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Abstract

Existence and biomedical relevance of the neurenteric canal,
a transient midline structure during early neurulation in
the human embryo, have been controversially discussed for
more than a century by embryologists and clinicians alike.
In this study, the authors address the long-standing enigma
by high-resolution histology and three-dimensional recon-
struction using new and historic histological sections of 5
human 17- to 21-day-old embryos and of 2 marmoset mon-
key embryos of the species Callithrix jacchus at correspond-
ing stages. The neurenteric canal presents itself as the clas-
sical vertical connection between the amniotic cavity and
the yolk sac cavity and is lined (a) craniolaterally by a horse-
shoe-shaped “hinge of involuting notochordal cells” within
Hensen’s node and (b) caudally by the receding primitive
streak epiblast dorsally and by notochordal plate epithelium
ventrally, the latter of which covered the (longitudinal) no-

tochordal canal on its ventral side at the preceding stage.
Furthermore, asymmetric parachordal nodal expression in
Callithrix and morphological asymmetries within the nodes
of the other specimens suggest an early non-cilium-depen-
dent left-right symmetry breaking mode previously postu-
lated for other mammals. We conclude that structure and
position of the mammalian neurenteric canal support the
notion of its homology with the reptilian blastopore as a
whole and with a dorsal segment of the blastopore in am-
phibia. These new features of the neurenteric canal may fur-
ther clarify the aetiology of foetal malformations such as
junctional neurulation defects, neuroendodermal cysts, and
the split notochord syndrome. ©2018 S. Karger AG, Basel

Introduction

Gastrulation is the life-shaping process of germ layer
formation in the animal kingdom, its name being derived
from the image of a “mini-stomach” transiently formed
by the blastula (or blastocyst) stage embryo [Haeckel,
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1874]. Germ layers are formed by cellular involution and
delamination of the (outer layer) epiblast cells at the lips
of a canal-like blastopore in amphibians and in reptiles
(i.e., in non-avian or non-mammalian amniotes) such as
turtles, lizards, and tuatara, the latter being thought to
represent a common ancestor; alternatively, germ layers
in mammals including Homo sapiens and birds are
formed by cellular ingression and epithelial-mesenchy-
mal transition at the primitive streak (with its anterior-
posterior axis-defining furrow in the epiblast). Blastopore
and primitive streak have, therefore, repeatedly presented
to be functional equivalents derived from a common an-
cestor and thus to be homologous structures [Arendt and
Niibler-Jung, 1999]. A recent focus on reptiles, however,
led to the proposal that the avian and the human primi-
tive streak may have developed independently and that
reptiles with their narrow canal-like blastopore, which
runs more or less perpendicularly through the embryon-
ic plate connecting the amniotic cavity with the yolk sac
cavity [Bertocchini et al., 2013], may have an “intermedi-
ate blastopore” or “proto-streak” with crucial importance
for gastrulation [Stower and Bertocchini, 2017].

Early morphological studies of Kowalevsky in 1869
[Kowalevsky, 1877; Neuhauser and Kaufmann, 1961] on
the spiny dogfish (Squalus acanthias) described a mor-
phological structure similar to the reptilian and amphib-
ian blastopore which penetrates perpendicularly all ger-
minal layers and is closely related in terms of developmen-
tal time and localization to the emergence of the chorda
dorsalis, the class-defining axial structure in the animal
kingdom. Later, this transient blastopore-like structure
was called the neurenteric canal and indeed assumed to be
a homologue of the blastopore [Hoffmann, 1883] on ac-
count of the morphological similarity. Subsequently, the
neurenteric canal was also observed during development
of mammals such as Vespertilio murinus (the parti-co-
loured bat) immediately cranial to the primitive streak but
caudal to the primitive (or Hensen’s) node [van Beneden,
1888]. In human embryos, the neurenteric canal was de-
scribed first by von Spee [1889] but considered by some as
a post-mortem artefact [Sternberg, 1927] while other pub-
lications stated its appearance to be physiological [Odgers,
1941; O’Rahilly and Miiller, 1981]. In fact, the controver-
sy about the existence of the neurenteric canal during hu-
man development has never ceased, even when enforced
by clinicians speculating about its role in foetal malforma-
tions [Holschneider and Fendel, 1971]. Human embryos
of the stages in question (Carnegie stages 8 and 9; on aver-
age at 17-21 days of development) are rare, mostly dating
back to the last century, and distributed worldwide in
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many embryological collections. However, embryologists
always agreed on the definition of another transient canal-
like structure with a dorsal opening to the amniotic cavity
but appearing at slightly earlier stages: the notochordal
canal or chorda canal [Grosser, 1924], which had been
found first in the hedgehog and the guinea pig [Lieber-
kithn, 1882] and later also in a human embryo by Eternod
[1899]. The notochordal canal is a longitudinal canal be-
tween the (epithelial cells of the) developing notochordal
plate dorsally and mesenchymal cells of the axial meso-
derm ventrally [van Beneden, 1888; Sternberg, 1927;
Heuser, 1932]. This ventral stretch of the axial mesoderm
was recently found also in the chick (where a typical no-
tochordal canal has not been described so far) and was
coined subchordal mesoderm (SCM) in contradistinction
to the notochordal plate lying dorsal to it [Tsikolia et al.,
2012]; its presence was soon confirmed in several mam-
malian species such as rabbit, pig, and cattle, and further-
more shown to be topographically related to an early
non-cilium-dependent molecular left-right asymmetry
[Schroder et al., 2016]. During further development in
mammals, the notochordal canal loses its ventral wall as
the SCM disintegrates through an as yet unknown mech-
anism with the effect that the notochordal plate has direct
contact to the yolk sac cavity [Heuser, 1932]. Intriguingly,
the process of SCM disintegration is suited to give rise to
a dorsoventrally oriented canal remnant, which connects
the amniotic cavity with the yolk sac cavity, may persist
until early somite stages, and, therefore, fits the criteria of
the neurenteric canal mentioned above [O’Rahilly and
Miiller, 1987]. However, the most recent descriptions in
the human embryo, which took advantage of the few well-
preserved specimens with signs of a neurenteric canal,
only [Miiller and O’Rahilly, 2003, 2004], still left some
room for interpretation as to the terminology and defini-
tion for both the notochordal or a neurenteric canal in the
human embryo.

Inspired by observations on (1) an unpublished human
stage 8 embryo with excellent tissue preservation in the
collection of the Center of Anatomy at the University of
Gottingen and (2) two (stage 8 and 9) embryos of Calli-
thrix jacchus (the common marmoset monkey), the au-
thors address the enigma of the neurenteric canal anew,
this time also including previous suggestions about the
homology of its neighbouring structures in human and
non-human primate embryos: On the basis of a clear def-
inition of the cellular composition in the walls of the no-
tochordal canal and the neurenteric canal during gastrula-
tion of non-human primates and with reference to the
“charniére de réflexion” [Pasteels, 1943] — later renamed
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Table 1. Embryos investigated in this study

Species Specimen Year of Location Carnegie  Fix. Emb.  Sect. Sect. Stain 3DR
No./name  publication stage plane thickn., um
Human 93.2.2 20011 CAG 8a B P sag. 10 H&E 24 sect.
4 sect.!0
Human CC8671 1949? CCW’ 8a A&B C&P sag. 6 H&E 30 sect.
6 sect.!0
Human Dobbin 1931° NB 8b Al C&P tr. 8 unknown 55 sect.
Human CC10157 19674 Cccws 8b F P to 5-8 C 39 sect.
16 sect.!?
Human Dal 1928° unknown 9 B P tr. 8 A 6 sect.
Callithrix jacchus ~ GM79.01  2018° CAG® 8b B Te  tr. 5 H&E 65 sect.
Callithrix jacchus ~ GP09.01 ~ 2018° CAG 9 B P tr. 7 H&E 34 sect.

3DR, three-dimensional reconstruction; B, Bouin; F, formaldehyde; A&B, alcohol and Bouin; Al, alcohol; P, paraffin; C&P, cedar-
wood oil-pyroxelene and paraffin; Te, Technovit; H&E, haematoxylin and eosin; C, Cason; A, Alaun-Cochenille; CAG, Center of
Anatomy Goéttingen; CCW, Carnegie Collection at Washington DC; NB, Naturkundemuseum Berlin; sag., sagittal; to, transverse oblique;
tr, transverse.

! Sander [2001]. 2 Hertig and Gore [1966], O’Rahilly and Miiller [2006] and de Bakker et al. [2016]. * Hill and Florian [1931].
* O’Rahilly and Miiller [1987]. > Ludwig [1928]. ¢ This study. ” Sections available for download at http:/3datlas.3dembryo.nl/. # Cork and
Gasser [2017a]; sections available at http://virtualhumanembryo.lsuhsc.edu/downloads/DREM_disks.html.® Analyzed by whole-mount
in situ hybridization prior to histological sectioning. '° Number of sections used for “wide” reconstruction mode (see Materials and

Methods).

“chordoneural hinge” [Gont et al., 1993; Beck and Slack,
1998; Cambray and Wilson, 2002] - the histology of suit-
able human specimens previously published is re-inter-
preted and subjected to high-resolution three-dimension-
al reconstruction (3DR). As the results were also obtained
in C. jacchus, which serves as a timely primate model or-
ganism from stem cell research [Thomson et al., 1996; Sa-
saki et al., 2005; Boroviak et al., 2015; Debowski et al.,
2016] to virology [Greenough et al., 2005; Leibovitch et al.,
2013], the data presented here may be translated to other
non-human primates [Selenka, 1900; Heuser and Streeter,
1941; Hendrickx, 1971] and may in this larger context
then further clarify, on the one hand, the mechanisms of
human gastrulation and neurulation, and, on the other
hand, the evolution of generating the amniote body plan.

Materials and Methods

The embryos studied in this publication are listed in Table 1
according to species and their classification in Carnegie stages. The
2 marmoset embryos of the species C. jacchus and the human spec-
imen with the designation 93.2.2 belong to the collection of the
Center of Anatomy in Géttingen (Germany). The other 4 human
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embryos were analyzed on the basis of published data as indicated.
Using the length of the notochordal plate as an established marker
for the definition of stage 8 embryos, subdivisions between stage
8a (notochordal plate ventrally covered by SCM) and stage 8b (no-
tochordal plate with direct contact to yolk sac cavity) were defined
for a more precise classification.

Human Embryos

Embryo 93.2.2 had been accidently found at a medically indi-
cated abrasio uteri in the year 1993, immersed in Bouin solution
for several weeks starting 30 min after the operation, photographed
in Locke solution, embedded in paraffin, serially sectioned sagit-
tally at 10 pm, and stained with haematoxylin and eosin. The first
histological description of the embryo was part of the medical dis-
sertation by Sander [2001] who reconstructed the embryo using
the projection method established by Gihr [1961]. The menstrual
history of the mother, and thus the estimated development time,
is unknown, but the embryo was categorized on morphological
grounds as a Carnegie stage 8a embryo. The collection and use of
this embryo in the present study was approved by the Ethics Com-
mittee of the University Medical Center Géttingen under refer-
ence No. 28/2/18An.

The human embryos CC8671 (stage 8a) [Hertig and Gore,
1966] and CC10157 (stage 8b) belong to the Carnegie Collection
in Washington D.C. [O’Rahilly and Miiller, 1987]. Details of their
processing is listed in Table 1. Images and the necessary technical
data of these 2 specimens were either available through open-
source sites [Cork and Gasser, 2017a] or publications [de Bakker
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et al., 2016]. Unfortunately, the numbering of the sections of em-
bryo CC10157 proved to be inconsistent since the “section num-
ber” and the “section location (slide number)” [Cork and Gasser,
2017c] are given in ascending and descending order, respectively.
As a consequence, the left-right orientation of the embryo cannot
be determined on the basis of the series of histological sections
alone (see Results) but had to follow previous reconstructions
[Cork and Gasser, 2017c]. The embryo “Dobbin” (Carnegie stage
8a) had been fixed after abortion and estimated to be recovered at
17days post coitum (dpc) [Hill, 1931]; the histological sections are
part of the collection of the Naturkundemuseum in Berlin, Ger-
many. Embryo “Dal” (Carnegie stage 9 and estimated to be recov-
ered at 21 dpc) had been found intraoperatively during a tubal
sterilization [Ludwig, 1928]. It was registered last at the collection
of the Institute of Anatomy of the University of Basel, but its cur-
rent location is unknown.

C. jacchus Embryos

All animals used in this study were handled in accordance with
the German Animal Protection Act (Deutsches Tierschutzgesetz)
as described previously by Aeckerle et al. [2015]. Specifically, the
collecting of C. jacchus embryos was approved under the license
No. 42502-04-12/0708 at the Lower Saxony State Office for Con-
sumer Protection and Food Safety in Oldenburg, Germany. Ani-
mals originate from the self-sustaining C. jacchus colony of the
German Primate Center (Deutsches Primatenzentrum) in Gottin-
gen. One embryo donor (#14457) was 6 years and 5 months old at
the time of sacrifice. The other one (#12944) was 7 years and 10
months old. Embryo donors were euthanized by intracardial injec-
tion of 0.5-1.0 mL Narcoren® (160 mg/mL pentobarbital; Merial
GmbH, Hallbergmoos, Germany) in deep anaesthesia (0.05 mL
diazepam, 0.05 mL/100 g body weight “Géttinger Mischung II,”
applied intramuscular) prior to hysterectomy performed by an ex-
perienced veterinarian. Uteri were immersed in phosphate-buft-
ered saline solution (PBS) at room temperature and the decidua
was exposed as a whole by opening the peri- and myometrium as
one unit using iridectomy scissors. Embryos were dissected by
careful blunt separation of the intact decidua, photographed, and
immediately fixed in 4% paraformaldehyde in PBS at room tem-
perature. Embryonic staging was carried out on the basis of the
morphological criteria of the Carnegie staging system for human
embryos [O’Rahilly and Miiller, 1987] using dark field microsco-
py- The embryos were collected primarily for germ cell studies (see
license No. 42502-04-12/0708) [Aeckerle et al., 2015]. Parts of the
embryos not required for this purpose were used for this study and
subjected to different embedding protocols after dissection: em-
bryo GM79.01 (recovered at 46 dpc and classified as stage 8b) was
dehydrated in a graded series of ethanol and stored in ethanol at
-20 °C until its later use for whole-mount in situ hybridization
(WISH, see below), after which Technovit® 8100 (Heraeus Kulzer
GmbH, Wehrheim, Germany) served as embedding medium for
high-resolution histology and cellular localization of nodal mRNA
expression as described previously [Schroder et al., 2016]. Sections
(5 um) were transferred in pairs onto glass slides and a few glass
slides were used for test staining (their WISH staining reaction re-
maining accidentally unphotographed) to identify the staining
technique which would enable easy identification of cellular bor-
ders and thus detailed 3-dimensional reconstruction (3DR) after-
wards (s.b.). Except for these test slides, sections were photo-
graphed using differential interference contrast without counter-
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staining to visualize the staining reaction after WISH for nodal
mRNA expression. After the WISH staining reaction was thus dig-
itally recorded, all glass slides of GM79.01 underwent haematoxy-
lin-eosin staining according to Gill for 20 min, which then ob-
scured the nodal expression domain. Embryo GP.09.01 (recovered
at49 dpc and classified as stage 9) was fixed in Bouin solution (30%
picric acid, 30% acetic acid, 4% formaldehyde in PBS), embedded
in paraffin wax, and serially sectioned at 7 pum. The sections were
placed on slides and stained with Harris haematoxylin for 1.5 min
and eosin for 5 min [Bancroft and Layton, 2013].

Whole-Mount in situ Hybridization

The C. jacchus nodal cRNA probe was generated by in vitro
transcription from PCR products of a cDNA template. In situ hy-
bridization was performed according to the protocol described
previously by Piischel and Jouneau [2015]. In short, the cryofixed
specimen (100% ethanol at —-20 °C) was rehydrated and treated
with proteinase K for 15 min to guarantee infiltration of the nodal
probe at the subcellular level, refixed for 20 min in 0.2% glutaral-
dehyde/PBS with Tween, followed by 1 h of pre-hybridization at
70 °C in hybridization buffer (formamide, saline sodium citrate
buffer [pH 4.5], 0.5 mM EDTA, 10 mg/mL tRNA, 0.2% Tween 20,
10% CHAPS, and 50 mg/mL heparin). Subsequently, hybridiza-
tion with 1 pL digoxigenin-labelled cRNA denatured at 95°C was
performed overnight at 70 °C. Excess cRNA was washed off using
hybridization buffer and maleic acid buffer (100 mM maleic acid,
150 mM NaCl, 0.1% Tween 20 [pH 7.5]) prior to blocking unspe-
cificantibody binding sides using maleic acid buffer with 2% Boeh-
ringer blocking reagent (Roche, Mannheim, Germany) and 20%
heat-inactivated goat serum. Alkaline phosphatase-linked anti-
digoxigenin antibody (Roche) was added, the specimen stored at
4°Cfor 12 h, and the surplus antibody eluted with maleic acid buf-
fer. The colour reaction with BM-purple substrate (Roche) lasted
4 days at room temperature in the dark and was stopped using
alkaline phosphatase buffer (NTMT: 100 mM Tris, 100 mM sodium
chloride, 50 mM magnesium chloride, 2 mM levamisole, 0.1%
Tween 20) followed by PBS. Finally, the embryo was embedded in
Mowiol® (Hoechst, Frankfurt, Germany) for whole-mount pho-
tography and processed for Technovit® embedding as described
above.

Three-Dimensional Reconstruction (3DR)

Image acquisition was carried out with a Zeiss Axioplan 2 mi-
croscope and Zeiss AxioCam MRc resulting in red green blue
(RGB) tagged image file format (TIFF) files at a resolution of
1,388 x 1,040 pixels. Section photographs, either viewed from left
(for sagittal sections) or from caudal (for transverse sections), were
aligned and digitally segmented manually with the open-source
program “Fiji-Image]-win64” and its plugin “TrakEM2” [Schinde-
lin et al., 2012]. The x- and y-axes were adjusted (a) according to
the known pm/pixel ratio of the camera used (for 93.2.2; Dobbin;
CC10157; GM79.01; GP09.01) or (b) according to an estimate of
the um/pixel ratio using measurements of published data (see
O’Rahilly and Miiller [2006] for CC8671 and Ludwig [1928] for
Dal). Colours were applied independently from the ones found at
source (own photographs, internet, publication) as follows: blue
for neurectoderm, red for mesoderm, green for basement mem-
brane, and purple for notochordal plate. In embryo GM79.01 beige
was used for the area of nodal expression; nodal segmentation had
to be interpolated for those few sections in which the WISH signal

Cells Tissues Organs 2018;205:256-278
DOI: 10.1159/000493276

259



was obscured by the counterstaining before the 3DR had been car-
ried out.

Two methods of reconstruction (called “narrow” and “wide,”
respectively) were established to give consideration to the fact that
some structures of interest were smaller than the section thickness
[for further explanations, see the online supplementary informa-
tion (see www.karger.com/doi/10.1159/000493276 for all online
suppl. material)]. As a general quality check, all reconstructions
were compared to pre-sectioning stereo-microscope images or
published reconstructions with regard to size and shape of “mac-
roscopic” features such as the overall shape of the embryonic disc
or morphological left-right asymmetry. If necessary, adjustments
were made by realignment of the sections. Adobe Acrobat Pro
(www.adobe.com) was used for creating 3D-PDF files (available in
the online suppl. material). Using the software “MakerBot print”
and the 3D printer “MakerBot replicator*” (www.makerbot.com),
a physical 3D model of the central embryonic disc region of
GM79.01 and measuring 10 X 6 x 3 cm was created.

Results

Morphology of Human Embryos

The new human stage 8a embryo available for this
study (designation 93.2.2) has an elongated embryonic
disc which measures 1.1 x 0.9 mm (see Fig. 1a, taken from
Sander [2001]), displays a short allantois and separates 2
voluminous cavities: the yolk sac and the amniotic cavity.
In the dorsal view of the reconstruction (Fig. 1a), the an-
terior-posterior axis is marked by a narrow thickening
measuring 0.3 mm in length which is caused by the devel-
oping notochord; the future cranial pole of the embryo is
marked by the anterior extremity of the notochord while
the future caudal pole is marked by the posterior attach-
ment of the notochord to the primitive node, the latter
being remarkably inconspicuous in this specimen. The
serial sagittal paraffin sections through the embryonic
disc confirm the longitudinal S-shaped configuration of

Fig. 1. Human stage 8a embryo (specimen No. 93.2.2). a Dorsal
view of the 3D reconstruction in Sander [2001]: 1, cut edge of the
opened amniotic cavity; 2, notochord; 3, proximal rim of the
opened yolk sac. C-F, position of sections shown in c¢-f. b Low
magnification of the median section shown in d displaying the
bent embryonic disc (borders marked by black asterisks). c—f Left
paramedian (c), median (d), and right paramedian (e, f) sagittal
sections (section numbers indicated at the bottom left) at higher
magnification. Blue box marks the area shown at high magnifica-
tion in g. Black circle with line attached is centred on (the median
part of) the hinge of involuting notochord cells. g High magnifica-
tion of the area marked in d displaying the cellular composition of
the neuroectoderm (blue square bracket), notochordal plate (pur-
ple square bracket), subchordal mesoderm (red square bracket),
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the germ layers with the (dorsal) neuroectodermal layer
consisting of cylindrical cells near (Fig. 1c, e, f) and with-
in (Fig. 1d, g) the median plane and continuing anteri-
orly and laterally in the cuboidal cell layer of the epider-
mal ectoderm. At the anterior and lateral borders of the
embryonic disc, the row of cuboidal ectoderm cells bends
dorsally and is connected - without a definite border - to
the squamous epithelium of the amnion. High magnifica-
tion (Fig. 1g) reveals subcellular details in the neuroecto-
derm such as (a) nuclei which are large relative to the cy-
toplasmic volume and which have distinct nuclear mem-
branes and nucleoli, (b) apically placed “mitotic figures”
from various stages of mitosis (Fig. le), (c) differentiation
of low-density cytoplasmic sub-regions either apical or
basal to the interphase nuclei indicating a high degree of
vacuolization, and (d) an almost continuous line basally
representing the position of the basement membrane.
Ventrally adjacent to the neuroectoderm lies the noto-
chord which consists of an inverted simple epithelium
with basally positioned nuclei (i.e., close to the basement
membrane of the neuroectoderm) and cytoplasmic sub-
regions of low density positioned towards the apical ex-
tremities of the cells (Fig. 1g). The basal row of cell nuclei
of the notochord epithelium is also visible in parasagittal
sections (Fig. 1c, e, f) and continues cranially furthest in
the median plane, where it touches the irregularly ar-
ranged prechordal mesoderm cells near the dorsal bend
of the neuroectoderm (Fig. 1b). In its midline position,
the simple epithelium of the notochord forms the dorsal
part of the axial mesoderm and it is ventrally covered by
a mesenchymally differentiated part of the axial meso-
derm which is characterized by numerous small cells and
a stochastic positioning of cell nuclei (Fig. 1g). In its posi-
tion ventral to the notochordal epithelium and due to its
caudal continuation with the mesodermal cells of the

hypoblast (yellow square bracket), and notochordal canal (curved
bracket). Black arrow marks the dorsal opening of the notochord-
al canal, black cross marks the caudal-most notochordal plate cell
at the transition between neuroectoderm and notochordal plate.
h Left lateral view of a “wide” semitranslucent reconstruction us-
ing 8 sections. Colour coding as used in g; green marks the base-
ment membrane, black arrow and black cross markings as in g. A
transition zone between neuroectoderm and notochordal plate
is highlighted by an intermediate colour (blue-purple) between
blue (for neuroectoderm) and red-purple (for notochordal plate).
i Right dorsal semitransparent view of a “narrow” reconstruction,
depicting the whole size of the notochordal plate (purple). Colours
as in g. j Dorsal view of a “narrow” reconstruction. Scale bar:
a 650 pm. b 300 pm. ¢-f 100 um. g 50 pum.

(For figure see next page.)
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primitive streak, this mesenchymal axial mesoderm will
be addressed here as SCM in accordance with observa-
tions made in the chick [Tsikolia et al., 2012] and several
non-primate mammals [Schroder et al., 2016]. The SCM
itself is covered - similar to the primitive streak meso-
derm further posteriorly - by a single layer of squamous
hypoblast cells (Fig. 1g) which continues laterally as yolk
sac epithelium (not shown). In its caudal third, the epi-
thelial part of the notochord is separated from the SCM
by several narrow translucent extracellular spaces which
are connected to each other by somewhat narrower semi-
translucent extracellular spaces; taken together these
spaces measure 180 pm in length, 10 um in width, and 10
pm in height. Towards the cranial extremity of the noto-
chord epithelium, this extracellular space tapers out, but
caudally, in contrast, the clear extracellular space is con-
nected to the amniotic cavity by a further stretch of semi-
translucent extracellular space, which shows honeycomb-
like structures indicating the apical cortex of tangentially
sectioned epithelial cells in the lateral wall of this dorsal
opening to the amniotic cavity (Fig. 1g).

At the caudal end of the neuroectodermal basement
membrane, both neuroectoderm and notochordal epi-
thelium are connected by epithelial cells which are radi-
ally arranged and tend to have their cell nuclei positioned
basally; their apical surfaces are in contact serially with
the amniotic cavity dorsally and the semitranslucent ex-
tracellular spaces ventrally. This arrangement is typical
for an epithelial sheet undergoing involution around a
hinge which presents itself as a narrow point in sections
through the median plane (Fig. 1e) and may continue lat-
erally to form a broader ledge. Posterior to the cranial rim
of the primitive node a distinct primitive pit typical for
most non-rodent mammalian embryos [Hensen, 1876] is

Fig. 2. Human stage 8a embryo (specimen No. CC8671; section
images obtained at: http:/3datlas.3dembryo.nl/). a Dorsal view of
the 3D reconstruction in de Bakker et al. [2016] displaying primi-
tive streak (purple), proximal rim of yolk sac (yellow), and embry-
onic disc (blue) with cut edge of amnion. C-F indicate section
planes shown in ¢-f. b Low magnification of section 95 shown in
d displaying the straight embryonic disc (borders marked by black
asterisks). c-f Left paramedian (c), median (d), and right parame-
dian (e, f) sagittal sections (section numbers indicated at the bot-
tom left) at higher magnification. Blue box marks the enlarged area
shown in g. Black circle with attached line is centred on (the me-
dian part of) the hinge of involuting notochord cells. Black arrow-
head in e marks the ventral indentation of the hypoblast as an in-
dication of an open connection developing between the noto-
chordal canal and the yolk sac cavity. g High magnification of the
area marked in d displaying the cellular composition of neuroec-
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seen in this specimen (Fig. 1b); the conspicuous radial ar-
rangement of epithelial cells within the cranial rim of the
node is therefore addressed here as hinge of involuting
notochordal cells (HINC) in accordance with the termi-
nology on cell movement during gastrulation summa-
rized by Gilbert and Barresi [2016]. With this definition,
HINC is principally different from the “chordoneural
hinge” of Pasteels [1943], Gont et al. [1993], and Cambray
and Wilson [2002], because the latter is an area of prolif-
erating cells for both neuroectoderm and axial mesoderm
during secondary neurulation either in the late dorsal
blastopore lip (of amphibia) or the tail bud (in amniotes),
respectively. As a further conspicuous feature of the spec-
imen 93.2.2, the right side of the primitive node is higher,
and the nuclei are more frequently round and arranged
in more layers than on the left side (cf. Fig. 1c, ). There-
fore, both these lateral parts of the primitive node will be
addressed as “node shoulders” in analogy to the situation
found in the chick [Tsikolia et al., 2012].

The (dorsal) epithelial part of the notochord gives the
notochord a plate-like shape extending from the HINC
at its caudal extremity to the prechordal mesoderm at its
cranial extremity. This homogeneous epithelial differen-
tiation in contradistinction to the underlying SCM is the
basis for addressing the notochord in the description of
this and the following stages as the “notochordal plate.”
This encompassing definition used here facilitates (1) the
identification of dorsal and ventral parts of the axial me-
soderm prior to the intercalation of the dorsal wall of the
notochordal process into the endoderm and prior to the
formation of the notochordal canal, (2) addressing the
extracellular spaces between dorsal and ventral parts of
the axial mesoderm as a notochordal canal still intact (in
accordance with the original description by Lieberkiithn

toderm (blue square bracket), notochordal plate (purple square
bracket), subchordal mesoderm (red square bracket), hypoblast
(yellow square bracket), and notochordal canal (curved bracket).
Black arrow marks the dorsal opening of the notochordal canal.
h Left lateral view of a “wide” semitranslucent reconstruction us-
ing 6 sections. Colours as in g; green marks the basement mem-
brane. Black arrowhead marks the ventral hypoblast indentation
as a potential ventral opening of the notochordal canal, black ar-
row marks its dorsal opening. i Dorsal view of a “narrow” recon-
struction showing the neuroectoderm with the dorsal opening of
the notochordal canal and the oblique course of the notochordal
plate. j Ventral view of a narrow reconstruction showing the whole
length of the notochordal plate. Black arrowheads mark the posi-
tions of the ventral indentations as potential openings of the noto-
chordal canal. Scale bar: a 880 pm. b 330 pm. c—f 100 um. g 50 pum.

(For figure see next page.)
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[1882] and previous descriptions in early stage 8 human
embryos [Strahl, 1916; Rossenbeck, 1923; O’Rahilly and
Miiller, 1981]), and (3) describing the transition of the
caudal part of the notochordal canal into the neurenteric
canal by local disintegration of the SCM (see van Beneden
[1888] and O’Rahilly and Miiller [1981], and below).

In 3DRs, the following 4 morphological characteristics
become apparent as the salient structures surrounding
the notochordal canal. Firstly, the dorsal opening of the
notochordal canal is recognized in the region of the prim-
itive node to be completely surrounded by epithelial cells,
while the notochordal canal is visible between the noto-
chordal plate and the SCM (Fig. 1h). Secondly, the node
rises from left to right and has a steep “descend” lateral to
the right shoulder (Fig. 1j), and the basement membrane
in the area of the node just anteriorly and laterally of the
canal, where the epithelium involutes, and under the right
half of the notochordal plate (Fig. 1i). Thirdly, the noto-
chordal plate runs diagonally from posterior-left to ante-
rior-right, even though the sectioning axis diverges — in
this part of the embryo - from the longitudinal axis of the
embryo to the left. The first epithelial cells standing per-
pendicularly on the basement membrane after turning by
180° through the HINC were hereby defined as the cra-
nial transition point between neuroectoderm and noto-
chordal plate, and this is indicated by a colour change
from blue (for neuroectoderm) to purple (for notochord-
al plate; see Fig. 1g, h). Finally, the primitive streak — iden-
tified by a missing basement membrane and a dorsal
groove in the epiblast epithelium - forms with its (epithe-
lial) epiblast cells the ventro-caudal wall of the dorsal
opening of the notochordal canal.

The embryonic disc of the second human stage 8a em-
bryo (designation CC8671) was in toto reconstructed by
de Bakker et al. [2016: Fig. 2a] its preservation status be-
ing deemed excellent [O’Rahilly and Miiller, 1987]: it is

Fig. 3. Human stage 8b embryo (specimen name “Dobbin”).
a Dorsal view of the 3D reconstruction in Hill and Florian [1931]
displaying the notochord, primitive streak, cut edge of amnion,
and proximal parts of the yolk sac. B, D, F, and H indicate the po-
sition of the transverse sections shown in b-h (section numbers
indicated at the bottom left). b, ¢ Cranial transverse section illus-
trating the closed notochordal canal in its cranial half at low (b)
and high (c) magnification (note the wide bilateral artefactual ex-
tracellular space between neuroectoderm and mesoderm). d, e
Transverse section through the posterior extremity of the noto-
chordal plate illustrating the ventral opening of the neurenteric
canal. Black circle with line attached marks the presumed position
of the hinge of involuting notochord cells in the lateral wall of the
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pear-shaped and 1.38 mm long (Fig. 2b, see O’Rahilly and
Miiller [2006]). The primitive streak together with the no-
tochordal plate indicates the orientation of the anterior-
posterior axis which diverges from the longitudinal axis
of the sagittal sections (Fig. 2c-f) by about 10° to the left.
A distinct primitive pit is visible caudally adjacent to the
primitive node and continues as a canal (measuring 145
pm in length, 40 pm in width, and 6 um in height) be-
tween the developing notochordal plate and the SCM
when examined in median histological sections (Fig. 2d,
g). This canal-like structure is composed of occasional
clear extracellular spaces and dense areas displaying hon-
eycomb-like structures of apical cell membranes cut tan-
gentially while its dorsal and ventral walls show identical
cellular arrangements and subcellular structures as the
notochordal canal in the embryo 93.2.2 (see above). Sim-
ilarly, the neuroectoderm shows apically arranged mitot-
ic figures and low-density subcellular regions apically and
basally of interphase nuclei as in the embryo 93.2.2, and
the HING, too, is recognizable as the transition between
neuroectoderm and notochordal plate within the cranial
rim of the primitive node. Taken together, these histo-
logical features are the basis for addressing this canal-like
structure as a shorter version of the bona fide notochord-
al canal described for 93.2.2.

Remarkably, the hypoblast layer shows 2 ventral in-
dentations protruding into the adjacent SCM (Fig. 2e).
With reference to the increasingly regressing ventral wall
of the notochordal canal during Carnegie stage 8 [cf.
O’Rahilly and Miiller, 1987], these indentations are ad-
dressed as incipient connections of the notochordal canal
with the yolk sac cavity. However, on the basis of the
length of the notochordal process, this embryo is consid-
ered to be less advanced in development than the speci-
men 93.2.2 in which similar indentations of the hypoblast
are not found (cf. Fig. 1d).

neurenteric canal. Black arrowhead marks the ventral opening of
the neurenteric canal. f, g Transverse section next to the section
shown in d and e displaying the dorsal opening of the neurenteric
canal (black arrow). h Transverse section through primitive streak
forming the caudal wall of the neurenteric canal. i Dorsocaudal
view of a “narrow” reconstruction using 55 sections displaying the
dorsal surface of the ectoderm. j Ventral caudal view of a “narrow”
reconstruction displaying the ventral openings of the neurenteric
canal and the notochordal canal (black arrowheads). k Caudodor-
sal view of a “narrow” semitranslucent 3D reconstruction using 55
sections and displaying the dorsal opening of the neurenteric canal
(black arrow) and its course through the embryonic disc (black
square bracket). Scale bar:a 1 mm. b, d, f, h 300 um. ¢, e, g 100 um.

(For figure see next page.)

Rulle/Tsikolia/de Bakker/Drummer/Behr/
Viebahn



y “* b human stage 8b
mbrye Dobbin

e
o

1.

The Human Neurenteric Canal Cells Tissues Organs 2018;205:256-278 265
DOI: 10.1159/000493276



To the left side of the primitive node, the ectoderm is
elevated mainly due to the bulging of the SCM which cov-
ers the notochordal plate ventrally at the level of the
HINC and displaces the ectoderm towards the dorsal sur-
face (Fig. 2¢). The epithelium itself is almost symmetrical
and contains oval nuclei on either side (Fig. 2c-f). Also,
in the 3DR, the ectoderm appears symmetrical, which is
apparent despite the oblique course of the notochordal
plate (Fig. 2i). The dorsal opening of the notochordal ca-
nal is seen in the lateral view of a “wide” reconstruction
(see results below, Fig. 2h), as is the ventral hypoblast in-
dentation into the SCM just anterior to the primitive
node (Fig. 2j).

Of the two human stage 8b embryos analyzed in this
study, the embryo “Dobbin” (first description by Hill and
Florian [1931]) is still pear-shaped and about 0.98 mm
long from the anterior margin of the embryonic disc to
the cloacal membrane (Fig. 3a). The cellular borders and
intracellular organelles are difficult to identify in the his-
tological sections due the poorer quality of tissue preser-
vation than of the specimens described above; apical low-
density cytoplasmic regions and apical cell contacts, how-
ever, are discernible as, for example, in some cells lining
the notochordal canal (Fig. 3e). Inside the caudal extrem-
ity of the notochordal process (which measures 360 um
in length; Fig. 3b), a patent canal is seen running almost
vertically through all 3 germ layers (Fig. 3d-g). As this
embryo was serially sectioned in the transverse plane, the
canal displays (1) a dorsal opening (measuring 6 x 4 um)
in the caudal-most section (Fig. 3f, g), (2) an almost com-
plete ventral opening in the cranial-next section (Fig. 3d,
e), and (3) a continuation in a central position in several
sections further cranially (Fig. 3b, ¢). In its central posi-
tion within the notochordal process, the canal is lined
dorsally by the notochordal epithelium (notochordal
plate) and ventrally by the irregular arrangement of SCM
cells (Fig. 3¢). In this way, the notochordal canal contin-

Fig. 4. Human stage 8b embryo (specimen No. CC10157). a Dorsal
view of a reconstruction created by Cork and Gasser [2017¢] indi-
cating the embryonic disc borders (cut edge of the amnion) and
the proximal rim of the yolk sac. B-F indicate the position of trans-
verse sections shown in b-f (section numbers are taken from Cork
and Gasser [2017¢] and are indicated at the bottom left). b Trans-
verse section showing the cranial end of the notochordal plate.
c Transverse section through the posterior part of the notochordal
plate showing lateral asymmetry in the neuroectoderm. d Trans-
verse section containing the dorsal opening of the neurenteric ca-
nal (black arrow) and hinge of involuting notochord cells in the
lateral wall of the neurenteric canal (black circle with line at-
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ues as a longitudinal canal in the anterior half of the no-
tochordal process with a length of about 280 um and can,
therefore, be addressed as a notochordal canal running
longitudinally within the notochordal process as de-
scribed above for the stage 8a embryos. The part of the
canal which is running vertically, however, is addressed
as a bona fide neurenteric canal - running from caudo-
dorsal to cranioventral - as originally defined in the hu-
man by von Spee [1889], Grosser [1924], and lately by
O’Rahilly and Miiller [1987]. As will be seen in the 2 oth-
er human embryos (stage 8b: Fig. 4; stage 9: Fig. 5) and in
the non-human primates described below (Fig. 6, 7), this
vertical canal is lined by epithelial cells laterally which are
connected dorsally with the neuroectoderm by cellular
arrangements (Fig. 3d, e) closely resembling the HINC
described in the median plane in the 2 stage 8a human
embryos (Fig. 1g, 2g). The transverse sections of this spec-
imen, therefore, facilitate the definition of the HINC in
the lateral walls of the dorsal opening of the neurenteric
canal (Fig. 3d) which turn the median ledge-shaped
HINC into a horseshoe-shaped area of involution. Fur-
thermore, the transverse sections show the incipient in-
tercalation of the ventral opening into the hypoblast
(Fig. 3e). In the next section further caudally (Fig. 3g), the
canal is seen to be limited by cells connected to the prim-
itive streak (Fig. 3h) whereby the transverse orientation
of the sections precludes a definition of these cells in the
caudal wall of the neurenteric canal as epithelial versus
mesenchymal.

Interestingly, the right side of the ectoderm immedi-
ately cranial to the dorsal opening of the neurenteric ca-
nal nearly doubles the left side in height and amount of
nuclei (Fig. 3b). This leads to a bulging of the right para-
chordal ectoderm in the 3DR measuring about 120 pm in
length (Fig. 3i). The 3DRs also show that the neurenteric
canal lies immediately posterior to the primitive node
(Fig. 3i, k). Caudally, the appearance of bottle cells under-

tached). e Transverse section containing the ventral opening of the
neurenteric canal (black arrowhead). f Transverse section through
the centre of primitive streak. g Dorsal view of a “narrow” 3D re-
construction indicating the dorsal surface of the ectoderm. h Cau-
dal view of a “wide” semitranslucent 3D reconstruction using 16
sections and indicating the course of the neurenteric canal. Black
arrow marks the dorsal opening of the neurenteric canal. i Ventro-
caudal view of a “wide reconstruction” displaying the ventral cone
of the notochordal plate surrounding the ventral opening of the
neurenteric canal. Black arrowhead marks the ventral opening of
the neurenteric canal. Scale bar: a 800 pm. b-f 100 pm.

(For figure see next page.)
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going epithelial-mesenchymal transition indicates the
cranial-most (epithelial) epiblast cells of the primitive
streak which are intercalated medially into the noto-
chordal plate domain at the caudal border of the neuren-
teric canal. The posterior aspect of the neurenteric canal
is surrounded dorsally by epiblast cells (coloured blue)
and ventrally by notochordal cells (coloured purple in the
3DR). By taking the HINC as a regular wall structure into
account, the neurenteric canal is thus shown to be sur-
rounded by epithelial cells in its entire circumference
(Fig. 3k). The ventral indentations in the SCM which may
form openings of the longitudinal canal under the noto-
chordal plate at later stages are visible when looking at the
caudal aspect of the 3DR (Fig. 3j).

The other human stage 8b embryo analyzed in this
study (designation CC10157; with excellent preservation
according to O’Rahilly and Miiller [1987]) has a large oval
embryonic disc measuring 1.16 mm in its greatest diam-
eter and is likely to possess a preparation artefact as stated
by Cork and Gasser [2017b]. However, the region around
the primitive node seems to be well preserved and suitable
for high-resolution morphological analysis (Fig. 4a). Tak-
ing into account that the sectioning axis deviates from the
transverse axis by about 20° clockwise to the right, a nar-
row and oblique canal between the amniotic and yolk sac
cavity visible in 3 consecutive sections through the node
area (Fig. 4d, e) can be defined to run almost perpendicu-
larly from the cranial-right to the caudal-left and to have
a diameter of 4 um. The canal is addressed as a bona fide
neurenteric canal also because it is lined laterally by epi-
thelial cells (Fig. 4d, e) which are connected to the neuro-
ectoderm through a HINC (see Fig. 4d) as in the embryo
Dobbin (Fig. 3d). In comparison to this embryo, however,
there is a wider zone of ventral columnar-epithelial cells
intercalated into the hypoblast and forming a cone sur-
rounding the ventral opening of the neurenteric canal; this
is similar to the situation found in the stage 8b Callithrix
specimen described below (Fig. 6, 7). The columnar-
epithelial cells of this cone are found caudal and lateral
(fig. 4e; to the right) as well as cranial and lateral (Fig. 4e;

Fig. 5. Human stage 9 embryo (specimen name “Dal”). a Dorsal
view of a reconstruction in Ludwig [1928] displaying notochord,
primitive streak, cut edge of the amnion, proximal parts of the yolk
sac, and dorsal opening of the neurenteric canal. B, C, and D indi-
cate the position of transverse sections (images scanned from fig-
ures printed in Ludwig [1928] and shown in b-d at low (b) and
high (¢, d) magnification (section numbers are taken from Ludwig
[1928] and indicated at the bottom left). Black asterisks mark the
border of the embryonic disc. ¢ Transverse section cutting the
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to the left; Fig. 4d; to the left) to the neurenteric canal and,
further cranially, connect to the broad notochordal plate
intercalated into the hypoblast (Fig. 4c); caudally they are
attached to the adjacent primitive streak (Fig. 4f). Alto-
gether, the notochordal plate is 650 pm long, and the api-
cal surface of its epithelial cells has a direct connection to
the yolk sac cavity (Fig. 4c). At the very cranial end of the
notochordal plate, a cluster of cells with an irregular ar-
rangement form the anterior-most part of the notochord
(Fig. 4b) and contains several extracellular cavities which
resemble the remains of a notochordal canal although the
latter is not clearly definable in this embryo. However, the
length and width of the notochordal plate and the absence
of a clear notochordal canal gives this embryo a more ad-
vanced appearance than the 2 other stage 8b embryos de-
scribed in this study. According to the left-right orienta-
tion given on the digital source of this series of sections
[Cork and Gasser, 2017c], it is the left parachordal ecto-
derm which presents itself as a thickened epithelium near
the primitive node. Its cells form multiple layers of cuboi-
dal cells over a length of 130 pm (Fig. 4c).

In 3DRs, too, the left parachordal ectoderm appears
markedly elevated (Fig. 4g); the lack of a basement mem-
brane in its centre is most likely due to its artificial dislo-
cation into an oblique position as part of a fixation arte-
fact. The patent canal running from right to left lies
medially adjacent to this thickening (Fig. 4h; “wide” re-
construction). In the ventral aspect of this reconstruction,
the epithelial cone forming the ventral opening of the
neurenteric canal is visible (Fig. 4i; “wide” reconstruc-
tion).

The embryonic disc of the human embryo “Dal” [Lud-
wig, 1928] chosen to represent stage 9 in this study is sole-
shaped and bent into a marked lordosis (Fig. 5b); it mea-
sures 2.4 mm in length [Ludwig, 1928]. The presentation
of the histological sections (Fig. 5b—d) had to be taken
from a printed publication [Ludwig, 1928] with the effect
that the cellular borders are difficult to determine. Crani-
ally, the neuroectoderm displays bilaterally symmetrical,
broad neural plates while the centre of the embryonic disc

neurenteric canal longitudinally and thus containing both the dor-
sal opening (black arrow) and the ventral opening (black arrow-
head) of the neurenteric canal. Black circle with line attached
marks the hinge of involuting notochord cells in the lateral wall of
the neurenteric canal. d Transverse section through primitive
streak forming the caudal wall of the neurenteric canal. e Dorso-
caudal view of a “narrow” 3D reconstruction indicating the dorsal
opening of the neurenteric canal. Scale bar: a 750 pm. b 300 pm.
¢, d 100 pm.

(For figure see next page.)
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shows elevated neural folds and holds one pair of somites
(Fig. 5a). The specimen has a clear perpendicular neuren-
teric canal immediately anterior to the primitive streak
and is limited anteriorly by cells of the floor plate and lat-
erally by the neuroectoderm bent (and representing the
node shoulders) around the lateral part of the HINC
(Fig. 5¢); the HINC is defined by the medial edge of the
basement membrane of the neuroectoderm similar to the
situation in the specimens of stage 8b described above
(Fig. 3, 4). The neuroectoderm thus forms a ventrally ori-
ented cone of epithelium which is continuous with the
notochordal plate laterally, cranially (Fig. 5b, ¢), and also
caudally (Fig. 5d); here, a cluster of epithelial cells ventral
to the neuroectoderm represents the posterior continuity
of the notochordal plate intercalated into the hypoblast in
the median plane (Fig. 5d). The walls of the neurenteric
canal touch each other in its dorsal half, which gives the
canal a narrow appearance. Although similar in shape,
the right node shoulder contains more nuclei (and thus
more cells) than the left node shoulder (Fig. 5¢). The para-
chordal ectoderm consists of columnar to cuboidal cells
and appears symmetrical in shape.

3DR reveals the dorsal opening of the neurenteric ca-
nal (Fig. 5e), similar to the original plaster model gener-
ated by Ludwig [1928] (Fig. 5a). The neuroectoderm ap-
pears symmetrical on both sides of the embryonic disc,
which is much like its appearance in the sections.

Morphology of C. jacchus Embryos

Whole-mount views of the stage 8b Callithrix embryo
made available and dissected for this study (specimen No.
GM79.01) reveal an embryonic disc with a neural plate
bent ventrally at is cranial and lateral borders to join the
epidermal ectoderm, a short allantoic diverticulum, and
the cut margins of the yolk sac and the amniotic cavity
both of which had been opened peripherally. The whole
embryonic disc measures 1.2 x 0.68 mm with the primi-
tive streak marking the posterior (or caudal) one-third,
and with a translucent notochordal plate marking the an-
terior (or cranial) two-thirds of the total length of the an-
terior-posterior axis (Fig. 6a). In the posterior part of the
embryo, at the transition between primitive streak and
notochordal plate, the primitive node is visible with a
dense left and a less dense right node shoulder, which are
connected anterior to the node and together flank an al-
most translucent primitive pit on both sides. The trans-
verse Technovit® sections reveal the neuroectoderm to be
composed of a pseudostratified epithelium with centrally
placed cell nuclei and occasional mitotic figures near the
apical surface (Fig. 6b—e). Within both node shoulders,
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this epithelium bends by 180° around a hinge point which
is defined by the medial edge of the neuroectoderm base-
ment membrane and, therefore, is equivalent to the HINC
described above in the human embryos (Fig. 1g, 4d, 5¢).
Lateral to each of these 2 HINCs, the basement mem-
branes separate the notochordal plate underneath from
neuroectoderm above. The notochordal plate presents a
cuboidal epithelium between the node and the prechord-
al mesoderm, and is 650 pm long and maximally 140 um
wide immediately anterior to the node. It has direct con-
tact ventrally to the yolk sac cavity and laterally to the
paraxial mesoderm, which itself is ventrally covered by a
layer of squamous hypoblast cells. Between the 2 HINCs,
i.e., in the centre of the primitive node, an oval lumen (40
pm long and 8 pm wide) connects the amniotic cavity and
the yolk sac cavity and is, therefore, addressed as a bona
fide neurenteric canal as described above for human em-
bryos at stages 8b and 9 (cf. Fig. 5¢). In the stereomicro-
scope, loose cellular debris had been seen to move in and
out of the neurenteric canal during handling of the intact
yolk sac of this specimen and was found, after embedding,
to be trapped in the ventral opening of the neurenteric
canal (Fig. 6d). The canal is fully surrounded by a cone of
pseudostratified epithelium (Fig. 6¢, d) in which cell nu-
clei are positioned without preference either towards the
basement membrane shared with the overlying neuroec-
toderm or towards the apical surface of the notochordal
plate facing the yolk sac cavity. The cranial and lateral
two-thirds of this cone are formed by the notochordal
plate gently bent from an almost vertical into a horizontal
position. Laterally, this cone is attached to the hypoblast
(Fig. 6¢, d). The caudal part of the cone consists of irregu-
larly arranged epithelial cells (a) of the notochordal plate
ventrally, and (b) of the primitive streak (epiblast) dor-
sally, without clear separation, however, from the more
caudal parts of the primitive streak. Next to the entire
length of the primitive streak, the ectoderm, mesoderm,
and hypoblast layers, and a continuous basement mem-
brane between the first two are easily distinguishable in
the paramedian planes; in the median plane, however, the
basement membrane is interrupted: ectoderm and meso-
derm appear intermingled, and this zone contains cells
showing signs of epithelial-mesenchymal transition
(Fig. 6e). The cellular architecture of the cone investing
the neurenteric canal, therefore, represents signs of cel-
lular involution in its cranial and lateral parts, but not in
its caudal part, thereby giving the HINC as a region of
involution surrounding the neurenteric canal craniolat-
erally a horseshoe-like shape. Interestingly, the neuro-
ectodermal epithelium in the right node shoulder (or
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Fig. 6. Callithrix stage 8b embryo (specimen
No. GM79.01). a Stereomicroscopic dorsal
view showing neural plate bulging bilaterally
of notochordal process which widens cau-
dally to encompass the dorsal neurenteric ca-
nal opening in the primitive node at the junc-
tion with the primitive streak (out of focus
plane). Cut edge of the yolk sac is seen ventral
and lateral to the anterior part of the neural
plate. B, C, D, and E indicate the position of
the transverse paraffin sections shown in b-e
(section numbers indicated at the bottom
left). b-e Transverse sections through the
posterior broad part of the notochordal plate
(b), through the cranial rim of the primitive
node (or wall of dorsal neurenteric canal
opening) showing lateral asymmetry (c),
through the centre of the neurenteric canal
(transverse arrow and arrowhead marking
the dorsal opening and cellular debris within
the ventral opening, respectively) with the
hinge of involuting notochord cells (HING;
black circle with line attached) in its lateral
wall (d), and through the cranial part of the
primitive streak (e). f Dorsocaudal view of a
“narrow” 3D reconstruction displaying the
patent lumen of the neurenteric canal. g En-
largement of the semitransparent version of
the 3D reconstruction shown in f and dis-
playing cranial and medial margins of the
basement membrane (green) separating the
neuroectoderm and notochordal plate.
Curved yellow arrows mark the involution of
notochordal cells within the HING, straight
yellow arrow marks the ingression primitive
streak mesoderm into the caudal wall of
the neurenteric canal. Scale bar: a 800 pm.
b-e 50 pm.

The Human Neurenteric Canal

b Callithrix stage 8b
embryo GM 79.01

d

Cells Tissues Organs 2018;205:256-278 271
DOI: 10.1159/000493276



HINC) is slightly higher, and its cellular nuclei are more
often round than oval and more often form more layers
than in the left node shoulder (or HING; Fig. 6¢, d).

When 3DRs of the primitive node area are tilted and
viewed from posterior, the neurenteric canal in the centre
of the node is seen to be patent (Fig. 6f). The openings of
the almost perpendicular neurenteric canal are connected
by small oblique furrows oriented to the anterior left in
the dorsal and ventral epithelium for a short distance
(Fig. 6f). The right node shoulder is broader than the left
and presents itself with a laterally shifted basement mem-
brane forming an oblique oval area composed of ecto-
derm only (Fig. 6g). The right node shoulder is bent along
the circumference of the canal and continues to be the
cranial part of the primitive node from which the noto-
chordal plate emerges. Cranial to this elevated part of the
primitive node, the embryonic disc shows a broad flat
stretch containing the notochordal plate and the floor
plate both of which become narrow towards their cranial
end (Fig. 6f). Laterally, the embryonic disc is folded and
consists of ectoderm, mesoderm, and hypoblast cells as it
does in the caudal part, where the lack of a basement
membrane in the median plane indicates the position of
the primitive streak.

In the stage 9 Callithrix embryo (specimen No.
GP09.01), the embryonic disc measures 2.1 x 1.2 mm and
is, therefore, slightly larger than the embryonic disc of the
stage 8b embryo (GM79.01); the first pair of somites is
visible in the paraxial mesoderm under a pear-shaped, flat
neural plate, and extraembryonic structures are princi-
pally similar to the ones seen in the stage 8b Callithrix
embryo. The primitive node marks the junction between
the primitive streak and a broad notochordal plate as at
stage 8a (Fig. 7a), but it rises higher above the neural plate
than at stage 8b (not shown) and presents in its centre —
in the stereomicroscope and already at low magnification
(Fig. 7a) — an oblique canal running from the dorsal cau-
dal right to the ventral cranial left (see below). Transverse
histological (paraffin) sections confirm this to be an oval
neurenteric canal (20 um long and 13 um wide) connect-
ing the yolk sac cavity with the amniotic cavity. As before,
the canal lumen is surrounded by an epithelial cone con-
sisting of notochordal plate (Fig. 7d) and primitive streak
epiblast (Fig. 7e). The cellular architecture within this
cone part of the notochordal plate varies along the cranio-
caudal axis. Immediately cranial to the neurenteric canal,
cells are cuboidal to low columnar with the nuclei posi-
tioned towards the basement membrane (Fig. 7b, c),
whereas lateral to the neurenteric canal lumen the epithe-
lium is high columnar, and nuclei are positioned in a
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more irregular fashion (Fig. 7d). Cranial to the neuren-
teric canal lumen, the neuroectodermal epithelium in the
right node shoulder is higher than on the left side (Fig. 7b).
Directly caudal to this thickening, the basement mem-
brane on the right side is lacking from the top of the node
to its lower third (Fig. 7c). In addition, the cell nuclei
within the right node shoulder are almost all round and
form up to 5 layers. The nearby area of the primitive
streak consists of epiblast, mesoderm, and hypoblast, the
first two being intermingled and lacking a medial base-
ment membrane border in the median plane. 3DR visu-
alization confirms the oblique course of the neurenteric
canal running from caudodorsal-right to cranioventral-
left and being surrounded by epithelial cells. The ventral
part of the cone is seen to consist of notochordal cells only
(Fig. 7g). Furthermore, in the left node shoulder, the base-
ment membrane rises high towards the dorsal surface
(Fig. 7f) which is in contrast to the lack of a basement
membrane in the right node shoulder (Fig. 7g).

Asymmetric Nodal Expression in the Stage 8b

Callithrix Embryo (Specimen No. GM79.01)

Besides the morphological asymmetry described above
in this embryo (Fig. 6) and using a Callithrix nodal cRNA
probe, WISH revealed nodal expression in the left par-
axial mesoderm next to the developing notochordal plate,
immediately cranial to the dorsal opening of the neuren-
teric canal (Fig. 8a); the expression is found in 20 trans-
verse sections further cranially resulting in an expression
domain length of 140 um (Fig. 8a, b). The expression do-
main ends caudally where the basement membrane of
the floor plate shows first discontinuities and forms the
horseshoe-shaped HINC in the craniolateral circumfer-
ence of the primitive node. Although a slight staining re-
action on the right side is visible in some sections, this was
not strong enough for the purpose of visualizing the
asymmetry of the nodal expression domains in the 3DR.
Thus, 3DR shows the nodal domain on the left only, and
there is an intimate connection of it with the notochord-
al plate epithelium (Fig. 8c).

Discussion

Our integrated analysis of modern and historic,
human and non-human primate, histological and 3D-
reconstructed specimens leads to the unambiguous iden-
tification of the neurenteric canal. The cellular compo-
nents of its wall structures are consistently found in the
Hensen’s node area and in the axial mesoderm extending
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Fig. 7. Callithrix stage 9 embryo (specimen No.
GP09.01). a Stereomicroscopic dorsal view centring
on the primitive node at the junction between the
broad caudal extremity of the notochordal plate and
primitive node. Note dorsal to the neural plate the
cut edge of the amnion and caudally the density of
the allantois and body stalk, lateral to which is the
proximal part of the yolk sac. B-E indicate the posi-
tion of the transverse Technovit® sections shown in
b-e (section numbers indicated at the bottom left).
b-e Sections through the cranial part of the ventral
neurenteric canal opening consisting of cuboidal no-
tochordal epithelium (b), through the cranial wall of
the neurenteric canal with lateral asymmetry (c),
through the centre of the neurenteric canal (arrow
and arrowhead marking the cranial part of the dorsal
opening wall and the caudal part of the ventral open-
ing wall, respectively) with the hinge of involuting
notochord cells (black circle with line attached) in its
lateral wall (d), and through the cranial part of the
primitive streak forming the caudal wall of the ven-
tral neurenteric canal opening (e). f Dorsocaudal
view of a semitranslucent version of a “narrow” 3D
reconstruction displaying the patent lumen of the
neurenteric canal (arrow marking the dorsal open-
ing of the neurenteric canal). Colour coding as in
Figure 9g. g Ventrocranial view of a “narrow” semi-
translucent 3D reconstruction (arrowhead marking
the ventral opening of the neurenteric canal). Scale
bar: a 1 mm. b-e 50 pm.

The Human Neurenteric Canal

Callithrix stage 9
embryo GP09.01
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Fig. 8. Asymmetric nodal expression in a Callithrix stage 8b em-
bryo (specimen No. GM79.01). a Stereomicroscopic caudodorsal
view centering on the primitive node containing the dorsal open-
ing of the neurenteric canal. Arrow marks left nodal expression at
the lateral border of the broad posterior part of the notochordal
plate. b Transverse section (number indicated at the bottom left)
through the centre of the nodal domain (arrow) in parachordal

from it in late pre-somite (Carnegie stage 8) and early so-
mite stage (Carnegie stage 9) human embryos and this is
schematically represented in Fig. 9c. At early and late
stages 8 the cellular components of the near-midline neu-
roectoderm, axial mesoderm, and primitive streak deter-
mine the size of the (newly defined) radially expanding
HINC in Hensen’s node to form the notochordal canal as
a forerunner structure to the neurenteric canal (schemat-
ically represented in Fig. 9a, b). The SCM has a central
position in the transition from notochordal canal to neur-
enteric canal and its analysis may now form the basis for
finding mechanisms of neurenteric canal formation and
for inborn pathologies of axial structures seen in the new-
born and in early childhood.

Distinction of Neurenteric and Notochordal Canals

and the Evolution of Amniote Gastrulation

The histological findings and high-resolution 3DRs of
the stage 8b and the stage 9 C. jacchus embryos presented
here were crucial in identifying the cellular architecture
of the notochordal canal and the neurenteric canal in the
human embryo of equivalent stages. Applying this histo-
logical information to the published data on the few rel-
evant human specimens available worldwide leaves little
doubt about the neurenteric canal being a regular but
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cells and basal parts of overlying neuroectodermal cells at the left
margin of the notochordal plate. Note weak colour reaction in
parachordal cells and overlying neuroectodermal cells at the right
notochordal plate margin. ¢ Caudodorsal view of semitranslucent
“narrow” 3D reconstruction. Colour coding similar to Figure 9
except for nodal domain (dark green). Scale bar: a 220 pm. b 100
um. ¢ 180 pm.

short-lived feature in the human. It is formed at the late
stage 8 by local dissolution of the SCM and then shows
transient patency at the early stage 9. The ventrally ori-
ented funnel-shape opening lined by a cone of epithelial
cells can now be recognized by the arrangement of nuclei
near the ventral opening also in badly fixed specimens
such as embryo Gle [von Spee, 1889], Peh.1 [Rossenbeck,
1923], and R.S. [Odgers, 1941] for late stage 8 or embryo
H3 [Wilson, 1914] for stage 9, respectively. The fact that
the new excellently preserved human early-stage-8 em-
bryo presented here had been sectioned sagittally offered
the rare chance, in addition, to verify the features of a
hinge-like involution present in the 2 sagittally sectioned
human stage 8 embryos of which median notochord his-
tology had been published previously: in embryo CC8671
(Fig. 5) [Hertig, 1968; Fig. 106] and in embryo CC7972
[Miiller and O’Rahilly, 2003, Fig. 4; cf. O’Rahilly and Miil-
ler, 1987, Appendix I].

High-resolution histological analysis complemented
with 3DR applied to 3 consecutive stages (stages 8a, 8b,
and 9) reinforced, then, the classical distinction between
the notochordal and the neurenteric canal [Grosser,
1924] and the formation of the latter from the former
[O’Rahilly and Miiller, 1987] by dissolution of the SCM,
which forms the ventral wall of the notochordal canal at
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a

Fig. 9. Schematic drawing of median sagit-
tal sections illustrating the topography of
the notochordal canal and the neurenteric
canal in the human embryo. a Overview at
stage 8a with the amniotic cavity (light

stage 8a: overview

B Amniotic cavity
Yolk sac

B Embryonic disc

Il Primitive streak
Extraem bryonic tissue
with connecting stalk
and chorion

O Endom etrium

=

b stage 8a: embryonic disc centre with notochordal canal

M Neuroectoderm

blue), yolk sac (light yellow), embryonic
disc (black), and extraembryonic meso-
derm, body stalk, and chorion (grey) as
placed in the endometrium (inset) as part
of the interstitial implantation of the con-
ceptus. The notochordal canal has a dorsal
connection to the amniotic cavity, only.
b Detailed view at stage 8a illustrating the

M Notochordal plate
M Prechordal mesoderm
M Subchordal mesoderm
M Primitive streak
Hypoblast
Endoderm
B HINC

cellular composition of the notochordal ca-
nal wall and adjacent tissues. Coloured c
shapes represent cellular nuclei (see colour

stage 8b and 9: embryonic disc centre with neurenteric canal

coding legend). ¢ Detailed view of stage 8b
illustrating the cellular composition of the
neurenteric canal wall and adjacent tissues.
Colour coding as in b. Note notochordal
plate cells surrounding the ventral opening
of the neurenteric canal. HINC, hinge of

WUCTOTTTITT

M Neuroectoderm
M Notochordal plate
M Primitive streak

Endoderm
EHINC

involuting notochord cells.

its caudal-most part immediately cranial to the primi-
tive node. The definition of the notochordal plate as an
epithelial part of the axial mesoderm presented here is
more encompassing than the original description of the
notochordal plate given by O’Rahilly and Miiller [1981]
who saw the notochordal plate confined to the central
part of the developing notochord transiently intercalat-
ed into the endoderm and thereby exposed to the yolk
sac cavity. In the light of previous descriptions provided
by Selenka [1900] on the mangabey and gibbon, which
are in accordance with studies on baboon and macaque
embryos [Hendrickx, 1971; Heuser and Streeter, 1941;

The Human Neurenteric Canal

Tamarin, 1983] where the dorsal opening of a possible
neurenteric canal is documented, the cranial and cra-
niolateral walls of the dorsal opening of the notochordal
(and later neurenteric) canal are now defined as the
horseshoe-shaped HINC and a universal characteristic
of primate and reptile embryogenesis. Considering ear-
ly morphological studies [Kowalevsky, 1877; Hoffmann,
1883; van Beneden, 1888], it seems justified to renew
and refine the hypothesis that the mammalian neuren-
teric canal - together with the cranially adjacent HINC
within the Hensen node - is homologous to the blasto-
pore as a whole in reptiles and to the dorsal segment of
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the blastopore with its adjacent blastoporal lips in am-
phibia: both the neurenteric canal and the blastopore are
in their cranial part associated with an involution-type
cell movement for the formation of the notochordal
plate, and this shows striking parallels in primates [this
study], bats [van Beneden, 1888], reptiles [Bertocchini
et al., 2013; Stower and Bertocchini, 2017], amphibia
[Shook and Keller, 2008], and in a number of bird spe-
cies (including the chick: Charrier et al. [1999]; Tsikolia
etal. [2012]), some of which may also have a notochord-
al canal (“rudimentary Urdarm”) or even a true neuren-
teric canal [Schauinsland, 1903]; in the chick, however,
a neurenteric canal next to the HINC-like cellular ar-
rangement within the primitive node [Tsikolia et al,,
2012] has not yet been reported. The primitive streak
itself would, hence, represent a homologue of the lateral
and ventral parts of the blastopore as described before
(see Hertwig [1906] and references therein). Intriguing-
ly, reptiles — and possibly some rare avian species [cf.
Schauinsland, 1903] — may thus be suitable to serve as a
new model organism for notochord development and
neurulation (see below) in primates, in particular. Fi-
nally, the primarily asymmetrical nodal expression in
the stage 8 Callithrix embryo together with morpholog-
ical asymmetries in the node suggests that primates
make use of an early non-cilium-dependent left-right
symmetry breaking mode similar to the situation in the
chick, pig, and cattle [Schroder et al., 2016].

Intriguingly, the SCM seems to play a transient struc-
tural role in 2 processes central to gastrulation which have
hitherto not been described to be functionally related: In
many amniotes, the SCM covers up the potentially cili-
um-carrying apical surface of the notochord at the phase
when the axial mesoderm forms a barrier to maintain
early molecular left-right asymmetry [Blum et al., 2014;
Schroder et al., 2016], and in primates the SCM seems to
be centrally positioned for the formation of the neuren-
teric canal, which is, in turn, a central structure of the
axial mesoderm. Experimental comparative analysis of
the mechanism involved in origin, fate, and molecular
characteristics of the SCM in the chick, mouse, and pig,
for example, seems now to be a rewarding enterprise to
clarify several processes central to gastrulation, neurula-
tion, and establishing the amniote body plan.

The Neurenteric Canal and Embryonic Malformations
A proper spatial understanding of the formation of
the neurenteric canal is also important when considering
its possible role in congenital malformations because
the neurenteric canal is located at the transition from
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primary to secondary neurulation albeit as a temporary
connection only between the amniotic cavity and primi-
tive gut: The area undergoing secondary neurulation
posterior to the neurenteric canal has to fuse with the
neural tube and the notochord formed during primary
neurulation. The persistent neurenteric canal may cause
defects in this fusion which has been recently described
as defects of the so-called junctional neurulation [Dady
etal,, 2014; Eibach etal., 2017; Schmidt et al., 2017; Florea
et al., 2018]. Furthermore, the neurenteric canal may al-
low the migration of multipotent endodermal cells pro-
ducing neuroendodermal cysts (or neurenteric cysts in
the old nomenclature of de Oliveira et al. [2005]) along
the entire neuroaxis including the supratentorial space
(the cavity cranial to the cerebellum) in infants and mid-
dle-aged adults [Mittal et al., 2010]. These cysts can grow
enormously in a short time [Priamo et al., 2011], causing
neurological symptoms such as paraplegia [Rizk et al.,
2001] and the need for neurosurgical intervention with
close diagnostic follow-up by magnetic resonance imag-
ing [Yang et al., 2015]. The neurenteric canal has also
been suggested to be involved in the development of rare
but severe abnormalities summarized as the split noto-
chord syndrome which includes dorsal enteric fistula, a
split vertebral column, and intestinal alterations [Bentley
and Smith, 1960; Holschneider and Fendel, 1971; Singh
and Singh, 1982; Gupta and Deodhar, 1987; Dhawan et
al., 2017]. The thoracolumbar transition zone as the lev-
el where these deformities occur corresponds to the area
impaired should a neurenteric canal persist beyond stage
10, and, indeed, experimental studies using the newt
Cynopus pyrrhogaster proved that the split notochord
syndrome can be mechanically induced here [Emura et
al., 2000, 2003]. The level of the deformities observed also
played a role in the dismissal [Hueston, 1953] of the sug-
gestion that a sacrococcygeal fistula (also called pilonidal
sinus) may originate from the persistent neurenteric ca-
nal [Kallet, 1940]: a pilonidal sinus arises principally at
the sacrococcygeal level and, apart from this, does not
involve intestinal tissue. A more likely hypothesis is,
therefore, that pilonidal sinuses originate from the cau-
dal part of the neural cord, which forms by secondary
neurulation [cf. O’Rahilly and Mueller, 2001]. Further
research, especially a high-resolution histological re-ex-
amination of at least all 31 remaining human stage 8 and
9 embryos of the Carnegie Collection [O’Rahilly and
Miiller, 1987; Appendix I] and of selected new pre-so-
mite Callithrix embryos, may now substantiate these
concepts and, some day, help the understanding of the
molecular pathways leading to these malformations.
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