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Gap closure is a common morphogenetic process. In mammals,
failure to close the embryonic hindbrain neuropore (HNP) gap
causes fatal anencephaly. We observed that surface ectoderm cells
surrounding the mouse HNP assemble high-tension actomyosin
purse strings at their leading edge and establish the initial contacts
across the embryonic midline. Fibronectin and laminin are present,
and tensin 1 accumulates in focal adhesion-like puncta at this lead-
ing edge. The HNP gap closes asymmetrically, faster from its rostral
than caudal end, while maintaining an elongated aspect ratio. Cell-
based physical modeling identifies two closure mechanisms suffi-
cient to account for tissue-level HNP closure dynamics: purse-
string contraction and directional cell motion implemented through
active crawling. Combining both closure mechanisms hastens gap
closure and produces a constant rate of gap shortening. Purse-string
contraction reduces, whereas crawling increases gap aspect ratio,
and their combination maintains it. Closure rate asymmetry can be
explained by asymmetric embryo tissue geometry, namely a nar-
rower rostral gap apex, whereas biomechanical tension inferred
from laser ablation is equivalent at the gaps’ rostral and caudal
closure points. At the cellular level, the physical model predicts rear-
rangements of cells at the HNP rostral and caudal extremes as the
gap shortens. These behaviors are reproducibly live imaged in
mouse embryos. Thus, mammalian embryos coordinate cellular-
and tissue-level mechanics to achieve this critical gap closure event.

neural tube | hindbrain neuropore | mouse | biomechanics | physical
modeling

Closure of embryonic tissue gaps is a common morphogenetic
process critical to the formation of structures, including the

eyelids (1), palate (2), body wall (3), and neural tube (NT) (4).
The process of NT closure has long served as a paradigm of
morphogenesis and remains clinically relevant today. Failure of
NT closure causes severe neurodevelopmental defects in around
0.1% of human pregnancies globally (5, 6). Despite their clinical
importance, the cellular force-generating mechanisms which
deform embryonic tissues to close the NT are poorly understood.
NT closure starts with V-shaped bending of the flat neural plate

at the hindbrain–cervical boundary, producing lateral neural folds
that meet at the dorsal midline (4). The point at which the neural
fold tips first meet is called Closure 1. Without Closure 1, the
hindbrain and spinal NT remain open, producing craniorachischisis
(4). Absence of Closure 1 formation is characteristic of homozy-
gous mutations in core planar cell polarity components such as
Vangl2 (7–10). Soon after Closure 1 forms, a distinct elevation and
midline apposition process at the midbrain–forebrain boundary
establishes Closure 2 in mice. The resulting gap of open NT be-
tween Closure 1 caudally and Closure 2 rostrally is called the
hindbrain neuropore (HNP) (4). Midline fusion points, referred to
as “zippering” points, form at each of these closure sites and
progress toward each other, completing closure when they meet. In

the context of NT biology, the term zippering is used to denote
tissue-level propagation of closure from a preexisting contact point,
as distinct from a “buttoning” process whereby multiple midline
contacts form simultaneously (11–13). Here, the zippering point
which progresses rostrally from Closure 1 will be referred to as C1z
and that which progresses caudally from Closure 2 as C2z to dis-
tinguish these points from the formation of the Closure points
themselves, which is not studied here.
Failure to form or close the HNP produces the fatal defect

exencephaly/anencephaly. At the cellular level, there remain
many unanswered questions about how HNP closure is achieved.
These include the relative importance of individual cell behaviors
to achieving closure and how these are collectively integrated at
the tissue scale. Closure rate dynamics are hypothesized to mod-
ulate anencephaly risk by determining whether it completes before
a developmental “deadline,” after which tissue-level changes
preclude closure (14).

Significance

Failure to biomechanically close the embryonic neural tube in the
developing brain causes fatal anencephaly. Despite their clinical
importance, which cellular force-generating mechanisms close
the neural tube remains poorly understood. This interdisciplinary
study combines morphometric analysis, mouse embryo live im-
aging, and in silico modeling to formally identify cellular be-
haviors which complete midbrain/hindbrain closure. Two cellular
force-generating behaviors not previously appreciated to act in
this context are identified: contractility of supracellular actomy-
osin purse strings around the gap and directional movement of
cells toward the gap. Both these mechanisms are required to
describe gap closure, and their resulting dynamics are substan-
tially impacted by morphogenetically imposed tissue geometry.
This work provides a broadly applicable biophysical framework
underlying fatal failures of midbrain/hindbrain closure.
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Our recent studies of NT closure in the presumptive spinal
region establish that it is a biomechanical event involving both
the neuroepithelium and nonneural surface ectoderm (15, 16).
Spinal surface ectoderm cells assemble high-tension actomyosin
cables which border the region yet to close (15, 17), but whether

similar cables are present in the HNP is unknown. Genetic and
live-imaging evidence also implicates the surface ectoderm in
HNP closure. Deletion of surface ectoderm genes such as Par1/2
(18) and Grhl3 (19, 20) produces exencephaly. More directly,
surface ectoderm cells produce delicate cellular ruffles, which

Fig. 1. Surface ectoderm purse strings encircle the mammalian HNP. Representative whole-mount images of the developing cranial region in wild-type
C57BL/6J mouse embryos. Throughout, zippering progression from Closure 2 is at the top, and progression from Closure 1 is at the bottom of the image. (A)
Three-dimensional reconstructions of phalloidin-stained embryos illustrating the progression of HNP closure. Somite (Som) stages are as indicated. Magenta
arrowheads indicate the direction of sectioning of the same embryos shown in E. (B and C) Stereoscope images of 11 Som (B) and 15 Som (C) stage embryo.
The dashed green lines indicate regions where the NT is closed. (D, Top) Representative dorsal view of the C2z with the neuroepithelium stained with
N-cadherin and surface ectoderm with E-cadherin. (Bottom) An optical reslice along the dashed line is shown below; arrowheads indicate the first point of
contact, which is between surface ectoderm cells. (E) Transverse views into the same embryos indicated in A. White brackets indicate the distance between
the lateral walls of the NT underlying the HNP. Cyan arrows indicate medial extension of a layer of cells, forming a thin closed layer by the 17 Som stage. (F)
Dorsal views of representative embryos before (10 Som, * indicates the C1z) and after HNP formation. Actomyosin cable-like enrichments (arrows) are de-
tected along the open neural folds. Red arrows indicate the necessary elevation of the neural folds, which precedes HNP formation. (Inset) Actin and myosin
colocalization in the encircling cable (arrows). (G) Colocalization of cable F-actin with the surface ectoderm marker E-cadherin. (Inset) Membrane F-actin–rich
ruffles (arrows) which appear to extend from the actomyosin cables.
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extend across the embryonic midline to meet their contralateral
equivalents (12, 21, 22). These projections are proposed to me-
diate midline fusion (23). Detailed analysis of equivalent pro-
trusions in the spinal NT found they are genetically controlled by
actomyosin cytoskeletal Rho-GTPase regulators (24).
Genetic deletion or pharmacological inhibition of actomyosin

and its regulators commonly produces exencephaly in mice
(25–28). Actomyosin contractility, turnover, and cytoskeletal as-
sembly determine tissue tension in neurulation-stage vertebrate
embryos (15, 29). This contractile network is interlinked between
multiple cells in epithelia through direct anchoring to adherens
junctions. Supracellular actomyosin sheets or cables allow cells to
act collectively in deforming their tissues (30, 31). In the studies
presented here, we provide biophysical characterization of closure
of the HNP, subsequent to the neural fold elevation and apposi-
tion events which initially form it. We identify and biomechanically
characterize surface ectoderm actomyosin purse strings which
contribute to HNP closure and test their contributions using cell-
based physical modeling corroborated by mouse embryo live im-
aging. We find that a combination of purse-string contractility and
directional movement of the surface ectoderm cells, simulated
through cell crawling, are both required to account for HNP
closure dynamics, but tissue geometry constrains rostrally directed
zippering, producing a rate asymmetry in cell-mediated closure.

Results
Surface Ectoderm Purse Strings Encircle the Closing Mammalian HNP.
The mouse HNP forms when the neural folds elevate and come
into apposition at Closure 1 caudally and Closure 2 rostrally,
closing progressively over an ∼12 h period (Fig. 1 A–C). The first
points of contract during HNP closure are established by
E-cadherin expressing surface ectoderm cells (Fig. 1D). Underlying
this lie the elevated lateral walls of the NT, which remain > 100 μm
apart (Fig. 1E). Beyond the dorsal tips of these, a thin tissue layer
led by the surface ectoderm followed by neuroepithelial cells is
suspended dorsally over the HNP gap (Fig. 1 D and E, 15 somites).
In embryos which recently completed HNP closure, the roof of the
NT is composed of a thin cell bilayer suspended over fluid-filled
space, as the lateral walls of the NT remain far apart (Fig. 1E,
17 somites).
Throughout this closure process, actomyosin purse strings de-

marcate the HNP rim (Fig. 1F). They line the neural fold tips at
the boundary between the surface ectoderm and neuroepithelium
(Fig. 1F). High-resolution imaging demonstrates cable colocali-
zation with the surface ectoderm marker E-cadherin, thereby
showing their presence in surface ectoderm cells (Fig. 1G).
F-actin–rich membrane ruffles are also visible along the length of
the HNP (Fig. 1G), emanating from the cable-producing cell
borders. These ruffles are reminiscent of the membrane protru-
sions characteristic of migrating cells (32, 33). High-resolution
visualization of F-actin in surface ectoderm cells at the HNP
rim, denoted Row 1, shows dense enrichments at their gap-facing
end and stress fiber-like linear arrangements oblique to the gap
rim (SI Appendix, Fig. S1 A and B). These linear arrangements can
also be seen in trailing cells not engaged in the HNP gap, although
actomyosin intensity is lower in trailing Row 2 and 3 cells then
leading-edge Row 1 cells (SI Appendix, Fig. S1 C–E).
Both laminin and fibronectin are present under these leading

cells (SI Appendix, Fig. S2 A and B). These extracellular matrix
(ECM) proteins appear sparser close to the HNP rim, potentially
suggesting their ongoing assembly, but are nonetheless present as
adhesion substrates at the encircling F-actin rim (SI Appendix, Fig.
S2 A and B). Fibronectin fibril assembly involves stabilization on
integrins, which recruit the nascent cell–ECM adhesion protein
tensin 1 (TNS1) (34). TNS1 immunolocalization in surface ecto-
derm cells shows focal puncta reminiscent of focal adhesions as
well as structures resembling basal bodies (SI Appendix, Fig. S2 C
and D), where focal adhesion components have previously been

shown to localize (35). AiryScan superresolution imaging of the
HNP rim shows abundant TNS1 localization basally, abutting the
F-actin cables (SI Appendix, Fig. S2 E and F).

HNP Closure Progresses Faster Caudally Than Rostrally. We next docu-
mented tissue-level dynamics of HNP closure using a series of fixed
embryos and live imaging in whole-embryo culture. During HNP
closure, both the length and width of the open region decrease with
advancing somite stage (Fig. 2 A–C). The resulting shape of the
HNP is initially highly elongated, with a length/width aspect ratio
exceeding 3. This aspect ratio decreases slightly but maintains an
elongated shape throughout the closure period (aspect ratio > 2,
Fig. 2D). Over this time, the C1z moves rostrally, whereas the
equivalent point from C2z moves caudally. Their relative contri-
bution to closure was inferred by calculating the distance between
each zippering point and the developing otic pits, used as normal-
ization landmarks in fixed embryos (Fig. 2E). HNP zippering by the
C2z progresses ∼400 μm within 12 h (2 h per somite, closure over
somite stages 12 to 17), compared with ∼200 μm by C1z on average
(Fig. 2 E and F).
These two features of HNP closure dynamics, namely faster

rostral to caudal progression of closure while maintaining an
elongated aspect ratio, are also observed during live imaging
(Fig. 2 G–I and Movie S1). Particle image velocimetry analysis
suggests wide-ranging cell displacement around the HNP rim, with
the highest velocities at the zippering points (Fig. 2J). The un-
derlying lateral walls of the NT remain a consistent distance apart
during live imaging, while a thin cell layer led by surface ectoderm
ruffles extends medially (SI Appendix, Fig. S3 A and B).
Asymmetry in the rate of closure means progression by C2z is

responsible for forming a larger proportion of the HNP-derived
roof plate and raises the possibility that the two closure points
act independently of each other. We next tested closure point
interdependence directly using a transgenic model which lacks
Closure 1.

Progression of HNP Closure from Closure 2 Is Independent of Closure
1. Zippering C2z is not impaired in embryos which lack Closure 1
because of the deletion of Vangl2 (Fig. 3 A–C). These Vangl2−/−

embryos invariably develop craniorachischisis (Fig. 3 A and B’’).
Nonetheless, their C2z point assembles actomyosin cables
(Fig. 3 A, A’, B, and B’), and in the absence of rostral zippering
from Closure 1, zippering can progress from Closure 2 to a more
caudal level, at least 100 μm closer to the otic pits than their wild-
type counterparts (Fig. 3C).
Without Closure 1, the actomyosin cables cannot form an

encircling purse string but instead are present as long cables
extending caudally from C2z as far as the unfused spinal neural
folds (Fig. 3 A and B). Persistent myosin enrichment suggests
they are contractile, despite this dramatic difference in mor-
phology. Confirming this, actomyosin cable tension inferred
from recoil after laser ablation is greater in Vangl2−/− embryos
than wild-type littermates (Fig. 3 D–F). Cable recoil was assessed
in the comparable region adjacent to C2z at equivalent somite
stages. Thus, this transgenic model of extreme HNP asymmetry
demonstrates that zippering from rostral and caudal closure
points is largely independent of each other.

Closure Rate Asymmetry Does Not Arise from Local Differences in
Mechanical Tension. In wild-type mice, the actomyosin purse
string appears to link the two closure point zippers and differential
contractility might explain asymmetric closure rates. Contrary to
this, we found that tension withstood by surface ectoderm cell
borders engaged in the purse-string cables, inferred from recoil
following laser ablation, is comparable between the rostral and
caudal ends of the HNP (Fig. 4 A–D). Surface ectoderm cell
borders overlaying the closed NT were ablated as comparators,
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demonstrating approximately fivefold lower recoil compared to
cable cell borders after laser ablation (Fig. 4 A–D).
In addition to cell border ablations, tissue-level ablations were

performed in independent embryos to infer mechanical tension
opposing HNP closure, as we previously reported in the spinal NT
(15–17, 36). Tissue-level laser ablations of either the C1z or C2z
both produced lateral recoil of the neural folds, widening the HNP
in the 3 min required to obtain the postablation image (Fig. 4 E–
H). The underlying lateral walls of the NT also move laterally
following ablation (SI Appendix, Fig. S4 A–C). This demonstrates
that the recently fused NT is load bearing.
We next tested whether tissue-level tension changes as Closure

2 forms, converting the open cranial neural folds into an HNP.
The magnitude of lateral recoil at C1z is not significantly different
between early developmental stages before Closure 2 forms versus
later stages when both zippering points are present (Fig. 4H).
Recoil is also comparable when either the C1z or C2z is ablated in
different embryos (Fig. 4H).
Thus, neither differential proclosure contractility (cable ten-

sion) nor anti-closure forces (tissue-level lateral recoil) are suf-
ficient to explain asymmetric HNP closure dynamics.

Combination of Medial Cell Movement and Purse-String Contraction
Describes HNP Dynamics. To better understand the mechanistic
origin of HNP closure dynamics, and specifically the differential
closure rates between C1z and C2z, we developed a vertex-based
mechanical model of surface ectoderm cells. In two-dimensional
vertex models, as implemented here, a network of edges repre-
sents cell–cell junctions, and the polygons represent the apical
surfaces of the cells (Fig. 5A) (37, 38). Note that this model is only
intended to describe closure of the thin cell layer, which extends
medially during HNP closure, not the elevation of the underlying
neural folds and their apposition at Closure 2, which initially forms
the HNP. Each cell has a mechanical energy composed of area
elasticity, cytoskeletal contractility, and interfacial tension at the
cell–cell junctions. Cell edges lining the HNP gap have an in-
creased tension due to the assembly of the contractile actomyosin
purse string, which generates a driving force for gap closure
(Fig. 5A). Potential models were iteratively tested for their ability
to replicate the observed tissue-level HNP closure dynamics,
namely an asymmetric closure rate, while maintaining an elon-
gated aspect ratio over long timescales. The initial gap geometry
and cell centroids were based on those of a representative HNP in
a 12-somite stage embryo.

Fig. 2. HNP closure progresses faster in the caudal than in the rostral direction, while HNP shape remains elliptical. (A) Three-dimensional reconstruction of a
representative early (14 somite) HNP reflection image. The red and blue lines indicate HNP length and width, respectively. (B–D) Quantification of HNP length
(B), width (C), and aspect ratio (D) in fixed embryos at the indicated somite stages (n = 40). The HNP shortens and narrows as it closes, but it maintains an
aspect ratio greater than 2. In all cases, the slope is significantly different from 0 (P < 0.05, ANOVA). (E) Same image as in A. The magenta line shows the mid
otic vesicle (OV) level. The red and blue lines show the distance of C2z progression (C2p) and C1z progression (C1p) from mid OV, respectively. (F) Quanti-
fication of the distances shown in E against HNP length in fixed embryos (n = 20). The absolute slopes of the regression lines are significantly different from
one another. P < 0.001, F-test. (G) Quantification of C2p and C1p (displacement from T = 0, not the mid-OV level) over time in a live-imaged embryo (shown in
I). The slopes of the regression lines are significantly different from one another. P < 0.001, F-test. (H) Quantification of HNP aspect ratio over time in the same
live-imaged embryo (I). The HNP maintains a highly elliptical shape throughout closure. P indicates the slope is significantly different from 0. (I) Snapshots of a
live-imaged mTmG mouse embryo at the time points indicated (14 somites at first frame). (J) Particle image velocimetry illustrating increased cell speed at C1z
and C2z. (Scale bar, 100 μm.)
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Purse-string contractility is nominally sufficient to achieve gap
closure but produces a progressively more circular gap because
the zippering points move rapidly toward each other with very
little lateral motion until gap aspect ratio drops below the range
observed in vivo (SI Appendix, Fig. S5 A–D and Movie S2). To
maintain an elongated gap shape, we included active forces, which
extend the surface ectoderm medially. These were implemented
through cell crawling throughout the bulk of the cell, assumed to
occur via adhesions onto newly assembled ECM directly behind
their leading edge (Fig. 5B). Cell crawling alone is also nominally
sufficient to close the gap, but the gap width and length close at
the same speed, increasing gap aspect ratio over time before both
sides meet laterally (SI Appendix, Fig. S6 A–D and Movie S2).
Simulating HNP closure from an empirically determined initial
geometry with a combination of purse-string and crawling mech-
anisms maintains gap aspect ratio over long timeframes (Fig. 5C),
closely recapitulating the pattern seen in vivo (Fig. 2H).
Varying the speed of cell crawling relative to the default model

demonstrates that increasing crawl speeds increases overall clo-
sure rates (SI Appendix, Fig. S6G) and leads to the maintenance of
gap aspect ratio for longer times (SI Appendix, Fig. S6H). Taken
together, these simulations suggest that both purse-string con-
traction and active cell crawling can contribute to the rate of HNP
closure, and their combination maintains gap aspect ratio over
time. We find that asymmetry between rostral and caudal closure
rates is greater when purse-string contraction is the only driving
force (SI Appendix, Fig. S5B), is present when cell crawling is the
only closing force (SI Appendix, Fig. S6B), and continues to be
observed when both purse-string contraction and cell crawling are

implemented (Fig. 5D). This asymmetry in closure rate arises
despite equal cable tension or crawling forces at C1z and C2z.
Recent work has suggested that gap geometry plays an impor-

tant role in regulating the dynamics of wound closure, such that
the rate of purse-string–driven closure is proportional to the gap
curvature (39–41). Indeed, the HNP geometry substantially differs
between the rostral and caudal regions (Figs. 1 A and G and 2A),
motivating us to investigate the relationship between closure rate
asymmetry and HNP geometry.

Asymmetric Tissue Geometry Produces Closure Rate Asymmetry. Sim-
ulated closure of an arithmetically elliptical gap, rather than em-
pirically determined HNP geometry, produces equivalent rates of
closure from the two extremes (SI Appendix, Fig. S7A). For a rate
asymmetry to exist, there must be some difference between the two
closure points in either the driving forces or the resistive forces
arising from the surrounding tissue. At early stages, there are fewer
cells in the plane of the gap in the recently closed region rostral to
C2z than there are in the closed region caudal to C1z (SI Appendix,
Fig. S8). Closure of an elliptical gap on biologically realistic
boundary conditions progresses only slightly faster from the end
with fewer cells (SI Appendix, Fig. S7B). Exaggerating differences
in boundary conditions increases closure rate asymmetry (SI Ap-
pendix, Fig. S7C). Thus, an ellipse can close asymmetrically when
fewer cells need to be rearranged at one apex than the other, but
this effect is insufficient to explain the observed closure rate
asymmetry under biologically relevant conditions.
An additional geometric feature incorporated in the simula-

tion is that in early embryos with long HNPs, the C1z has a

Fig. 3. Progression of HNP closure from Closure 2 is independent of Closure 1. (A–A’’) Representative whole-mount staining and corresponding bright-field
image of an early Vangl2−/− embryo (16 somites [Som]). Annotated are the actomyosin cables and associated ruffles extending along the open hindbrain
(white arrows in A and A’) and spinal region (white arrowheads in A). Magenta arrows indicate the open neural folds in bright field (A’’). (Scale bar, 100 μm.)
(B–B’’) Representative whole-mount staining and corresponding bright-field image of a late Vangl2−/− embryo (30 Som). Annotated are the actomyosin cables
and associated ruffles extending along the open hindbrain (white arrows in B’). Magenta arrows indicate the open neural folds in bright field (B’’). (Scale bar,
100 μm.) (C) Quantification of the distance between the C2z and the mid otic vesicle (OV) level in Vangl2−/− and Vangl2F/F (control) embryos at the indicated
somite stages. The OV level was defined as in Fig. 2E. (D) Representative laser ablation of cable-associated cell borders near the C2z. The asterisk shows the
ablated border. The white arrowhead points at membrane ruffles, which colocalize with the cable (Fig. 1G). (Scale bar, 10 μm.) (E) Representative kymographs
of cable ablations in Vangl2F/F and Vangl2−/− embryos. t indicates timeframes postablation (<1 s/timeframe) and is the same for both kymographs. (F) Recoil
quantification after cable ablations in Vangl2F/F (n = 10), Vangl2F/− (n = 11), and Vangl2−/− (n = 7) at 12 to 17 Som stages. P < 0.05, ANOVA with Bonferroni
post hoc correction.
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greater radius of curvature than that at the C2z (Fig. 5 F–H). In
both the simulation (Fig. 5F) and in vivo (Fig. 5 G and H), C2z
maintains a low radius of curvature (more acute angle), while
C1z’s radius of curvature decreases over developmental time.
Since the purse-string acts as a cable under tension, the resulting
force will be inversely proportional to the radius of curvature,
resulting in a larger net force and faster closure at C2z (SI Ap-
pendix, Fig. S5B). Consequently, simulated purse-string–driven
closure displays gap length-dependent dynamics: It slows down
as the HNP becomes rounder, before speeding up again when
the gap is very small (SI Appendix, Fig. S9).
The rate of shortening is more constant when crawling is

implemented alone or in addition to purse-string contraction (SI
Appendix, Fig. S9). A constant shortening rate is more consistent
with the overtly linear relationship between HNP length and
somite stage observed in vivo (Fig. 2B). Closure rate remains
faster from C2z when cell crawling is the only driving force (SI
Appendix, Fig. S6B). This is because the gap is narrower near the
C2z, so the edges meet sooner. Incorporating this experimentally

determined gap geometry in the final model reproduces the
asymmetry in closure rates observed in vivo (Fig. 5 D and E).

Surface Ectoderm Cells Display HNP Gap-Directed Displacement In
Vivo. Having developed an in silico model which meaningfully
recapitulates tissue-level dynamics, we used it to predict the
underlying cell-level dynamics around the HNP rim. In particu-
lar, we investigated the dynamics of three rows of cells around
the HNP, with Row 1 being the cells which form the actomyosin
purse strings (Fig. 6A, Inset). The three rows describe concentric
rings with progressively more cells in each row. During simulated
HNP closure, the number of cells in each row decreases gradu-
ally, with row occupancy decreasing at the same rate in each row
(Fig. 6A). Cells nearest to the gap move with greater speed
during closure (Fig. 6B, initial speeds defined in the model) but
have comparable directionality (defined as Euclidian distance
divided by total distance traveled) compared to the surrounding
rows (Fig. 6 C and D).
With only cell crawling, or only purse-string contraction, the

speed is highest, and directionality lower, in the cells closest to

Fig. 4. Biomechanical tension is comparable between the rostral and caudal ends of the HNP. (A) Representative laser ablations of surface ectoderm (SE)
border (Top) and cable near the C2z (Bottom). The arrowhead points at membrane ruffles, and the dashed line shows the site of ablation. (Scale bar, 10 μm.)
(B) Kymographs corresponding to the ablations in A shown in Fire lookup table. t indicates timeframes postablation (<1 s/timeframe) and is the same for both
kymographs. Cell borders show faster separation from the ablation site after cable than noncable SE border ablation. (C) Schematic representation of po-
sitions where SE cell border and cable ablations were performed. The HNP rim is indicated in cyan. (D) Recoil quantification after cable ablations proximal to
C1z (n = 9), C2z (n = 7), and ablations of SE borders in the closed region (n = 10). **P < 0.01, ***P < 0.001 ANOVA with Bonferroni post hoc correction. (E and
F) Three-dimensional reconstruction of representative zippering point (tissue level) laser ablations. Ablations of C2z and C1z are shown in E (14 somites) and F
(13 somites), respectively. The dashed line shows the site of ablation, and the arrow indicates lateral recoil of the neural folds. Right shows the overlay of pre-
and postablation images in cyan and magenta, respectively. (Scale bar, 100 μm.) (G) Schematic representation of zippering point (tissue level) ablations. The
HNP rim is indicated in cyan. (H) Recoil quantification after ablations of the C1z zipper at 7 to 11 somites (n = 10) and 12 to 16 somites (n = 6) and the C2z (n =
7). NS: nonsignificant, ANOVA with Bonferroni post hoc correction.
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the gap (purse string SI Appendix, Fig. S5 E and F; crawling SI
Appendix, Fig. S6 E and F). However, the directionality of Row 1
cell displacement is lower (< −0.7 Euclidian/accumulated dis-
tance) when purse-string–mediated closure is implemented
without crawling (SI Appendix, Fig. S6F), because cells display
large curving trajectories (SI Appendix, Fig. S6C). Furthermore,
when closure is only achieved by purse-string constriction, the
cells along the lateral rims of the HNP do not displace until gap
curvature drops below the range observed in vivo (SI Appendix,

Fig. S5D and Movie S2). This is because the speed of cell motion
in this model is proportional to curvature, which is very low along
the lateral borders of the HNP when the aspect ratio is >2. As
purse-string constriction pulls Row 1 cells toward the gap, they in
turn pull Row 2 cells and so on.
We developed subcellular live-imaging capability in order to

visualize surface ectoderm rearrangement around the closing
HNP in vivo (Fig. 6 E–G and Movie S3). We observed that Row 1
cells contribute to the HNP rim until they reach the zippering

Fig. 5. Cell-based modeling reveals that asymmetric geometry regulates closure rate asymmetry. (A) Schematic of the vertex model for HNP gap closure. Cell
edges on the gap, highlighted in red, have an increased tension because of the assembly of actomyosin purse string. Cells actively crawl toward the gap but
with less speed as distance to the gap increases (blue arrows). (B) Schematic representation of the proposed force-generating mechanisms employed by
surface ectoderm cells at the HNP gap. These cells assemble F-actin at their leading-edge, purse-string membrane ruffles and stress fiber-like arrangements
basally. The early focal adhesion marker TNS1 localizes in basal puncta and is enriched directly behind the purse string. Gap-directed forces are produced by
purse-string contractility (red arrow) and displacement onto newly assembled ECM (“crawling,” green arrow). The bottom inset illustrates how purse-string
contraction and crawling are proposed to occur. As the purse string pulls the leading edge forward (black arrow), TNS1-positive adhesions accumulate behind
it, where they are able to bind to and facilitate the assembly of ECM. (C) Gap aspect ratio against percentage closure time, as outputs of the model combining
purse-string contraction and cell crawling. (D) Progression of C1z and C2z against percentage closure time, as outputs of the model. (E) Time course of
simulated gap closure, at 10, 30, 50, 70, and 90% of closure time, from left to right. Cell color indicates cell speed. (F) Simulation mean radius of curvature at
the C1z and C2z. Data are binned into the nearest tertile of closure. Error bars represent SD within bins (n = 56). (G) Three-dimensional reconstructions of
representative early (14 somites, Left) and late (16 somites, Right) HNPs. A circle was fitted at each zippering point to calculate the radius of curvature. Cyan
and red circles annotate C1z and C2z, respectively. (H) Experimental mean radius of curvature at the C1z and C2z plotted against HNP length. Error bars
represent SE (n = 14 to 17 for each bin). P < 0.05, paired t test.
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point, after which they release their connection to the rim
(Fig. 6E) and undergo classical T1 transitions as they make new
partners with cells formerly in Rows 2 and 3 (Fig. 6F). Manual
tracking of surface ectoderm cells in the first three rows confirms
cells displace toward the HNP gap (Fig. 6G and Movie S4). Note
that cell displacement is also observed along the lateral, relatively
flat borders of the HNP (Fig. 6G and Movie S4).
As predicted by our vertex model, the rates at which cells leave

each row is equivalent between rows (Fig. 6H, representative of
four out of four independently live-imaged embryos). Cell dis-
placement parameters were analyzed over the first 25 min of live
imaging to reduce reanalysis of cells which switch rows. Over this
period, cells in Row 1 had a significantly higher speed than Row 3
in two out of four embryos (representative in Fig. 6I) and an
equivalent speed in the remaining two out of four embryos. Row 1
cells had equivalent (three out of four embryos, Fig. 6J) or signif-
icantly higher (one out of four embryos) directionality than Row 3
cells. Directionality is invariably underestimated in manually

tracked data because of “juddering” displacement paths caused by
changes in cell shape between time points. Nonetheless, Row 1
directionality is > 0.7 Euclidian/accumulated distance in all four
independent embryos (SI Appendix, Fig. S5F). Taken together, live
imaging confirms that highly directional surface ectoderm cell
displacement, consistent with crawling toward the gap, contributes
to HNP closure.

Discussion
The interdisciplinary studies described here establish a conceptual
biophysical framework through which disruption, or enhancement,
of HNP closure can be assessed. Tissue geometry, directional
surface ectoderm displacement, and actomyosin purse-string con-
tractility emerge as necessary parameters sufficient to describe the
simulated dynamics of HNP closure. Each of these three param-
eters will be responsive to a large number of genes and signaling
cascades whose enhancement may promote timely closure and
disruption may impede closure. Simulation demonstrates both

Fig. 6. Directional migration of surface ectoderm cells toward the HNP gap. Data in A–D are from simulated gap closure achieved by combined purse-string
constriction and cell crawling, whereas E–I are from live-imaged embryos. (A) Cell count in the first three rows around the gap against closure time. The inset
illustrates the three cell rows analyzed. Row 1 cells (blue) assemble the cables (green line) at the HNP rim. Row 2 cells (red) contact Row 1 without being
engaged in the cable. Row 3 (black) contact Row 2 cells. (B and C) Mean speed (B) and mean directionality (C) per row. (D) Cell center trajectories over the
course of simulated closure. Color indicates initial cell row. (E) Snapshots of a live-imaged, 15-somite mTmG mouse embryo, showing progression of HNP
closure. Row 1 to 3 cells are annotated. (Scale bar, 100 μm.) (F) Live imaging of cells rostral to Closure 2 (*), showing a T1 transition as the two red cells become
separated by the two cyan cells (same embryo as E, inverted gray lookup table). (Scale bar, 10 μm.) (G) Tracks of individual cells at the first three rows around
the HNP shown in E, illustrating directional cell displacement during live imaging. (H) Number of cells per row over time showing equivalent rates of reduction
in row occupancy. (I) Mean cell speed per row for the first 25 min, showing Row 1 cells underwent faster displacement than Rows 2 or 3 in this embryo. P <
0.001, one-way ANOVA with Bonferroni post hoc correction. (J) Mean cell directionality per row for the first 25 min, showing equivalence between rows.
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purse-string contractility and directional movement accelerate
closure from Closure 2, because tissue geometry constrains pro-
gression from Closure 1. This means a greater proportion of the
mouse HNP roof plate is produced by zippering from Closure 2.
Moreover, our model captures the directional dynamics of surface
ectoderm cells surrounding the gap visualized by live imaging.
Model systems used to study gap closure include in vitro

wounds (42–45), Drosophila dorsal closure (46, 47), embryonic
wound healing (48, 49), nematode ventral closure (50), and
Xenopus blastopore closure (51, 52). Recurring mechanisms in-
clude the formation of contractile actomyosin cables at tissue
interfaces, cell migration, and partner exchange across the gap
midline (47, 53, 54). However, differences in gap geometry and
cell types involved preclude direct extrapolation of mechanisms
identified in other systems to closure of the mammalian NT.
A previously described mechanism of HNP closure is the es-

tablishment of cell contacts across the midline by surface ecto-
derm cell protrusions (22, 23). We now find that these protrusions
appear to emanate from actomyosin purse strings surrounding the
HNP rim. ECM components can provide an adhesion substrate at
the HNP rim, where we observe accumulation of the early focal
adhesion marker TNS1. Actomyosin purse strings are robust
morphogenetic tools, which couple cell-level control of morpho-
genesis to tissue-level deformation (17, 55, 56). The requirement
for actomyosin purse strings in gap closure has recently been
questioned in Drosophila because dorsal closure completes suc-
cessfully in embryos lacking high-tension purse strings (57, 58).
However, there are substantial differences between these systems:
The early HNP is approximately double in length and takes three
times as long to close as the Drosophila dorsal gap. Dorsal closure
is slower in fly embryos which lack purse strings (57, 58), sug-
gesting that one of the roles of these structures in the HNP could
be to ensure closure completes before the previously suggested
(14) developmental deadline.
The importance of seemingly subtle tissue geometric proper-

ties in determining HNP closure rate have not, to our knowledge,
previously been appreciated. The HNP geometry from which our
analyses begin is established after elevation and apposition of the
underlying neural folds, which form Closure 1 and Closure 2. As
documented here, the lateral walls of the NT do not continue to
come into apposition as the HNP gap closes. The inward closure
force generated by the purse string is greater in regions of higher
rim curvature (40), increasing cell speeds at the C2z point. In
addition, cells have less distance to cross at the narrow Closure 2
compared to C1z. Why the C1z point is wider than that at Clo-
sure 2 in the early HNP is unclear. Potential explanations include
very different mechanisms underlying the initial formation of
these closure points and whole-embryo deformation during axial
rotation after Closure 1 forms (59). Intriguingly, the initial po-
sition at which Closure 2 forms varies between genetically wild-
type mouse strains (60), suggesting a degree of functional re-
dundancy. Morphogenetic redundancy, or compensation, is
demonstrated in this study by the ability of the C2z point to
proceed further caudally in the absence of Closure 1.
The embryos with craniorachischisis studied here also demon-

strate that the assembly of high-tension actomyosin supracellular
enrichments does not require Closure 1 or expression of Vangl2.
This is consistent with a previous report that Vangl2 deletion does
not impair wound healing in the fetal epidermis (61). Increased
actomyosin purse-string tension in Vangl2−/− embryos compared
with littermate controls could either indicate Vangl2 normally
suppresses contractility or, more likely, may be secondary to
tissue-level structural differences. It is well established that me-
chanical tensions trigger mechanochemical feedback mechanisms,
which increase nonmuscle myosin recruitment (62) and adherens
junction stability (63).
Establishment of E-cadherin adherens junctions between sur-

face ectoderm cells on opposite sides of the embryonic midline

allows advancement of the zippering points. The zippering dy-
namics observed during live-imaged HNP closure in this work is
different from what has been described in other closure processes.
Individual surface ectoderm cells at the zipper appear to follow
this point, often persisting at the leading edge for over one cell
length. In contrast, live imaging of Ciona NT closure shows
shrinkage of cell junctions ahead of the zipper and direct matching
of cells across the embryonic midline (64). Although “buttoning”
had previously been suggested to close the HNP based on lower-
resolution live imaging (13), no evidence of buttoning protrusions
are observed in freshly dissected embryos fixed directly after re-
moval from the uterus nor are they visible in the high-resolution
live imaging provided here.
Previous live imaging of mouse HNP closure also demonstrated

displacement of cell nuclei at the leading edge of the gap (65). The
first row of surface ectoderm cells extends protrusions toward the
neuropore, similarly to the closure of large gaps in wound healing
(66, 67). Stochastic lamellipodia-driven migration of a small
number of leader cells results in “rough” edges of the closing gap
(54). In contrast, the closing HNP gap has “smooth” edges, pre-
sumably due to coordinated actomyosin cable constriction in Row
1 cells. It remains to be established how directionality is inferred in
Row 1 cells and how these cells remodel their cell–cell and cell–
ECM attachments to achieve gap-oriented displacement.
In summary, the biophysical framework presented here begins

deconstructing cellular mechanisms of HNP closure from
morphometric measurements. Our findings extend the generaliz-
ability of core proclosure modules beyond the size and timescales
commonly studied in simpler organisms. Their concurrence en-
courages generalization to other closure events of both scientific
and clinical importance.

Materials and Methods
Animal Procedures. Studies were performed under the regulation of the UK
Animals (Scientific Procedures) Act 1986 and the Medical Research Council’s
Responsibility in the Use of Animals for Medical Research (1993). C57BL/6
mice were bred in house and used as plug stock from 8 wk of age. Mice were
mated overnight, and the next morning a plug was found and considered
E0.5. In some cases, mice were mated for a few hours during the day, and
the following midnight was considered E0.5. Pregnant females were killed
at E8.5 (∼12 somites) or E9 (∼17 somites). Vangl2Fl/− mice were as previously
described (68) and were always phenotypically normal. To obtain Vangl2−/−

embryos, Vangl2Fl/− stud males were crossed with Vangl2Fl/− females.
Vangl2Fl/Fl embryos were used as littermate controls. mTmG mice were as
previously described (69), and tdTom fluorescence from homozygous mTmG
embryos was used for live imaging. Grhl3Cre/+ stud males were as previously
described (18) and crossed with mTmG females to lineage trace surface
ectoderm cells.

Immunofluorescence, Image Acquisition, and Analysis. Embryos were dissected
out of their extraembryonic membranes, rinsed in ice-cold phosphate-buffered
saline, and fixed in 4% PFA overnight (4 °C). Whole-mount immunostaining
and imaging were as previously described (15, 36), and details are provided in
SI Appendix, Methods. Primary antibodies were used in 1:50 to 1:100 dilution
and were as follows: rabbit E-cadherin (3195, Cell Signaling Technology),
mouse N-cadherin (14215S, Cell Signaling Technology), fibronectin (goat SC-
6952 [C-20], Santa Cruz Biotechnology and rabbit ab23750, Abcam PLC), rabbit
anti-TNS1 (ab233133, Abcam PLC), rabbit anti-laminin (ab11575, Abcam PLC),
and rabbit MHC-IIB (909901, BioLegend). For N-cadherin staining, antigen re-
trieval was first performed for 1 h at 100 °C using 10 mM sodium citrate with
0.05% Tween 20, pH 6.0. Secondary antibodies were used in 1:200 dilution and
were Alexa Fluor conjugated (Thermo Fisher Scientific). Alexa Fluor 568–
conjugated Phalloidin was from Thermo Fisher Scientific (A121380).

Live Imaging. Embryos were dissected with an intact yolk sac and transferred
into 50% rat serum in Dulbecco’s Modified Eagle Medium. They were then
held in place with microsurgical needles (TG140-6 and BV75-3, Ethicon), and
a small window was made in the yolk sac and amnion, exposing the HNP.
Heartbeat was steady throughout each experiment. Images were captured
on Zeiss Examiner LSM 880 confocal (37 °C, 5% CO2) using a 20×/NA 1.0
Apochromat dipping objective. X/Y pixels were 0.27 to 0.83 μm, and z step
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was 1 μm. The time step was 5 to 10 min. Five embryos from independent
litters were live imaged for a minimum of 1 h each. Processing of live-
imaging movies is described in SI Appendix, Methods.

Laser Ablations. Cable- and tissue-level ablations were performed essentially
as previously described (15), and further details are provided in SI Appendix,
Methods.

Statistical Analysis. All statistical analysis was performed in OriginPro 2017
(Origin Labs). Individual embryos were the unit of measure. Images are rep-
resentative of embryos from a minimum of three independent litters. Com-
parison of two groups was by Student’s t test, paired by embryo where
appropriate. Comparison of multiple groups was by one-way ANOVA with
post hoc Bonferroni. Graphs were made in OriginPro 2017 and are shown
either as box plots or as mean ± SEM, in which several embryos were averaged
per data point. For box plots, the box shows the 25 to 75th percentiles, and the
median is indicated by a line. The whiskers show the 95% confidence intervals,
and the outliers are indicated (not excluded).

In Fig. 2 F and G, distances of the Closure 1 and 2 zippers were normalized
against the longest distances recorded for each zipper. Linear regression slopes
were estimated using Pearson’s regression and compared by F-test.

Computational Model. To model NT closure, we use the vertex model for ep-
ithelia (37, 38). Details of model construction, implementation, and parameters
are provided in SI Appendix, Methods.

Data Availability. All study data are included in the article and/or SI Appendix.
Biological source data are available through a ResearchGate data depository
(DOI: 10.13140/RG.2.2.29119.43683) (70). The computer code used in this study
is available in the following databases: vertex model simulations for HNP gap
closure, GitHub (https://github.com/BanerjeeLab/HNP) and surface subtraction
macro courtesy of Dr. Dale Moulding, GitHub (https://github.com/DaleMoulding/
Fiji-Macros). Vertex model simulations for HNP gap closure, surface subtraction
macro, and biological source data have been deposited in GitHub, ResearchGate
(https://github.com/BanerjeeLab/HNP; https://github.com/DaleMoulding/Fiji-
Macros; and DOI: 10.13140/RG.2.2.29119.43683). All other study data are
included in the article and/or supporting information.

ACKNOWLEDGMENTS. This study was funded partly by a Wellcome Trust
Postdoctoral Clinical Research Training Fellowship (107474/Z/15/Z) and partly
by a Wellcome Clinical Research Career Development Fellowship (211112/Z/
18/Z) to G.L.G. A.R.M. was supported by a Child Health Research CIO award
(to N.D.E.G.). A.J.C. and N.D.E.G. are supported by the Great Ormond Street
Hospital Children’s Charity. Research infrastructure within the institute is
supported by the National Institute for Health Research (NIHR) Great
Ormond Street Hospital Biomedical Research Centre. M.F.S. was supported
by an Engineering and Physical Sciences Research Council funded PhD stu-
dentship at the University College London. S.B. acknowledges funding from
the Royal Society (URF/R1/180187) and Human Frontier Science Program
(RGY0073/2018). We thank Dr. Dale Moulding for his help with image pro-
cessing, as well as the biological services staff for help with transgenic col-
onies. The views expressed are those of the authors and not necessarily those
of the National Health Service, the NIHR, or the Department of Health.

1. E. Heller, K. V. Kumar, S. W. Grill, E. Fuchs, Forces generated by cell intercalation tow
epidermal sheets in mammalian tissue morphogenesis. Dev. Cell 28, 617–632 (2014).

2. K. J. Lough, K. M. Byrd, D. C. Spitzer, S. E. Williams, Closing the gap: Mouse models to
study adhesion in secondary palatogenesis. J. Dent. Res. 96, 1210–1220 (2017).

3. T. W. Sadler, The embryologic origin of ventral body wall defects. Semin. Pediatr.
Surg. 19, 209–214 (2010).

4. E. Nikolopoulou, G. L. Galea, A. Rolo, N. D. E. Greene, A. J. Copp, Neural tube closure:
Cellular, molecular and biomechanical mechanisms. Development 144, 552–566
(2017).

5. A. J. Copp, P. Stanier, N. D. E. Greene, Neural tube defects: Recent advances, unsolved
questions, and controversies. Lancet Neurol. 12, 799–810 (2013).

6. I. Zaganjor et al., Describing the prevalence of neural tube defects worldwide: A
systematic literature review. PLoS One 11, e0151586 (2016).

7. E. Torban, H.-J. Wang, N. Groulx, P. Gros, Independent mutations in mouse Vangl2
that cause neural tube defects in looptail mice impair interaction with members of
the Dishevelled family. J. Biol. Chem. 279, 52703–52713 (2004).

8. P. Ybot-Gonzalez et al., Convergent extension, planar-cell-polarity signalling and
initiation of mouse neural tube closure. Development 134, 789–799 (2007).

9. A. Robinson et al., Mutations in the planar cell polarity genes CELSR1 and SCRIB are
associated with the severe neural tube defect craniorachischisis. Hum. Mutat. 33,
440–447 (2012).

10. J. N. Murdoch et al., Genetic interactions between planar cell polarity genes cause
diverse neural tube defects in mice. Dis. Model. Mech. 7, 1153–1163 (2014).

11. H. W. Van Straaten, H. C. Janssen, M. C. Peeters, A. J. Copp, J. W. Hekking, Neural tube
closure in the chick embryo is multiphasic. Dev. Dyn. 207, 309–318 (1996).

12. C. Pyrgaki, P. Trainor, A.-K. Hadjantonakis, L. Niswander, Dynamic imaging of mam-
malian neural tube closure. Dev. Biol. 344, 941–947 (2010).

13. S. Wang et al., Dynamic imaging and quantitative analysis of cranial neural tube
closure in the mouse embryo using optical coherence tomography. Biomed. Opt.
Express 8, 407–419 (2016).

14. Y. Yamaguchi et al., Live imaging of apoptosis in a novel transgenic mouse highlights
its role in neural tube closure. J. Cell Biol. 195, 1047–1060 (2011).

15. M. B. Butler et al., Rho kinase-dependent apical constriction counteracts M-phase
apical expansion to enable mouse neural tube closure. J. Cell Sci. 132, jcs230300
(2019).

16. E. Nikolopoulou et al., Spinal neural tube closure depends on regulation of surface
ectoderm identity and biomechanics by Grhl2. Nat. Commun. 10, 2487 (2019).

17. G. L. Galea et al., Biomechanical coupling facilitates spinal neural tube closure in
mouse embryos. Proc. Natl. Acad. Sci. U.S.A. 114, E5177–E5186 (2017).

18. E. Camerer et al., Local protease signaling contributes to neural tube closure in the
mouse embryo. Dev. Cell 18, 25–38 (2010).

19. S. C. P. De Castro et al., Overexpression of Grainyhead-like 3 causes spina bifida and
interacts genetically with mutant alleles of Grhl2 and Vangl2 in mice. Hum. Mol.
Genet. 27, 4218–4230 (2018).

20. S. B. Ting et al., Inositol- and folate-resistant neural tube defects in mice lacking the
epithelial-specific factor Grhl-3. Nat. Med. 9, 1513–1519 (2003).

21. R. Massarwa, L. Niswander, In toto live imaging of mouse morphogenesis and new
insights into neural tube closure. Development 140, 226–236 (2013).

22. H. J. Ray, L. A. Niswander, Dynamic behaviors of the non-neural ectoderm during
mammalian cranial neural tube closure. Dev. Biol. 416, 279–285 (2016).

23. J. A. Geelen, J. Langman, Ultrastructural observations on closure of the neural tube in
the mouse. Anat. Embryol. (Berl.) 156, 73–88 (1979).

24. A. Rolo et al., Regulation of cell protrusions by small GTPases during fusion of the
neural folds. eLife 5, e13273 (2016).

25. P. Ybot-Gonzalez, A. J. Copp, Bending of the neural plate during mouse spinal neu-
rulation is independent of actin microfilaments. Dev. Dyn. 215, 273–283 (1999).

26. D. Das et al., The interaction between Shroom3 and Rho-kinase is required for neural
tube morphogenesis in mice. Biol. Open 3, 850–860 (2014).

27. E. M. McGreevy, D. Vijayraghavan, L. A. Davidson, J. D. Hildebrand, Shroom3 func-
tions downstream of planar cell polarity to regulate myosin II distribution and cellular
organization during neural tube closure. Biol. Open 4, 186–196 (2015).

28. E. G. Heimsath Jr, Y.-I. Yim, M. Mustapha, J. A. Hammer, R. E. Cheney, Myosin-X
knockout is semi-lethal and demonstrates that myosin-X functions in neural tube
closure, pigmentation, hyaloid vasculature regression, and filopodia formation. Sci.
Rep. 7, 17354 (2017).

29. J. Zhou, H. Y. Kim, L. A. Davidson, Actomyosin stiffens the vertebrate embryo during
crucial stages of elongation and neural tube closure. Development 136, 677–688
(2009).

30. A. C. Martin, M. Gelbart, R. Fernandez-Gonzalez, M. Kaschube, E. F. Wieschaus, In-
tegration of contractile forces during tissue invagination. J. Cell Biol. 188, 735–749
(2010).

31. K. Röper, Integration of cell-cell adhesion and contractile actomyosin activity during
morphogenesis. Curr. Top. Dev. Biol. 112, 103–127 (2015).

32. C. Carmona-Fontaine et al., Contact inhibition of locomotion in vivo controls neural
crest directional migration. Nature 456, 957–961 (2008).

33. A.-L. Law et al., Lamellipodin and the Scar/WAVE complex cooperate to promote cell
migration in vivo. J. Cell Biol. 203, 673–689 (2013).

34. I. Wierzbicka-Patynowski, J. E. Schwarzbauer, The ins and outs of fibronectin matrix
assembly. J. Cell Sci. 116, 3269–3276 (2003).

35. I. Antoniades, P. Stylianou, P. A. Skourides, Making the connection: Ciliary adhesion
complexes anchor basal bodies to the actin cytoskeleton. Dev. Cell 28, 70–80 (2014).

36. G. L. Galea et al., Vangl2 disruption alters the biomechanics of late spinal neurulation
leading to spina bifida in mouse embryos. Dis. Model. Mech. 11, dmm032219 (2018).

37. R. Farhadifar, J.-C. Röper, B. Aigouy, S. Eaton, F. Jülicher, The influence of cell me-
chanics, cell-cell interactions, and proliferation on epithelial packing. Curr. Biol. 17,
2095–2104 (2007).

38. A. G. Fletcher, M. Osterfield, R. E. Baker, S. Y. Shvartsman, Vertex models of epithelial
morphogenesis. Biophys. J. 106, 2291–2304 (2014).

39. A. Ravasio et al., Gap geometry dictates epithelial closure efficiency. Nat. Commun. 6,
7683 (2015).

40. S. R. K. Vedula et al., Mechanics of epithelial closure over non-adherent environ-
ments. Nat. Commun. 6, 6111 (2015).

41. M. F. Staddon et al., Cooperation of dual modes of cell motility promotes epithelial
stress relaxation to accelerate wound healing. PLoS Comput. Biol. 14, e1006502
(2018).

42. A. Brugués et al., Forces driving epithelial wound healing. Nat. Phys. 10, 683–690
(2014).

43. E. Anon et al., Cell crawling mediates collective cell migration to close undamaged
epithelial gaps. Proc. Natl. Acad. Sci. U.S.A. 109, 10891–10896 (2012).

44. G. Fenteany, P. A. Janmey, T. P. Stossel, Signaling pathways and cell mechanics in-
volved in wound closure by epithelial cell sheets. Curr. Biol. 10, 831–838 (2000).

45. V. Ajeti et al., Wound healing coordinates actin architectures to regulate mechanical
work. Nat. Phys. 15, 696–705 (2019).

46. D. P. Kiehart, J. M. Crawford, A. Aristotelous, S. Venakides, G. S. Edwards, Cell sheet
morphogenesis: Dorsal closure in Drosophila melanogaster as a model system. Annu.
Rev. Cell Dev. Biol. 33, 169–202 (2017).

47. P. Hayes, J. Solon, Drosophila dorsal closure: An orchestra of forces to zip shut the
embryo. Mech. Dev. 144, 2–10 (2017).

10 of 11 | PNAS Maniou et al.
https://doi.org/10.1073/pnas.2023163118 Hindbrain neuropore tissue geometry determines asymmetric cell-mediated closure

dynamics in mouse embryos

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
1,

 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023163118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023163118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023163118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023163118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023163118/-/DCSupplemental
http://doi.org/10.13140/RG.2.2.29119.43683
https://github.com/BanerjeeLab/HNP
https://github.com/DaleMoulding/Fiji-Macros
https://github.com/DaleMoulding/Fiji-Macros
https://github.com/BanerjeeLab/HNP
https://github.com/DaleMoulding/Fiji-Macros
https://github.com/DaleMoulding/Fiji-Macros
http://doi.org/10.13140/RG.2.2.29119.43683
https://doi.org/10.1073/pnas.2023163118


www.manaraa.com

48. P. Martin, J. Lewis, Actin cables and epidermal movement in embryonic wound

healing. Nature 360, 179–183 (1992).
49. J. Brock, K. Midwinter, J. Lewis, P. Martin, Healing of incisional wounds in the em-

bryonic chick wing bud: Characterization of the actin purse-string and demonstration

of a requirement for Rho activation. J. Cell Biol. 135, 1097–1107 (1996).
50. R. Ikegami et al., Semaphorin and Eph receptor signaling guide a series of cell

movements for ventral enclosure in C. elegans. Curr. Biol. 22, 1–11 (2012).
51. D. R. Shook, E. M. Kasprowicz, L. A. Davidson, R. Keller, Large, long range tensile

forces drive convergence during Xenopus blastopore closure and body axis elonga-

tion. eLife 7, e26944 (2018).
52. R. Feroze, J. H. Shawky, M. von Dassow, L. A. Davidson, Mechanics of blastopore

closure during amphibian gastrulation. Dev. Biol. 398, 57–67 (2015).
53. S. Nodder, P. Martin, Wound healing in embryos: A review. Anat. Embryol. (Berl.) 195,

215–228 (1997).
54. S. Begnaud, T. Chen, D. Delacour, R.-M. Mège, B. Ladoux, Mechanics of epithelial

tissues during gap closure. Curr. Opin. Cell Biol. 42, 52–62 (2016).
55. A. Rodriguez-Diaz et al., Actomyosin purse strings: Renewable resources that make

morphogenesis robust and resilient. HFSP J. 2, 220–237 (2008).
56. R. Levayer, T. Lecuit, Biomechanical regulation of contractility: Spatial control and

dynamics. Trends Cell Biol. 22, 61–81 (2012).
57. L. Pasakarnis, E. Frei, E. Caussinus, M. Affolter, D. Brunner, Amnioserosa cell con-

striction but not epidermal actin cable tension autonomously drives dorsal closure.

Nat. Cell Biol. 18, 1161–1172 (2016).
58. A. Ducuing, S. Vincent, The actin cable is dispensable in directing dorsal closure dy-

namics but neutralizes mechanical stress to prevent scarring in the Drosophila em-

bryo. Nat. Cell Biol. 18, 1149–1160 (2016).
59. Y. Sakai, Neurulation in the mouse: Manner and timing of neural tube closure. Anat.

Rec. 223, 194–203 (1989).

60. D. M. Juriloff, M. J. Harris, C. Tom, K. B. MacDonald, Normal mouse strains differ in
the site of initiation of closure of the cranial neural tube. Teratology 44, 225–233
(1991).

61. J. Caddy et al., Epidermal wound repair is regulated by the planar cell polarity sig-
naling pathway. Dev. Cell 19, 138–147 (2010).

62. R. Fernandez-Gonzalez, S. de M. Simoes, J.-C. Röper, S. Eaton, J. A. Zallen, Myosin II
dynamics are regulated by tension in intercalating cells. Dev. Cell 17, 736–743 (2009).

63. S. Yonemura, Y. Wada, T. Watanabe, A. Nagafuchi, M. Shibata, Alpha-catenin as a
tension transducer that induces adherens junction development. Nat. Cell Biol. 12,
533–542 (2010).

64. H. Hashimoto, F. B. Robin, K. M. Sherrard, E. M. Munro, Sequential contraction and
exchange of apical junctions drives zippering and neural tube closure in a simple
chordate. Dev. Cell 32, 241–255 (2015).

65. N. Shinotsuka et al., Caspases and matrix metalloproteases facilitate collective be-
havior of non-neural ectoderm after hindbrain neuropore closure. BMC Dev. Biol. 18,
17 (2018).

66. M. Poujade et al., Collective migration of an epithelial monolayer in response to a
model wound. Proc. Natl. Acad. Sci. U.S.A. 104, 15988–15993 (2007).

67. W. Wood et al., Wound healing recapitulates morphogenesis in Drosophila embryos.
Nat. Cell Biol. 4, 907–912 (2002).

68. S. A. Ramsbottom et al., Vangl2-regulated polarisation of second heart field-derived
cells is required for outflow tract lengthening during cardiac development. PLoS
Genet. 10, e1004871 (2014).

69. M. D. Muzumdar, B. Tasic, K. Miyamichi, L. Li, L. Luo, A global double-fluorescent Cre
reporter mouse. Genesis 45, 593–605 (2007).

70. E. Maniou et al., Graph source data: Hindbrain neuropore tissue geometry determines
asymmetric cell-mediated closure dynamics in mouse embryos. ResearchGate Data repos-
itory. https://www.researchgate.net/publication/350605057_Graph_source_data_Hindbrain_
neuropore_tissue_geometry_determines_asymmetric_cell-mediated_closure_dynamics_
in_mouse_embryos. Deposited 4 April 2021.

Maniou et al. PNAS | 11 of 11
Hindbrain neuropore tissue geometry determines asymmetric cell-mediated closure
dynamics in mouse embryos

https://doi.org/10.1073/pnas.2023163118

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
1,

 2
02

1 

https://www.researchgate.net/publication/350605057_Graph_source_data_Hindbrain_neuropore_tissue_geometry_determines_asymmetric_cell-mediated_closure_dynamics_in_mouse_embryos
https://www.researchgate.net/publication/350605057_Graph_source_data_Hindbrain_neuropore_tissue_geometry_determines_asymmetric_cell-mediated_closure_dynamics_in_mouse_embryos
https://www.researchgate.net/publication/350605057_Graph_source_data_Hindbrain_neuropore_tissue_geometry_determines_asymmetric_cell-mediated_closure_dynamics_in_mouse_embryos
https://doi.org/10.1073/pnas.2023163118

