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CHAPTER 3.2 - SINGLE-SITE NEURAL TUBE CLOSURE
IN HUMAN EMBRYOS REVISITED

Bernadette S de Bakker
Stan Driessen
Bastiaan JD Boukens
Maurice JB van den Hoff
Roelof-Jan Oostra
Clin Anat. 2017 Aug 10. In press.

“The elements that unite are single cells, each on the point of death;
but by their union a rejuvenated individual is formed,
which constitutes a link in the eternal process of Life.“
Frank R Lillie, 1919

3 D A TLAS OF H UMAN E MBRYOLOGY
Abstract
Introduction Since the multi-site closure theory was first proposed in 1991 as
explanation for the preferential localizations of neural tube defects, the closure of the
neural tube has been debated. Although the multi-site closure theory is much cited in
clinical literature, single-site closure is most apparent in literature concerning
embryology. Inspired by Victor Hamburgers (1900-2001) statement that "our real
teacher has been and still is the embryo, who is, incidentally, the only teacher who is
always right", we decided to critically review both theories of neural tube closure.
Materials and Methods To verify the theories of closure, we studied serial
histological sections of 10 mouse embryos between 8.5 and 9.5 days of gestation and
18 human embryos of the Carnegie collection between Carnegie stage 9 (19-21 days)
and 13 (28-32 days). Neural tube closure was histologically defined by the
neuroepithelial remodeling of the two adjoining neural fold tips in the midline.
Results We did not observe multiple fusion sites in neither mouse nor
human embryos. A meta-analysis of case reports on neural tube defects showed that
defects can occur at any level of the neural axis.
Conclusions Our data indicate that the human neural tube fuses at a single site
and, therefore, we propose to reinstate the single-site closure theory for neural
tube closure. We showed that neural tube defects are not restricted to a specific
location, thereby refuting the reasoning underlying the multi-site closure theory.

Introduction
With an incidence of one in 1000 births, neural tube defects (NTDs) are, after
cardiovascular malformations, the second most common birth defects in humans
(Mitchell, 2005). Examples of NTDs are anencephaly, encephalocele and spina bifida
among others. Their pathology ranges from occult defects without neurological
symptoms to complete absence of neural tube formation and early fetal lethality,
depending on the severity and location(s) of the NTD. For the proper morphological
interpretation of molecular data on regulatory mechanisms controlling neural tube
closure in experimental animals it is essential to understand neural tube formation in
humans.
In human embryology textbooks, the neural tube is typically described to
close by a zipper-like process that starts in the middle of the embryo and then proceeds
bidirectionally to the cranial and caudal ends of the neural walls. Because tube closure
starts at one location this model is referred to as the single-site closure theory (Fig. 1A).
This process is completed around 24-28 days after fertilisation (O'Rahilly and Muller,
1994). In the early 90’s Van Allen (1993) proposed the multi-site closure theory (Fig.
1B), which is based on studies in mice and on the retrospective explanation for the
occurrence of multiple neural tube defects within one patient. This theory states that
the fusion of the neural walls starts at multiple locations along the neural axis instead
of one. Although the multi-site closure theory was further adapted and fine-tuned
based on studies by Nakatsu (2000) (Fig. 1C) and O’Rahilly (2002) and colleagues
(Fig. 1D), the debate on the mode of closure of the neural tube is still not closed.
The human embryo specimens that were reconstructed in three dimensions
(3D) from high resolution images for the creation of the 3D Atlas of Human Embryology
(de Bakker et al., 2016), showed no signs of multi-site closure (Figs. 2 and 1E). This is
even more remarkable, considering that one of the embryos used to create this atlas
(i.e. Carnegie stage 10 specimen 5074 (21-23 days of development)) clearly resembles
the stage 10 specimen 20297 from the Kyoto collection, both of which are often called
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upon when the multi-site closure theory is mentioned (Nakatsu et al., 2000; O'Rahilly
and Muller, 2002; Ten Donkelaar, 2014).
In this study, we reviewed the literature with respect to the single and multi-site
closure theories, and we evaluated serially sectioned human and mouse embryos to
find support for either one of these theories.
Background
Neurulation, the formation of the neural tube from which the brain and spinal cord
develop, starts in the third week of human development, when neuro-ectoderm
differentiates from the epidermal ectoderm by thickening into the neural plate. Along
the axis of the embryo, a medial hinge is formed in the neural plate and the neuroectoderm raises laterally forming the lateral neural walls and medial neural groove.
These walls raise, embrace the neural groove and eventually fuse dorsally, thus giving
rise to the neural tube (Ten Donkelaar, 2006; Ten Donkelaar, 2014).
In the embryonic period, the spinal cord fills the complete length of the
vertebral canal. At birth, the cord ends at a progressively higher level, at lumbar
vertebra three (L3), and after 12 months the cord’s end is found at its mature level of
lumbar vertebrae one or two (L1/L2). When a NTD occurs, the vertebral bow(s) that
overlies the defect in the embryonic period generally will not close. We, therefore,
assume that NTDs found at birth are at the vertebral level where the NTD occurred in
the embryonic period, because the defect hampers the upward retreat of the spinal
cord in the vertebral canal. The typical concomitant symptoms of spina bifida, i.e.
tethered cord, Chiari malformation and hydrocephalus, are all caused by traction on
the neural tube because of its inability to retreat upwards in the vertebral canal due to
the NTD. The etiology of NTD’s is very complex and in some variants, it is yet to be
understood. This is why we focused on NTD’s from which the etiology is best
understood, i.e. spina bifida, meningocele, meningeomyelocele and myeloschisis.
Materials and Methods & Results
The use of sections in mouse embryos
Our review of the research methods applied in published papers showed that studies
in which the multi-site closure in mouse embryos is mentioned used whole embryos
placed under the (electron) microscope. These studies thus determined the sites of
fusion by exterior examination of the embryos. Although some authors present
several histological sections, no conclusive evidence for multi-site closure has been
provided based on serial histological sections. Only two studies concerned sections of
mouse embryos (Greene and Copp, 2009; Pyrgaki et al., 2010; Sadler, 1998), but the
presented figures remain inconclusive to show multiple sites of fusion within one
embryo since the successive sections are lacking or the neural walls lie closely together
but show no fusion. Also, the stunning dynamic images of neural tube closure in
mouse embryos of Pyrgaki and Wang did not display this kind of fusion (Pyrgaki et al.,
2010, Wang et al., 2017). The electron microscope images published by Juriloff et al.
(1991), however, showed a degree of fusion that is significant enough to consider that
neural tube closure in mouse embryos occurs at multiple sites. To elucidate this
discrepancy, we studied histological sections of 10 different mouse embryos of the
collection of the department of Medical Biology (formerly: Anatomy, Embryology &
Physiology) of the Academic Medical Center in Amsterdam, the Netherlands. All
embryos were harvested between 8.5 and 9.5 days of gestation, fixed in Bouin to
minimalize shrinkage artefacts, and stained with hematoxylin and eosin.
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Fig. 1. The proposed theories on single or multisite fusion. Inspired by Nakatsu et al. (2000). A: The single-site fusion
theory starts dorsally and proceeds bidirectional to the cranial and caudal ends of the neural walls. B: Multi-site fusion theory
by Van Allen (1993); Fusion site one occurs in the future cervical region and continues bidirectional, fusion site two occurs
between the future prosencephalon and mesencephalon and extends bidirectional; fusion site three initiates at the cranial
tip of the neural groove and proceeds caudally to meet the fusion starting at site two; fusion site four covers the
rhombencephalon and completes neural tube closure; fusion site five closes the posterior neuropore. C: Multi-site fusion
theory by Nakatsu (2000). D: Multi-site fusion theory by O’Rahilly (2002). E: Same embryo as in figure 2C (stage 11,
specimen 6784 (23-26 days, 2.5 mm)) with our proposed theory, which supports single-site fusion theory as presented in A.
The red arrow indicates that the first fusion site should be positioned more cranially at the level of the third and fourth somite
as compared to stage 10 in figure 2A. Abbreviations: FS: fusion site, NP: neural pore: Cr: cranial, Ca: caudal, Hb: hindbrain.

Fig. 2. A series of human embryos from the 3D Atlas of Human Embryology (de Bakker et al., 2016).
Outlines of the skin are sketched. Neural tube in green, somites red, optic vesicle/cup white, otic pit/vesicle
pink, nerves yellow. A: Dorsal view on stage 10 specimen 6330 (21-23 days, 2.0 mm). The seven paired somites
are numbered. Note first fusion of the neural tube, indicated by the black arrow, at somites level 3 and 4. B:
Dorsal view on stage 11 specimen 6784 (23-26 days, 2.5 mm). Neuropores are indicated by arrows. C: Lateral
view on stage 12 specimen 8505A (26-30 days, 2.9 mm). The rhombencephalon is transparent. The cranial
neuropore is closed and the caudal neuropore is indicated by an arrow. The first seven pairs of somites are
numbered. D: Lateral view on embryo stage 13 specimen 836 (28-32 days, 4 mm). The rhombencephalon is
transparent. The first seven pairs of somites are numbered. E: Lateral view on stage 16 specimen 6517 (37-42
days, 10.5 mm). The myelencephalon is transparent. A limited number of somites in the tail, the skeleton in offwhite. Vertebrae indicated by C: cervical, T: thoracic, L: lumbar, S: sacral. Abbreviations: Cr: cranial, Ca:
caudal, L: left, R: right, V: trigeminal nerve, VII: facial nerve, XI: accessory nerve, XII: hypoglossal nerve.
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We studied the serial sections to determine the sites of fusion of the neural walls in
these embryos. Neural tube closure was histologically defined by the neuroepithelial
remodeling of the two adjoining neural fold tips in the midline. In each of the
examined embryos, we identified only one single fusion site at the rhombencephalic
level. Given the total number of studied neural tube sections and the average number
at which a continuously fused tube was observed, the chance that a second fusion site
was missed in 10 embryos can be approximated by a binomial test to be less than
-6
5.3*10 . All of the above considered, no clear evidence for multi-site closure based on
serial sections of mouse embryos has been presented. Therefore, we conclude that
neural tube closure in mouse embryos is most likely to proceed according to the longestablished single-site zipper-closure theory.
The use of sections in human embryos
Whole-mount images of stage 10 human embryos like specimen 20297 from the Kyoto
collection are often used by authors to allocate multi-site closure in humans (Nakatsu
et al., 2000; Ten Donkelaar, 2014). The stage 10 embryo (21-23 days), specimen 5074
from the Carnegie collection as used by O’Rahilly and Muller (2002) shows
comparable sites of fusion when whole-mount images are used. However, when
examining the series of sections of the latter embryo, we identified no signs of
multiple sites of fusion (de Bakker et al., 2016). We found one continuous series of
sections in which the walls of the neural groove had fused. Although in some sections
the walls were close together or touching, but not fused (Fig. 3). Our examination of
serial histological sections of 18 human embryos between Carnegie stage 9 (19-21
days) and 13 (28-32 days) of the Carnegie collection (Table 1) also showed no regions
of fusion with unfused regions in between. In every stage 10, 11 and 12 embryo, only
one continuous series of sections showed fusion.
Literature search: Specific locations for NTDs
To gain an overview of the available literature concerning the neural tube closure
theories, we performed queries in PubMed and Web of Science and reviewed 63 case
reports, empirical studies and literature reviews including neural tube defects (NTD).
For the sake of clarity, we focused on neural tube closure defects proper and excluded
other (secondary) neurulation defects, e.g. abnormal filum terminale, congenital
dermal sinuses, lipomatous malformations, neurenteric cysts, neural tube defects
associated with caudal regression and split cord malformations. We also did not
include craniorachischisis data because in these cases there is no sign of fusion of the
neural tube. They are therefore of no use in determining any site of fusion. Although
the encephalocele is often believed to be a re-opening defect of the neural tube (Copp
et al., 2013), no etiological difference can be indicated between neural tube closure
defects and re-opening defects. Therefore, we will not discriminate between these
defects.
One of the key arguments for the existence of multiple closure sites as cited in
NTD case reports, is that NTDs are found at specific locations in the neural tube
(Ahmad and Mahapatra, 2009; Bertal et al., 2011; Etus et al., 2006; Garg et al., 2014;
Mahalik et al., 2013; Singh and Singh, 2012; Srinivas et al., 2008; Tekkok, 2005; Vashu
and Liew, 2010). With respect to multi-site closure, O’Rahilly and Muller indicated
accessory loci of fusion in embryos of the mouse (2002). These loci are not restricted
to a certain point in the neural tube, but occur at variable locations in different
embryos. As these findings were based on descriptions of whole embryos and not on
serial sections, they should be considered with care. On top of that, Srinivas et al.
(2008) and Ahmad et al. (2009) found that some cases of NTDs cannot be explained
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by the 5-site model of Van Allen. A sixth site should be present in embryos to explain
some of the NTDs that were shown in humans.

b

μ

P

Acquired
through

Staining

Days

Fixation medium

CRL

Table 1. Overview of human specimens used to study neural tube closure
a

Year

Origin

Specimen

CS
Hysterectomy
No information
Curettage
Abortion
Abortion
No information
No information

4
10
10
5
5
10
5

25
28

t
t
c
t
t
t
t

(mm)
1.57
1.5
1.38
2.4
1.74
1.95

Formalin and Bouin
Formol
Formol
Paraformaldehyde
Paraformaldehyde
Formol
Formol

1957
1926
1917
2011
2008
1921
1931

BC
CC
CC
HDBR
AMC
CC
CC
CC

H712
5080
1878
N509
EMB-097
3709
6330
5074

9
9
9
9
9
9
10
10

Bouin
Formol
Formol
Formol
Formol
Paraformaldehyde
Paraformaldehyde
Paraformaldehyde

5
10
12.5
10
15
7
7
7

Abortion (EUG)
No information
No information
No information
No information
Abortion
Abortion
Abortion

t
t
o
o
o
t
t
t

-

0391
3707
3710
4216
EMB-071
EMB-075
EMB-100
6344

1.41
2.0
1.5
3.6
2.0
-

CC
CC
CC
CC
AMC
AMC
AMC
CC

1925
1907
1921
1921
1923
2008
2008
2008

10
10
10
10
10
10
10
11

Formalin
Formol
Paraformaldehyde
Zenker's Formol
Formol

6
6
7
8
10

Hysterectomy
Hysterectomy
Abortion
No information
Miscarriage

t
t
t
t
t

29
-

6784
EMB-054
8943
8505A
836

2.58
2.46
3.9
-

CC
AMC
CC
CC
CC

1931
1933
2008
1934
1947

11
11
12
12
13

15
10

Mercuric Chlorine
Formol

t
t

Hysterectomy
No information

Hematoxylin and Eosin
Al. Coch.
Hematoxylin and Eosin
Hematoxylin and Eosin
Diverse immuno
Erythrosin
Ehrlich’s acid hematoxylin
Alum
cochineal
(i.e.
carmine)
Al. Coch
I.H.
H. & or. G.
Unknown
Diverse immuno
Diverse immuno
Diverse immuno
Alum
cochineal
(i.e.
carmine)
Iron Hematoxylin
Diverse immuno
Hematoxylin and Eosin
Hematoxylin and Phloxin
Alum
cochineal
(i.e.
carmine)
Alum cochineal, eosin
32
5541

4.09
4.08

CC

1914
1927

13

CS: Carnegie stage, Year: Year of acquisition, CRL: crown-rump-length in mm, Day: days post ovulation, Thickness:
section thickness.
a Origin of the specimen: BC = Boyd Collection: Department of Physiology, Development and Neuroscience,
University of Cambridge, United Kingdom // CC = Carnegie Collection: National Museum of Health and Medicine,
Silver Spring,
Maryland, USA // HDBR = Human Developmental Biology Resource, Newcastle Upon Tyne, United Kingdom //
AMC = Academic Medical Center, Department op Medical Biology, University of Amsterdam, The Netherlands.
b Plane of sectioning: o = oblique, t = transversal, c = coronal
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To determine whether NTDs are randomly distributed over the total length of the
neural tube, we included all published case reports (n=43) describing multiple NTDs
in one child published in the period between 2000 and 2016 and all case reports (n=84)
published in the period between 2012 and 2016 describing a single NTD per case. We
used case reports of single as well as multiple defects in one patient because the
distribution of NTD’s might differ between them. Because of the large number of ever
published case reports, we used all reports containing single defects published
between 2012 and 2016 to create a standardized scheme to summarize current
literature. 17 cases containing multiple defects and 18 cases containing single defects
were excluded because the exact vertebral level was not mentioned and unable for us
to trace on (radiological) images. We further excluded 9 cases with NTDs localized on
the frontal part of the neural tube since they did not result from failure of fusion. The
levels of the neural tube defects in the 83 remaining cases were summarized in table
2.
By using the curved slice function in the software package Amira (version 5.6,
http://www.amira.com) we were able to visualize a flattened image of the neural
tube of a stage 12 human embryo (26-30 days of development) (Fig. 4). We then
included the data from the tabulated case reports from table 2 in figure 5. NTDs are
found on all levels of the neural tube but the NTD locations are not uniformly
-5
distributed over the neural tube (Chi-square test: p=2.0*10 ) but do show a
preference for the occipital region, vertebrae C6 till T3 and the region between T8 and
S1 with a peak at L5. Considering these results, we conclude that despite some
preferential locations can be indicated, NTDs occur in a range of severities at any
location along the neural axis, which means that NTD locations as such do not provide
evidence for specific sites of neural wall fusion.

3.2

Fig. 3. Whole-mount versus histological sections. An example of a whole-mount embryo (Carnegie collection stage 10
specimen 5074, (21-23 days, 1.4 mm) viewed from the dorsal side where the neural tube seems to fuse cranially at multiple
sites (arrow points D and F in close-up B). However, when the corresponding histological sections (Figs. 3C – F) at those
levels and subsequent sections were examined, no actual fusion of the neural tube could be discovered. The section at
level D appears to be a tear, but histology shows that the borders of the open neural tube are undamaged. The scale bars
indicate 50 μm.
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Table 2. Details of the NTD cases used to constitute Figure 5
Multiple NTDs in case reports between 2000 and 2016
Ref.
#
nr.
NTDs Type
Authors
Year
meningocele/
1
Richards et al
2003
2
meningomyelocele 2x
2.1
Ramdurg et al. 2015
2
encephalocele 2x
encephalocele;
meningomyelocele 2x
3
Tekkök
2005
3
4
Etus et al.
2006
2
meningomyelocele 2x
meningocele;
5.1
Ahmad et al.
2009
2
meningomyelocele
encepahlocele;
meningomyelocele
5.2
Ahmad et al.
2009
2
5.3

Ahmad et al.

2009

2

5.4
5.5
6.1

Ahmad et al.
Ahmad et al.
Srinivas

2009
2009
2008

2
2
3

6.2

Srinivas

2008

3

7

Singh

2008

2

8

Vashu et al.

2010

2

9.1

Mahalik et al.

2013

2

9.2
9.3

Mahalik et al.
Mahalik et al.

2013
2013

3
2

9.4
9.5

Mahalik et al.
Mahalik et al.

2013
2013

2
2

9.6

Mahalik et al.

2013

2

9.7

Mahalik et al.

2013

2

10

Singh

2012

2

11
12

Singh
Singh

2012b
2012a

2
2

13
14
15

Garg et al.
Canaz et al.
Srivastata

2014
2015
2016

2
2
2
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encephalocele 2x
meningocele;
meningomyelocele
meningomyelocele 2x
meningomyelocele 3x
encephalocele;
meningomyelocele 2x
meningocele;
meningomyelocele
encephalocele;
meningomyelocele
encephalocele;
meningomyelocele
meningomyelocele
2x; meningocele
meningomyelocele 2x
meningomyelocele;
dermal sinus
encephalocele 2x
meningocele; spina
bifida occulta
encephalocele;
multisegmental
meningocele
encephalocele;
meningocele
encephalocele;
meningomyelocele
encephalocele 2x
encephalocele;
meningomyelocele
encephalocele 2x
encephalocele 2x

Locations
T8-T9; L1
parietal;occipital
parieto-occipital; C3;
T12-L5
C6; L1-L4
C3-C5; L3-L4
occipital; T3-T4;
parieto-occipital
occipital
C6-T1; T11-L5
C3-C7 + T12-L4
T3-T4 + T9 + L2-L3
occipital;
unspecified;
lower thoracic
C6; T12
parietal; T10-T12
occipital; L4-L5
C5-T1; T10-L2; L5
T9-T10; L2-L5
L5 + L2-L3
occipital 2x
subocciptial; L3-L5
occipital; T8/T9-L1
occipital; thoracic
occipital; T7-T8
subocciptial
occipital; T10-T11
occipital 2x
parietal; occipital

Table 2 continued. Details of the NTD cases used to constitute Figure 5
Single NTDs in case reports between 2012 and 2016
Ref. nr. Authors
Year Type
2.2
Ramdurg et al.
2015 encephalocele
2.3
Ramdurg et al.
2015 encephalocele
2.4
Ramdurg et al.
2015 encephalocele
16
Dickman et al.
2016 encephalocele
17
Clark et al.
2016 Spina bifida occulta
18
Santos et al.
2016 encephalocele
19
Zhou et al.
2016 encephalocele
20
Dorum et al.
2016 encephalocele
21
Arishima et al.
2015 encephalocele
22
Radtke et al.
2015 encephalocele
23
Anand et al.
2015 encephalocele
24
Wood et al.
2015 encephalocele
25
Sargar et al.
2015 meningomyelocele
26.1
Hanaeiet al.
2015 meningomyelocele
26.2
Hanaeiet al.
2015 meningomyelocele
27
Paul et al.
2015 meningomyelocele
28
Meunier et al.
2014 encephalocele
29.1
Leoni et al.
2014 meningomyelocele
29.2
Leoni et al.
2014 meningomyelocele
30
Hawasli et al.
2014 encephalocele
31
Meadows et al.
2014 rachischisis
32.1
De la Calle et al.
2014 anenchephaly
32.2
De la Calle et al.
2014 anenchephaly
34.1
Perez da Rosa et al. 2013 encephalocele
34.2
Perez da Rosa et al. 2013 encephalocele
34.3
Perez da Rosa et al. 2013 encephalocele
34.4
Perez da Rosa et al. 2013 encephalocele
36
Gressot et al.
2014 meningomyelocele
38
Meuli et al.
2013 myeloschisis
39
Yang et al.
2013 encephalocele
40
Tamura et al.
2013 meningomyelocele
41
Russell et al.
2013 myeloschisis
42
Yang et al.
2013 encephalocele
43
Van Aalst
2013 meningomyelocele
44
Herman et al.
2013 encephalocele
45
Sarici et al.
2013 meningomyelocele
43
Ahmed et al.
2013 encephalocele
44.1
Dankovcik et al.
2012 encephalocele
44.2
Dankovcik et al.
2012 encephalocele
45
Vogel et al.
2012 encephalocele
46
Bear et al.
2012 encephalocele
47
Leykamm et al.
2012 encephalocele
48
Carmody et al.
2012 meningomyelocele

Locations
parietal
occipital(11x)
sub-occipital(4x)
parieto-occipital
S1
parietal
occipital
occipital
occipital
occipital
parietal
holoprosenchephaly/frontal?
L5-S1
L5-S1
L5-S1
L5-S3/S5
occipital
L5-S1
L5-S1
frontal
midcervical-sacral
occipital
parietal
parietal
parietal
C6-T3
L4-L5- sacral
occipital
sacral
T7-T12
parietal
L2-L4 (case 3)
occipital
T1-T8
orbital
parieto-occipital
parieto-occipital
occipital
occipital
parietal
T2-T3
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Fig. 4. Method to prepare a ruler for NTD localizations. A: Lateral view on stage 12 as in figure 2C. Cr:
cranial, Ca: caudal, V: ventral, D: dorsal. B: The three-dimensional (3D) labels of the neural tube and neural
canal were merged (visualized transparently), after which a centerline was extracted and smoothed (red line).
C: A curved slice (black) was created through the label file, along the centerline presented in B. D: A 2D image
of the curved slice could be extracted on which measurements were performed. Total length of the neural tube
is 5.6 mm. L: left, R: right. E: Schematic drawing of figure 4D. OP: optic vesicle, OT: otic vesicle, V: trigeminal
nerve, VII: facial nerve. Somites 1-4 are numbered. The asterix indicates the first fusion site, between somites
three and four, as in figure 2A. The region cranial from the asterix becomes the brain and caudal from the
asterix the spinal cord. F: The human vertebral column, based on images from de Bakker et al. (2016) and Satoh
et al. (2006), is placed over the spinal region of the neural tube to serve as ruler for NTD localizations (Fig. 5).
Note that the embryonic spinal cord reaches till the last coccygeal vertebra.
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Fig. 5. Location of NTDs on the neural tube. Left the neural tube ruler with vertebral levels from figure 4F. The first two columns summarize the total number of
neural tube defects (column 2) at each level (column 1). The locations of combined NTDs derived from the case reports are tabulated on the left, the single NTD case
reports on the right; each column represents a reported NTC case. The numbers correspond with the case numbers in table 2. The colors match the NTD classification
in the legend. For the sake of clarity, multiple comparable cases presented in one case report are displayed as one case with a number (i.e. 9.5, 12, 14, 2.3 and 2.4).
-5
NTDs are found over the total length of the neural tube. The locations are not randomly distributed over the neural tube (p=2.0*10 ) but show a preference for the
occipital region, vertebrae C6 till T3 and the region between T8 and S1 with a peak at L5. (Ahmad and Mahapatra, 2009; Ahmed et al., 2013; Anand and Mahmoud,
2015; Arishima et al., 2016; Bear et al., 2012; Canaz et al., 2015; Carmody et al., 2012; Clark and Davidson, 2016; Dankovcik et al., 2012; De la Calle et al., 2014; Dickman
et al., 2016; Dorum et al., 2016; Etus et al., 2006; Garg et al., 2014; Gressot et al., 2014; Hanaei et al., 2015; Hawasli et al., 2014; Herman et al., 2013; Leoni et al., 2014;
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Discussion
The use of sections
Besides fusion site one, we did not find any evidence for an additional site of fusion, in
human nor mouse embryos. However, we cannot rule out the possibility that we
missed additional sites of fusion in the hindbrain as described by Shiota et al. (1998)
since they are only visible in mice for a few hours. We did notice some histological
sections in which the neural walls were close together, without signs of histological
fusion. It is however impossible to determine whether the cell protrusions that
indicate the start of fusion, by looking at histological sections with a normal
microscope (Rolo et al., 2016). Another limitation is that tissue sections can contain
artefacts because of tissue shrinkage. Tissue can also be damaged or misshapen during
the sectioning process. We carefully incorporated only embryonic specimens in this
study that were of very good or excellent quality, to limit these kinds of artefacts.
Extrapolating animal data to humans
The first thing that drew our attention regarding studies on the closure of the neural
tube, was that nearly all studies were based on research with experimental animals,
especially in mice. Various authors have declared, however, that data based on
experimental animals should be treated with care when the conclusions are to be
extrapolated to humans (Harris and Juriloff, 2007; Nakatsu et al., 2000; O'Rahilly and
Muller, 2002). Nakatsu et al. (2000), who performed one of the few studies involving
human embryos, did not find any evidence for fusion at fusion sites four and five (Fig.
1C) as proposed by Van Allen (1993). Van Straaten et al. (2000) described multiple
fusion sites in both the pig and the rabbit embryo, but found that the location of these
fusion sites differed from those in the mouse (Peeters et al., 1998). Harris and Juriloff
(2007) found that cranial NTD’s occur more often in mouse mutants than in humans.
This suggests that development of the cranial neural tube in mice differs from that in
humans. This finding could be explained by the fact that at the neurulation stage,
mouse embryos have a proportionally larger brain than human embryos. This might
make the elevation of the cranial neural walls relatively more difficult (Harris and
Juriloff, 2007). On top of that, Harris and Juriloff (2007) did not find any
encephaloceles in mice that can be compared with those found in humans.
Interestingly, the initiation site of fusion in human embryos is also debated.
Initial fusion is assumed to occur in the region of the 3rd/4th somite pairs (Ten
Donkelaar, 2014) or at the 5th somite pair or cervical region (Langman Medical
Embryology 12th edition 2012), but most sources refer to an initial fusion site in the
rhombencephalic region (Ahmad and Mahapatra, 2009; O'Rahilly and Muller, 2002;
Van Allen et al., 1993). Although the latter has been shown in mice (O'Rahilly and
Muller, 2002) we observed that initial fusion of the human neural tube does not start
at that position. Figure 2 shows the 3D reconstruction of human embryos (stages 10
to 16) from the Carnegie collection. As can be seen in figure 2A, fusion site one is
located between the third and fourth somite. When evaluating the corresponding
somites in a 3D reconstruction of a human Carnegie stage 13 embryo (28-32 days), it
can be concluded that fusion in human embryos starts more caudally than the
rhombencephalon. Schematic drawings as in figure 1 are used by authors to describe
the fusion sites of the neural walls and show that fusion site one is located more
caudally than the rhombencephalon (Copp et al., 2013; Nakatsu et al., 2000; O'Rahilly
and Muller, 2002; Van Allen et al., 1993). We could not find any explanation in these
texts for the discrepancy between figures and descriptions. One needs to be careful
with indicating neural tube fusion sites on schematic drawings of an embryo that
represents a developmental stage at which the neural tube has actually already been
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closed. Although these schemes are easier to understand, they incorrectly suggest that
neural tube fusion occurs halfway down the back of the embryo, whilst it actually fuses
more cranially at the level of the third or fourth somite pairs at a stage in which the
embryo is still relatively flat because the process of folding has barely begun.
Dynamic studies
Recently impressive dynamic images of the mouse embryo were created that do not
show any evidence for fusion at multiple sites (Pyrgaki et al., 2010; Wang et al., 2017).
In the caudal region of the neural groove the only kind of closure observed in these
studies was a zipper-like fusion. However, they did observe a fusion mechanism in the
hind- and midbrain that they called “buttoning up”. Cranial from the zipper-like fusion
in this region several short and ultra-thin cellular protrusions of the neural tube were
found bridging between the two walls on a microscopic level (Copp and Greene,
2010), after which the zipper-like closure occurs. Thus, closure of the neural tube
following the zipper-up process seems to be preceded by this buttoning-up process,
after which the neuroepithelium in the adjoining neural fold tips remodels.
Multiple NTDs within one embryo
One of the key arguments for multi-site closure is based on the occurrence of multiple
NTDs within one embryo and relies on the assumption that after failure of fusion, the
neural walls are not able to fuse somewhere further along the axis of the neural
groove. Multiple NTDs within one embryo therefore would indicate that multiple
sites of fusion must be present. However, in several studies it was found that neural
tube defects are in fact not caused by failure of fusion but by reopening of the fused
neural tube walls (Huang et al., 2002; Zhang et al., 2006). It seems that excessive
apoptosis can cause reopening of the fused neural walls, which would make the
presence of multiple defects still compatible with the single site closure theory. There
are, however, also cases described in which the NTDs are indeed caused by failure of
fusion of the neural walls. Multiple NTDs would require the neural walls to be able to
fuse somewhere further along the axis of the neural groove, thereby skipping the
region of the NTD lesion. With this process in mind, Mahalik et al. (2013) proposed
that fusion of the neural walls is comparable to the so called “Mexican wave”. In this
model, each part of the neural tube has an intrinsic potential to close independent from
another segment by influence of the subjacent notochordal part, in contrast to a
‘domino-like’ zipper-process, in which the segments are dependent on each other for
fusion. Mahalik et al. proposed this mode of fusion based on studies of Ulloa and Marti
(2010), showing that focal alterations in the signaling cascade, that includes signaling
molecules Sonic hedgehog (Ssh) and Wnt, may lead to local disruptions in the fusion
of the neural walls while the fusion process continues in the segments adjacent to the
altered ones. It seems that each segment of the neural walls is primed for fusion by a
signal which gradually travels through the neural walls from the middle of the neural
tube (i.e. fusion site one) to the cranial and caudal ends. Assuming that by means of
the “Mexican wave” the walls of the neural tube remain able to fuse even when the
virtual zipper skipped some teeth. Multiple NTDs within one patient can thus be
compatible with the single-site closure theory.
Based on our observations we conclude that serial sections rather than whole mount
specimens are the substrate of choice to study fusion of the neural walls in an embryo
because a close contact between the neural walls, as seen during external
examination, can easily be misinterpreted as a fusion site. Considering studies done on
neural tube closure in the last 15 years we conclude that the multi-site closure model
in humans should be rejected in favour of the single-site closure theory.
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