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Abstract
During development, a flat neural plate rolls up and closes to form a neural tube. This process,
called neural tube closure, is complex and requires morphogenetic events to occur along multiple
axes of the neural plate. Recent studies suggest that cell and tissue polarity play a major role in
neural tube morphogenesis. While the planar cell polarity pathway is known to be involved in this
process, a role for the apicobasal polarity pathway has only recently begun to be elucidated. These
studies show that Bone Morphogenetic Proteins (BMPs) can regulate the apicobasal polarity
pathway in the neural plate in a cell cycle dependent manner. This dynamically modulates apical
junctions in the neural plate, resulting in cell and tissue shape changes that help bend, shape and
close the neural tube.
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The central nervous system of vertebrates consists of a hollow neural tube. In higher
vertebrates, the neural tube emerges from two distinct types of events called primary and
secondary neurulation. Primary neurulation or neural tube closure (NTC) involves the
transformation of a flat neural plate into a hollow tube and forms the brain and much of
spinal cord. Secondary neurulation hollows a solid nerve cord to form the caudal-most
portion of the spinal cord (Schoenwolf, 1985). The focus of this review is NTC, a process
which involves the orchestration of dynamic molecular and cellular events regulated by >
240 genes (Harris and Juriloff, 2007; Harris and Juriloff, 2010). Dysregulation of these
genes produces NTC defects (NTDs), which are a leading cause of human congenital
abnormalities affecting 1–5/1000 pregnancies (Copp and Greene, 2010).

The Biomechanics of Neural Tube Closure
Primary neurulation involves a series of shape changes in the neural plate, beginning with
apicobasal thickening or cell elongation along the apicobasal axis of the neural plate (Fig.
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1A; (Smith and Schoenwolf, 1997; Colas and Schoenwolf, 2001). This is followed by the
formation of a wedge-shaped tissue at the future ventral midline, the median hinge point
(MHP; Fig. 1B). Here, polarized cell behaviors and MHP’s association with the subjacent
notochord, jointly generate forces, which buckle the ventral midline and elevate the neural
folds on either side (Schoenwolf and Franks, 1984; Schoenwolf and Alvarez, 1989;
Davidson and Keller, 1999; Colas and Schoenwolf, 2001).

A pair of dorsolateral hinge points (DLHP) forms at some axial levels of the neural plate
(Fig. 1C)(Schoenwolf, 1985; Smith et al., 1994; Ybot-Gonzalez et al., 2002; Ybot-Gonzalez
et al., 2007). Cell behaviors similar to MHP occur at the DLHP and help bend the neural
folds so that they pivot toward each other. Like the MHP, the DLHP also associates with
adjacent tissues, in this case, the surface ectoderm (Fig. 1C). The intrinsic forces generated
by polarized cell behaviors at the DLHP, and the extrinsic forces applied by the surface
ectoderm, together help appose the neural folds so that dorsal midline fusion can be
accomplished (Fig. 1D) (Jacobson and Moury, 1995; Ybot-Gonzalez et al., 2002).

The final steps in NTC involve the dorsal midline fusion of the neural folds and the surface
ectoderm (Fig. 1D) (Pyrgaki et al., 2010; Pai et al., 2012; Ray and Niswander, 2012). In the
mouse, fusion is thought to occur at three distinct closure sites at different axial levels of the
neural plate. This is followed by a rostral and caudal zippering of the dorsal midline (Jaskoll
et al., 1991; Fleming et al., 1997; Copp and Greene, 2010). Recent studies have also
described a novel “buttoning up” process in the midbrain, where multiple secondary closure
sites help accomplish NTC (Van Straaten et al., 1996; Pyrgaki et al., 2010; Teng and
Toyama, 2011). These processes are associated with cell death (although this is
controversial), changes in cell-shape and adhesion, and most recently, the extension of
cytoplasmic processes across the neural folds (Massa et al., 2009; Yamaguchi et al., 2011;
Pai et al., 2012; Ray and Niswander, 2012).

Extensive epithelial remodeling is required to accomplish NTC. The planar cell polarity
(PCP) pathway, which maintains cell polarity in the plane of the epithelium, is a major
regulator of epithelial remodeling during NTC (Wallingford, 2006; Copp and Greene, 2010;
Juriloff and Harris, 2012). In vertebrates, the PCP pathway is driven by WNT ligands and
regulates convergent extension movements during gastrulation and neurulation. During this
process, polarized cell intercalation narrows and elongates the neural tube sufficiently so
that the neural folds are juxtaposed and can fuse dorsally (Fig. 1C–F) (Wallingford and
Harland, 2002; Zohn et al., 2003; Wallingford, 2012). A number of excellent reviews have
focused on the PCP pathway and the regulation of NTC (Zohn et al., 2003; Wallingford,
2006; Kibar et al., 2007a; Kibar et al., 2007b; Wada and Okamoto, 2009). This review will
instead focus on the newly emerging role of epithelial remodeling that occurs along the
apicobasal axis during NTC. It will also briefly address the question of how polarized events
along the three major axes of the neural plate may be coordinated to produce a closed neural
tube with correct 3-dimensional morphology.

Cell cycle progression and Interkinetic Nuclear Migration in the neural plate
The neural tube is composed of bipolar progenitor cells that exhibit apical and basal
processes and a large cell soma occupied mainly by the cell nucleus (Fig. 2A). Cell cycle
progression in the neural tube and other pseudostratified epithelia involves interkinetic
nuclear migration. During this process, cell nuclei move along their apical and basal
processes, which remain tethered to the apical and basal surfaces of the neural tube for
nearly the entire duration of the cell cycle (Fig. 2A) (Sauer, 1935; Baye and Link, 2007;
Meyer et al., 2011). At early developmental stages, mitosis almost always occurs at or near
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the apical surface, while other phases of the cell cycle (G1, G2, S) occur variably throughout
the thickness of the neural epithelium (Fig. 2A) (Kosodo and Huttner, 2009).

In addition to interkinetic nuclear migration, other temporally dynamic and polarized
behaviors occur along the apicobasal axis of the neural plate. These include apicobasal
thickening of the neural plate and the DLHP, apicobasal shortening at the MHP, apical
constriction and the basal retention of cell nuclei at both sets of hinge points (Fig. 1; 3)
(Sauer, 1935; Colas and Schoenwolf, 2001; Wallingford, 2005; Baye and Link, 2007;
Nishimura and Takeichi, 2008; Eom et al., 2011). Basally located nuclei give hinge point
cells their “wedge-shaped” appearance in scanning electron micrographs (Fig. 3A, 4C, D)
(Smith and Schoenwolf, 1987; Smith and Schoenwolf, 1988). To understand how these
polarized cell behaviors are generated and dynamically modulated during NTC, it is first
necessary to understand how the apicobasal polarity pathway functions to establish,
maintain and modulate epithelial organization.

Dynamic modulations of apicobasal polarity and organogenesis
The cell membranes of epithelial cells are partitioned into apical and basolateral
compartments segregated by tight junctions (Fig. 2B) (Margolis and Borg, 2005). This
segregation prevents the paracellular transfer of protein and lipids between the two
compartments, permitting their functional specialization (Martin-Belmonte et al., 2008). The
segregation of epithelial membranes into apical and basolateral compartments depends upon
interactions among multiple sets of asymmetrically distributed polarity protein complexes
(Suzuki et al., 2001; Bilder, 2004). These include a tight junction-associated PAR-complex
composed of PAR3, PAR6 and atypical protein kinase C (aPKC) proteins, and a more
apically located Crumbs complex (which includes Crumbs, PATJ and Stardust, among other
proteins; (Margolis and Borg, 2005)). These complexes help establish and maintain apical
polarity and tight junction integrity in part by excluding basolateral proteins, e.g., Scribble,
Disks Large, Lethal Giant Larva (LGL) from the apical compartment (Fig. 2B) (Plant et al.,
2003; Yamanaka et al., 2003; Bilder, 2004).

A second type of junction, the adherens junctions, is situated immediately subjacent to tight
junctions of epithelial cells (Margolis and Borg, 2005). These junctions are made up of
cadherins and are critical for cell adhesion and for the ability of epithelial cells to form
three-dimensional tissue assemblies (Harris and Tepass, 2010). This is mainly accomplished
by adherens junction interactions with the apical actin/adherens belt, whose remodeling
plays a major role in NTC and other morphogenetic processes (Fig. 2B) (Takeichi, 2011).
Adherens junctions can also engage in tissue remodeling by interacting with microtubules
and the cell’s endocytotic machinery (Harris and Tepass, 2010).

How does epithelial remodeling influence morphogenetic processes? To understand this, it
is useful to look at the remarkable ability of epithelial cells to self-organize into complex 3-
dimensional structures (Trinkhaus, 1969). This process has been studied in Madin-Darby
Canine kidney (MDCK) cells grown in 3-dimensional tissue cultures. These cells display
epithelial characteristics in tissue culture and can be induced to lose and then re-acquire
epithelial polarity using a low-high Ca2+ switch paradigm (Suzuki et al., 2001). Once
depolarized, MDCK cells display a remarkable ability to self-organize into complex 3-
dimensional structures, (e.g., cysts and tubes), when grown on solid support such as matrigel
or collagen (Mostov et al., 2003; Zegers et al., 2003). These cells derive their initial polarity
cues from the solid support, along which they form a basal surface (Fig. 2C, D). This is
followed by E-cadherin expression at cell-cell interfaces and the polarized targeting of
vacuoles and apical proteins to the future apical surface, leading to the formation of a central
lumen lined by an apical surface (Fig. 2D, E). Cyst formation in vitro thus resembles the
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process of progressive epithelialization and hollowing seen in zebrafish neural tube and in
amniote secondary neurulation (Schoenwolf and Delongo, 1980; Lowery and Sive, 2004;
Hong and Brewster, 2006).

Interestingly, when treated with appropriate factors, (e.g., Hepatocyte Growth Factor), cyst
cells can transiently alter their polarity (become partially polarized or unpolarized), extend
into tubes, divide and then re-acquire polarity by the polarized secretion of proteins and
vacuoles. Subsequent fusion of apical vacuoles can lead to the formation of a central lumen
(Mostov et al., 2003; Zegers et al., 2003). Continuation of this process can produce simple
and branched tubules associated with the generation of many types of organs (Fig. 2E, F)
(Ewald et al., 2008).

BMP Signaling, apicobasal polarity and neural tube closure
Apicobasal polarity modulations have also been implicated in primary neurulation where a
flat epithelial sheet rolls up into a neural tube. A key event in this type of tube formation is
the induction of a hinge point, which helps buckle the epithelial plate as described above for
primary neurulation (Pilot and Lecuit, 2005). As with the tissue remodeling seen during
convergent extension, this process requires the polarized modifications of cell junctions, cell
cytoskeleton, endocytosis and cell cycle progression (Colas and Schoenwolf, 2001; Eom et
al., 2011; Nishimura et al., 2012; Suzuki et al., 2012). Interestingly, many of these processes
are regulated by Bone Morphogenetic Proteins (BMPs).

The basic signaling cascade triggered by BMP ligands is well characterized (Massague and
Wotton, 2000). BMP ligands initiate signaling by binding type I and type II serine threonine
kinases receptors. Upon ligand binding, type II receptors phosphorylate type 1 receptors.
Type I receptors phosphorylate receptor-SMADs (SMAD1, 5 or 8) which bind to the co-
SMAD, SMAD4. The Smads are then translocated to the nucleus and regulate BMP-
dependent gene transcription (Miyazono et al., 2010).

Although BMP signals have been previously implicated in vertebrate neural cell-fate
specification and neural induction, a novel role for BMP signaling in tissue morphogenesis,
for example in gastrulating zebrafish, Drosophila wing and amniote NTC, has recently
emerged (Teleman et al., 2001; Martin-Castellanos and Edgar, 2002; Gibson and Perrimon,
2005; Liu and Niswander, 2005; Shen and Dahmann, 2005; von der Hardt et al., 2007; Eom
et al., 2011; Eom et al., 2012). Multiple BMP pathway mutants (Bmp2−/−, Bmp2+/−;
BmpR1A conditional knockouts, Noggin−/−, Bmp5−/−; Bmp7−/− and Smad5−/−) display
NTDs, although the underlying cellular reasons are only now beginning to be elucidated
(McMahon et al., 1998; Chang et al., 1999; Solloway and Robertson, 1999; Stottmann et al.,
2006; Ybot-Gonzalez et al., 2007; Castranio and Mishina, 2009; Stottmann and
Klingensmith, 2011).

Based on pSMAD 1,5,8 expression, BMP signaling occurs in the neural plate, surface
ectoderm and the underlying head mesenchyme. Accordingly, mutant analyses suggest that
this pathway is likely to make a multifaceted contribution to NTC, although its role in hinge
point formation is the most extensively studied (Stottmann et al., 2006; Ybot-Gonzalez et
al., 2007; Castranio and Mishina, 2009; Eom et al., 2011; Eom et al., 2012). These studies
show that BMP attenuation is critically required in the neural plate for MHP and DLHP
formation in the bird as well as the mouse (Fig. 3A–C).

Increased BMP signaling in the Noggin−/− mouse correlates with the absence of the DLHP
in upper spinal cord (Stottmann et al., 2006; Ybot-Gonzalez et al., 2007). By contrast,
reduced BMP signaling in the Bmp2−/− knockout results in premature and exaggerated
bending in dorsal neural tube (Ybot-Gonzalez et al., 2007). Focal in vivo BMP
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manipulations in the chick neural plate confirm these results, with BMP attenuation
deepening the endogenous MHP and inducing ectopic hinge points in lateral neural plate
(Fig. 3A, B). Focal BMP upregulation prevents MHP formation, resulting in a flat neural
plate, where the folds do not elevate or fuse across the dorsal midline (Fig. 3C, C′) (Eom et
al., 2011; Eom et al., 2012).

An examination of the cell behaviors at ectopic hinge points reveals that BMP attenuation
can induce apical constriction and result in nuclei that are more basally located, precisely
what is seen at the endogenous hinge points (Fig. 3A–C′) (Eom et al., 2011; Eom et al.,
2012). These studies show that BMP signaling controls polarized MHP behaviors by
interacting with apicobasal polarity proteins. They provide the first evidence for ligand-
dependent interactions between the phosphorylated (p) versions of SMAD 1,5,8 proteins and
the PAR complex (Fig. 3G) (Eom et al., 2011).

The principal function of the PAR complex-pSMAD 1,5,8 association appears to be the
stabilization of apicobasal epithelial organization in the neural plate. As a result, low BMP
levels, such as those seen at the MHP during NTC, result in compromised apical junctions.
Under low BMP conditions, junctional proteins (e.g., PAR complex, NCAD) are removed
from the apical compartment via endocytosis into the cytoplasm, while basolateral proteins,
like LGL, move into the apical compartment. This is clearly an important component of
hinge point formation because direct apical misexpression of LGL is sufficient to induce
ectopic hinge points in lateral neural plate. These hinge points are indistinguishable from
those induced by BMP attenuation and suggest that BMPs regulate hinge point formation via
the apicobasal polarity pathway. Interestingly, the endocytotic removal of apical membranes
by BMP attenuation may partially account for apical constriction seen at the hinge point, as
has been described in Xenopus bottle cells during gastrulation (Lee and Harland, 2010).

Since BMP signaling maintains neural epithelial organization by stabilizing apical junctions,
it is not surprising that a sustained BMP blockade results in a disorganized neural epithelium
and frequently in epithelial-mesenchymal transitions. Thus BMP blockade can induce neural
cells to either delaminate into the lumen or spontaneously reorganize to form rosettes or
cysts containing a central lumen, lined by PAR3 and mitotic cells (Eom et al., 2012). How
then is the integrity of the neural epithelium maintained during hinge point formation? The
answer to this question lies in the unusual two-dimensional, cell cycle dependent pSMAD
1,5,8 gradient expressed in the neural plate (Fig. 3A). A pSMAD 1,5,8 gradient runs along
the mediolateral axis of the neural plate, producing low levels of BMP signaling at the MHP.
An orthogonal, spatiotemporal pSMAD 1,5,8 gradient occurs along the apicobasal axis and
is modulated in tandem with cell cycle progression. Mitotic cells along the apical surface
express high levels of pSMAD 1,5,8, while low levels of BMP signaling are expressed
during interphase (Eom et al., 2011). Thus cells experience pSMAD 1,5,8 modulation as
they progress through the cell cycle. Since cell cycle progression in the neural plate is
asynchronous, cells experiencing high levels of pSMAD 1,5,8 are juxtaposed to those
experiencing low levels. This type of pSMAD 1,5,8 modulation can dynamically shunt cells
through variable polarity states, inducing transient, cell cycle dependent cell-shape changes
in subsets of cells, while their neighbors retain epithelial integrity. Low pSMAD 1,5,8 levels
at the MHP resulting from an orthogonal, latero-medial gradient ensure that MHP cells
display greater epithelial dynamism than more lateral neural plate cells. This facilitates the
formation of a pivot or a hinge around which the neural plate can be buckled and lifted (Fig.
3A).

Cell-shape changes occur throughout the neural plate during NTC and not just the hinge
points. The 2-dimensional, pSMAD 1,5,8 gradient may serve as a molecular substrate for
coordinating dynamic polarity modulations and cell behaviors across the width and depth of
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the folding neural plate. This is reflected by the presence of partially polarized cells that
occur throughout the mediolateral axis of the neural plate. These cells display apical LGL,
reduced apical PAR3 and increased PAR3 in the cytoplasm and have been characterized as
partially polarized because they retain their apical and basal process and undergo
interkinetic nuclear migration. Interestingly, the numbers of partially polarized cells are the
highest at the ventral midline, where BMP signaling is lowest and where the MHP forms.
Their numbers go down medial to lateral, in tandem with a progressive, medio-lateral
increase in BMP signaling (Fig. 3A). These results suggest that progressive epithelialization
during NTC may not just occur in the fish and frog, but is also likely to be a feature of
amniote neural epithelium during NTC (Aaku-Saraste et al., 1996; Papan and Campos-
Ortega, 1999; Geldmacher-Voss et al., 2003; Hong and Brewster, 2006; Yang et al., 2009;
Eom et al., 2011). The flexibility conferred by a partially polarized neural epithelium can
accommodate the dual needs of the neural plate, to be sufficiently rigid to execute cohesive
morphogenetic movements, while simultaneously being flexible enough to change shapes
and position so that the neural plate can be transformed to a neural tube.

The coordination of planar cell polarity and apicobasal polarity
mechanisms in NTC

While endocytosis appears to be involved in apical constriction of hinge point cells, other
studies have implicated polarized cytoskeletal modulations, which constrict the adherens
belt (Suzuki et al., 2012). The role of actin remodeling in cell-wedging has been
controversial, with alternative mechanisms being proposed by several studies ((Schoenwolf
et al., 1988); reviewed in Schoenwolf and Smith, 1990; Wallingford, 2005). However, a
large body of evidence has emerged to suggest a critical role for polarized actomyosin
contraction in apical constriction (Karfunkel, 1972; Linville and Shepard, 1972; Schoenwolf
et al., 1988; van Straaten et al., 2002; Suzuki et al., 2012). These studies suggest that non-
muscle myosin II complexes with the apical actin belt (Ferreira and Hilfer, 1993; Nishimura
and Takeichi, 2008). The phosphorylation of the mysoin regulatory light chains (pMLC) by
apical Rho Kinase (ROCK), leads to myosin activation and contraction of the adherens belt.
Interestingly, an adherens junction scaffolding protein, Shroom3, recruits ROCK to the
adherens junctions (Hildebrand, 2005; Nishimura and Takeichi, 2008). As a result, Shroom3
or myosin perturbations prevent apical constriction and result in a failure to close the neural
tube (Hildebrand and Soriano, 1999; Haigo et al., 2003; Lee et al., 2007; Kinoshita et al.,
2008; Nishimura and Takeichi, 2008; Rolo et al., 2009).

Interestingly, recent studies have shown that pMLC and F-actin are distributed
asymmetrically in the adherens junctions of neural plate cells, so that thick ropes of
actomyosin run mediolaterally along the apical surface of the neural plate (Nishimura et al.,
2012). Celsr1, a PCP pathway atypical cadherin is also heavily concentrated along these
actomyosin belts. Celsr1 cooperates with other components of the PCP pathway to activate
RhoA in a polarized manner causing planar polarizied actomyosin contraction. This ensures
that apical constriction and convergent extension occur in a coordinated manner to promote
planar polarized bending of the neural plate (Fig. 4A, B) (Nishimura et al., 2012; Sullivan-
Brown and Goldstein, 2012).

Cell Cycle Progression and Neural Tube Closure
One reason for questioning the importance of actin remodeling in cell wedging at hinge
points concerns the bipolar nature of neural progenitors and their interkinetic nuclear
migration (Sauer, 1935; Schoenwolf and Smith, 1990). How is a bipolar cell apically
constricted? Does this involve constricting its already slender apical process, constricting the
apical surface of apically located mitotic cells, or cell cycle dynamics? Since the nucleus/
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cell body is the largest part of a bipolar neural cell, a reduction of the apical surface of the
neural plate may simply involve cell cycle-dependent nuclear or somal exclusion from the
apical surface (Fig. 4C, D). Indeed, scanning EM images show that the so called wedge-
shaped cells, which comprise ~70% of all MHP cells at any given time, have cell bodies
abutting the basal edge of the neural plate (Fig. 4D) (Smith and Schoenwolf, 1987).

In the above view, cell wedging at the MHP is a mere consequence of cell cycle dynamics,
where any mechanism that prolongs the cell cycle, increases G1, G2 or S phases or reduces
mitotic duration, would de facto result in a reduction of the apical surface area. Indeed, cells
at the MHP display a longer cell cycle length compared to lateral neural plate cells, spending
a disproportionate part of their cell cycle at the base of the neural plate, either in the S or G2
phases (Smith and Schoenwolf, 1987; Smith and Schoenwolf, 1988). Our time-lapse
observations suggest that BMP blockade can prolong the cell cycle at ectopic hinge points
and increase the duration of time spent at the base of the neural plate (Eom et al.,
unpublished observations). Thus BMP signaling may be involved in regulating apicobasal
junctional remodeling and cell cycle progression in the folding neural plate.

These data suggest that in addition to PCP induced junctional remodeling, interkinetic
nuclear migration and cell cycle dynamics may also be critical contributers to apical
constriction and NTC (Norden et al., 2009; Kosodo et al., 2011; Spear and Erickson, 2012a,
b). Thus any future model that accounts for the coordination between planar and apicobasal
events during NTC would need to incorporate the dynamic arrival and departure of mitotic
cells to and from the apical surface. This would occur at a slower rate at the MHP, where
~2/3rd of all cell nuclei are basally located and only a few mitotic cells are seen at the apical
surface at any given time. Thus PCP-dependent epithelial remodeling at the MHP would
have to occur mainly among the apical processes of neural progenitors and not mitotic cells.
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Figure 1. Neural tube closure and convergent extension in the chick
(A–D) Neural tube closure events shown in cross-sectional view. (A) Apicobasal thickening
of the neural plate prior to neural tube closure (NTC). (B) Median hinge point (MHP)
formation at the ventral midline of the neural plate. Note the association of the notochord
(NC) with the MHP and the elevation of the neural folds (NF) above the ventral midline. (C)
Formation of the dorsolateral hinge point (DLHP) and the association of the NP with the
surface ectoderm (SE). (D) Dorsal midline fusion of the neural plate and SE. (E, F) Top
down views of the chick neural plate, with rostral to the top and the dorsal surface facing the
viewer. Convergent extension narrows and elongates the neural tube (white tissue; double
headed arrow). Area opaca (AO, orange), primitive streak (PS, brown) and Hensen’s node
(HN, red) are shown for orientation.
Abbreviations: AJ: adherens junctions; AO: area opaca; DLHP: dorsolateral hinge point;
HN: Hensen’s node; LGL: lethal giant larva; MHP: median hinge point; NC: notochord; NF:
neural fold; NP: neural plate; NT: neural tube; NTC: neural tube closure; PS: primitive
streak; SE: surface ectoderm; TJ: tight junctions.
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Figure 2. Epithelial organization and tissue morphogenesis
(A) Cross-sectional/apicobasal view of the neural plate showing its pseudostratified
epithelial organization and interkinetic nuclear migration. Cell nuclei are shown in blue, and
the cell outline, including apical and basal processes, are shown in green. Based on Sauer et
al., 1935; Baye and Link, 2007. (B) Neural epithelial cell organization with the apical (red)
and basolateral (green) compartments separated by tight junctions (TJ). Adherens junctions
(AJ) are located basal to the TJ and associate with the adherens/actin belt (grey). TJ and AJ
are associated with the apical PAR complex, which antagonizes basolateral proteins, e.g.,
lethal giant larva (LGL). BM: basement membrane. (C–F) MDCK cells in 3D cultures (C)
can self-organize to form cysts with central lumens (D). The cyst can expand by cell
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division (E), display dynamic variability in apicobasal polarity, leading to the formation of
hollow tubes (F). C-F adapted from Mostov et al., 2003 and Zegers et al., 2003. (G) Cartoon
depicting the role of BMP-apicobasal polarity interactions during hinge point formation. For
details, see text. Adapted from Eom et al., 2012.
Abbreviations: AJ: adherens junctions; AO: area opaca; DLHP: dorsolateral hinge point;
HN: Hensen’s node; LGL: lethal giant larva; MHP: median hinge point; NC: notochord; NF:
neural fold; NP: neural plate; NT: neural tube; NTC: neural tube closure; PS: primitive
streak; SE: surface ectoderm; TJ: tight junctions.
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Figure 3. BMP signaling and hinge point formation
(A, A′) Wild-type neural plate showing the random distribution of nuclei in lateral neural
plate and basally located nuclei at the MHP (arrowhead). The blue box along the apical
surface of A is magnified in A′ and demonstrates that the basally located nuclei shown at
the MHP in A display reduced apical surfaces at the MHP. Graded arrows depict the
pSMAD 1,5,8 gradients along the medial-lateral and the apicobasal axes. (B, B′) BMP
blockade exaggerates the endogenous MHP (black arrowhead) and can induce ectopic hinge
points in lateral neural plate (red arrowhead, B). This is accompanied by increased apical
constriction and basal nuclear migration (B, B′). (C, C′f) Increased BMP signaling results
in a flattened neural plate. The neural plates shown in B and C do not close correctly. Note
that the DLHPs are not shown this figure, but are affected similarly by BMP signaling.
Based on data from Eom et al., 2011; 2012.
Abbreviations: AJ: adherens junctions; AO: area opaca; DLHP: dorsolateral hinge point;
HN: Hensen’s node; LGL: lethal giant larva; MHP: median hinge point; NC: notochord; NF:
neural fold; NP: neural plate; NT: neural tube; NTC: neural tube closure; PS: primitive
streak; SE: surface ectoderm; TJ: tight junctions.
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Figure 4. Convergent extension and cell cycle kinetics in neural tube closure
(A, B) Neural plate cells in apical view showing progressive convergent extension. Apical
junctional remodeling (red circles in A and B) results in mediolateral convergence and
anteroposterior extension (double headed arrows in A and B, respectively). Note that such
remodeling can produce apical constriction (Based on data from Nishimura et al., 2012). (C,
D) Lateral neural plate cells display asynchronous cell cycle progression, with neighboring
cells in different cell cycle phases (C). By contrast, a majority of nuclei at the MHP are
basally located (D). Although the same number of cells is shown in C and D, the apical
surface area in D is reduced compared to C (compare double headed arrows in C and D).
Based on data from Schoenwolf et al., 1987; Eom et al., unpublished observations.
Abbreviations: AJ: adherens junctions; AO: area opaca; DLHP: dorsolateral hinge point;
HN: Hensen’s node; LGL: lethal giant larva; MHP: median hinge point; NC: notochord; NF:
neural fold; NP: neural plate; NT: neural tube; NTC: neural tube closure; PS: primitive
streak; SE: surface ectoderm; TJ: tight junctions.
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