium was performed based on surface-subtracted F-actin
whole-mount maximum projections of the relatively flat caudal region of
the PNP (~60-90% of the PNP length from the zippering point). Cells at the
margins between the neuroepithelium and SE were not analysed.

PNP neural fold elevation and neuroepithelial cross-section analyses were
performed in digitally resliced images of CellMask-stained PNPs. CellMask
signal was digitally enhanced postacquisition using sequential local contrast
enhancement (CLAHE) in Fiji (block size 50, histogram bins 150,
maximum slope 3, then repeated with block size 30, histogram bins 100,
maximum slope 3) with 30-pixel rolling ball radius background subtraction
before each CLAHE iteration. This equalised signal through the
neuroepithelium.

Laser ablation and live-embryo imaging

Zippering point laser ablations were performed essentially as previously
described (Galea et al., 2017). Embryos were dissected from the amnion,
positioned in wells cut out of 4% agarose gel in DMEM, submerged in
dissection medium and maintained at 37°C throughout imaging.
Microsurgical needles from 11-0 Mersilene (TG140-6, Ethicon) and 10-0
Prolene (BV75-3, Ethicon) were used to hold the embryos in place with the
PNP pointing upwards while minimising contact with the heart, which
continued to beat steadily throughout each experiment. Images were
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captured on a Zeiss Examiner LSM880 confocal using a 10x/0.5 NA Plan
Apochromat dipping objective. Embryos were typically imaged with X/Y
pixel sizes of 0.83 um and Z-step of 3.32 um, taking ~2-4 min to image a
single PNP using reflection mode (MBS T80/R20 beam filter). Laser
ablations were performed using a MaiTai laser (SpectraPhysics Mai Tai eHP
DeepSee multiphoton laser, 800 nm wavelength, 100% laser power,
65.94 ps pixel dwell time, 1 iteration). A 300-500 um line of closed NT
roof was ablated along the embryonic midline by ablating each section
within the focal plane.

Statistical analysis

Comparisons between two groups were by Student’s #-test, accounting for
homogeneity of variance in Microsoft Excel or in SPSS (IBM Statistics 22).
Comparison of multiple groups was by one-way ANOVA with post hoc
Bonferroni in SPSS. Linear regression F-test was in OriginPro 2016 (Origin
Labs). Multivariate analysis was by linear mixed models in SPSS,
accounting for the fixed effects of genotype and distance from the
zippering point in repeated measures from each, with a post hoc Bonferroni.
Analysis of PNP widening following laser ablation was performed blind
prior to genotyping. Graphs were made in OriginPro and are represented as
box plots (whiskers indicate 95% confidence intervals; the box indicates the
25, 50 and 75 percentiles), frequency distributions or scatter plots. Sample
sizes are specified in the figure legends and in each case are greater than or
equal to n=6 control/Grhl3<"* Vangl2™"" embryo pairs from a minimum of
four litters based on previous and pilot experiments. P<0.05 was considered
statistically significant, and all tests were two-tailed.
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