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For the experimental study of neural tube defect (NTD), a surgical model
has advantages over other models in a few aspects. It causes less function-
al derangement of cells and the NTDs can be made selectively by surgery.
The authors planned to use the surgical model for the experimental study of
NTD. As the first step for the studies, the chronological changes of morphol-
ogy during the early postoperative period were investigated using post-
incubation 3-day chick embryos. The objectives of this study are (1) the
morphological evaluation of the surgical model as a method for studies of
open NTD, and (2) the observation of morphological changes for the first 24
hours after surgery which include ‘overgrowth’ appearance and the continui-
ty between the surface ectoderm and the neuroectoderm. The morphologic-
al changes were observed by light microscope and scanning electron
microscope.

Immediately after surgery, typical open NTDs were observed. Morphologi-
cally they were very similar to the appearance of spontaneous (non-surgical)
open NTDs. The opened neural tubes were everted progressively and they
looked rather flat at 24 hours after surgery. Cellular hyperplasia (‘overgrowth’
appearance) was noted within 24 hours aftet surgery and became more
prominent during the 24 hours. There was increasing continuity between the
surface ectoderm and the neural tissue until 24 hours after surgery when the
continuity looked almost complete. In conclusion, surgically induced NTDs
are morphologically very similar to spontaneous NTDs. Overgrowth appear-
ance and the continuity between the surface ectoderm and the neural tissue
at the site of NTD, once thought of as evidences supporting ‘failure to close’
theories, should not be considered as such because they were also
observed in this ‘reopen’ model.
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Surgically induced neural tube defect

dysgenesis of the neural tube. The incidence of this
anomaly is reported as one or two in 1,000 live
births. There are several hypotheses about its
pathogenesis. However, no single theory is defini-
tive.

The developmental arrest theory and the over-
growth hypothesis postulate an effect on the neural
plate so early in the development that neurulation
never occurs at the affected level (failure to close’
theories). The hydrodynamic theory and the
neuroschisis theory hypothesize rupture of an
already formed neural tube at the affected site
(‘reopen’ theories). The continuity between the
neuroectoderm and the surface ectoderm at the site
of the open NTD and the rostrocaudal distribution of
the lesions (The neuropores close lately at the cra-
nial and the lumbosacral areas.) were thought of as
morphological evidences supporting the ‘failure to
close’ hypothesis (Campbell et al., 1986 ; Warkany,
1977). However, the significance of these findings in
the explanation of abnormal embryogenesis is con-
troversial (Rokos and Knowles, 1976 ; Campbell
and Sohal, 1990). Overgrowth hypothesis is that the
neural tube fails to close due to the overgrowth of
neural tissue everting the neural folds and prevent-
ing fusion (Brocklehurst, 1971 ; Cleland, 1883 ; Pat-
ten, 1952). Though the ‘overgrown’ appearance of
spontaneous NTDs supports this hypothesis, the in-
terpretation is also controversial. Fowler (1953) in-
sisted that the overgrowth phenomenon is not the
cause but the result of the NTD.

Among the experimental models of NTD, the sur-
gical model is one of the ‘reopen’ models and has
advantages over other models in a few aspects. It
causes limited functional derangement of cells com-
pared to chemical and genetic models. Also selec-
tive lesions can be easily made by surgery. The
authors planned to study various aspects of NTDs
using the surgical experimental model. As the first
step, the morphological changes during the early
postoperative period were observed and the
appropriateness of a surgical model as a method
for the study of open NTDs was evaluated. The
continuity of the surface ectoderm and the neuroec-
toderm at the site of surgery and the overgrowth
appearance were observed in this study using the
‘reopen’ model. The significance of these findings
as evidences supporting ‘failure to close’ theories
was denied.
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MATERIALS AND METHODS

Fertile eggs of commercial source (Poolmuwon,
Korea) were incubated under constant temperature
(88-39C) and humidity (50-60%). On the third day
of incubation, a window was made on the eggshell
with a drill and the eggshell membrane was ex-
cised. The embryos which corresponded to stage
16-18 of Hamburger and Hamilton (1951) were
stained by topical application of 1% neutral red
solution under a surgical microscope. To reopen the
neural tube, a midline incision of 6-8 somite length
was made in the posterior roof of the central canal
at the wing bud level with a 30 gauge needle.

Following the incision, each egg was re-
incubated. The embryos were assigned to 3 groups
according to the re-incubation period after incision ;
immediate postoperative group, postoperative 5-
hour group and postoperative 24-hour group (7
embryos each). Five embryos from each group
were fixed in 10% neutral buffered formalin. After
then, they were embedded in paraffin. Serial trans-
verse sections of 4 um thickness were made and
stained with hematoxylin-eosin. Two embryos of
each group were fixed in 2% glutaraldehyde solu-
tion for examination by a scanning electron micro-
scope. Two embryos of the postoperative 24-hour
group were observed in ovo with a surgical micro-
scope just before and just after surgery, at 5 and 24
hours after surgery to investigate the sequential
changes of external morphology in the same
embryo. The findings of these embryo at each
observation time are included in the results of the
group with the same postoperative re-incubation
period. For example, the findings at 5 hours after
surgery are included in the description of the post-
operative 5-hour group.

Two embryos of stage 18 (which were not oper-
ated on) were sectioned and stained with hema-
toxylin-eosin for comparison.

RESULTS

All the embryos which underwent surgical incison
showed open NTDs.

Normal post-incubation 3-day chick embryos

A well-formed neural tube was abutted by so-
mites on both sides. Both neuropores were closed.
The central canal was easily shown under the sur-
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Fig. 1. Photographs showing the sequential changes of the external morphology in a postoperative 24-hour group embryo. The

embryo was stained with 1% neutral red solution and observed in ovo with a surgical microscope just before (A) and just after (B)

surgery, at 5 hours (C) and 24 hours (D) after surgery.

A : Normal appearance of a post-incubation 3-day chick embryo (Hamburger and Hamilton stage 18, X7). The neural tube (open
arrows) and the surrounding somites (small arrows) are well visualized. Both neuropores are closed. B : Immediately after surgery, the
surgically induced neural tube defect (open arrows) is noted at the level of the wing bud (X15). C : At 5 hours after surgery, the lips of
neural tube defect are more widely open. Neural tissue thickening has increased compared to B ()X15). D : At 24 hours after surgery,
neural tissue thickening is more prominent compared to B and C. The wing bud is clearly visible (arrows). The embryo is scoliotic (X

15).

gical microscope (Fig. 1A). In histological sections,
the neural tube was closed and was in contact with
the notochord on its ventral surface. The roof of the
central canal was composed of columnar cells and
the surface ectoderm was intact (Fig. 2A).

Immediate postoperative group

With a surgical microscope the open and everted
neural tube was observed (Fig. 1B). Histologically,
the edges of incised neural tube were thickened
and everted. The cut edges of the surface
ectoderm had moved to the lateral area of the

opened neural tube. Between the surface ectoderm
and the neuroectoderm, there were small gaps rec-
ognizable under the light microscope and scanning
electron microscope (Fig. 2B and Fig. 3A).

Postoperative 5-hour group

On the examination with a surgical microscope,
the opened neural tubes were wider than those of
the immediate postoperative group embryos (Fig.
1C). In the histological sections, the neuroectoderm
was more thickened and everted, so looked ‘over-
grown'’. It was thicker and larger than the unopened
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4 N o i )
Fig. 2. Microphotographs of transverse sections through the neural tube defects. Each embryo is a representative one of
each group. (H & E, X40)
A A control embryo of 3-day incubation (Hamburger and Hamilton stage 18). Surface ectoderm (SE), mesenchymal tissue
and neural tube (NT) are well visualized. Notochord (NC) is in contact with the ventral surface of the neural tube. B : An
embryo of the immediate postoperative group. The roof of the central canal is open and everted. The cut edges of the
overlying surface ectoderm (SE) are displaced to the lateral side of the opened neural tube (NT). C: An embryo of the
postoperative 5-hour group. There is increasing continuity between the neural tissue and the surface ectoderm. The neural
tube is more widely open. D : An embryo of the postoperative 24-hour group. The neural tube appears rather flat. Neural
tissue hyperplasia was noted. The continuity between the surface ectoderm and the neural tissue looks complete.

portion of the neural tube just distal to the incision
site. There was an increasing continuity between the

complete. The appearance of open NTD was very
similar to the spontaneous or chemically induced

surface ectoderm and the neuroectoderm compar-
ing to the immediate postoperative embryos (Fig.
2C and Fig. 3B).

Postoperative 24-hour group

The opened neural tubes were wider than those
of the postoperative 5-hour group. They looked
rather flat (Fig. 1D). The overgrowth phenomenon
had definitely increased. The continuity between the
surface ectoderm and the neuroectoderm looked

NTDs (Fig. 2D, Fig. 3C and Fig. 4). Both of the
embryos observed serially showed progressive
eversion and hyperplasia of the opened neural
tube.

DISCUSSION

Experimental model

For the experimental studies of NTD, various
models are used. Chemical models using, for ex-
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Fig. 3. Scanning electron microscopic findings of an immediate postoperative group embryo (A), a postoperative 5-hour group
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embryo (B) and a postoperative 24-hour group embryo (C) (X1,000).

A In the immediate postoperative group embryo, a gap and incision artifacts are seen at the junctional area between the opened
neural tube (NE=neuroectoderm) and the surface ectoderm (SE). The margin of the gap is rough. B : At 5 hours after surgery, the
junction looks rather smooth compared to A. C : At 24 hours after surgery, the continuity between the neural tissue and the surface

ectoderm is complete.

Fig. 4. Scanning electron microscopic findings of a transected
postoperative 24-hour group embryo (X500). In cross sectional
oblique view, the open neural tube (NT) and the notochord
(arrow) are demonstrated.

ample, trypan blue, vitamin A or tunicamycin and
genetic models cause functional derangement of
cells to a remarkable extent and the location and
the "size of the induced NTDs are variable and can
not be predicted (Caldarelli et al, 1985; Chong-
Hiyo et al., 1989 ; Mclone et al., 1983). On the
other hand, the surgical model has advantages over
these models in the sense that it causes a lesser
degree of functional derangement of cells and the
location and the size of the NTDs can be easily
modified by the surgical technique. For example,
the studies of regeneration processes are the cases
in which the surgical model is better. As shown in

this study, surgically induced open NTDs were mor-

phologically very similar to the open NTDs of non-
surgical origins. So this experimental model seemed
to be suitable for studies of open NTD.

Though the chick does not belong to the mam-
mals, chick embryos have several advantages. The
observation of young embryos is easy. In mammals
the thickness of the uterus in the early gestation
period precludes gross observation of embryos in
utero. The developmental period of chick embryo,
especially the early stages of development, is short.
The surgical manipulation in chick embryo is easy.
Eggs are cheap and easily available. Also, com-
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pared to rodents, the secondary neurulation pro-
cess of the distal spinal cord of chick embryo is
closer to that of human. This can be an advantage
for the experiments on the effect of the primary
neurulation defect on the secondary neurulation.

Theories of NTD and the early postoperative find-
ings of surgically induced NTDs

There are many debates about the pathogenesis
of open NTD. It is still unknown whether this abnor-
mality of fusion is a failure of initial neural tube
closure or a secondary reopening of a closed neu-
ral tube.

Developmental arrest (von Recklinghausen, 1886)
and overgrowth hypotheses (Lebedeff, 1881 ; Cle-
land, 1883 ; Patten, 1952) belong to the idea of
‘failure of neural tube to close’. In 1886, von Reck-
linghausen suggested that myeloschisis begins as a
simple failure of the embryonic neural plate to close
due to an arrest of normal development with subse-
quent secondary changes in surrounding tissues.
Lebedeff in 1881 and Cleland in 1883 suggested
that the neural tube failed to close owing to over-
growth of the neural tissue everting the neural folds
and preventing fusion. Patten (1952) reported over-
growth in human dysraphic embryos. He interpreted
the overgrowth as a primary phenomenon interfer-
ing with normal closure of the neural tube.

There were two features of NTDs that point to
failure of closure as the more reasonable
pathogenesis. The first is continuity between the
neuroectoderm and the surface ectoderm and cellu-
lar hyperplasia (Campbell et al., 1986). The second
is the rostrocaudal distribution of the open NTDs
(Warkany, 1977). Chemical teratogens such as try-
pan blue and excessive vitamin A administered to
pregnant rats can produce open NTD showing
‘overgrowth’ (Brocklehurst, 1976). However, Fowler
(1953) observed overgrowth appearance of the
neural tissue in NTDs experimentally induced by
mechanical opening of the closed neural tube in
chick embryos which suggested that the overgrowth
phenomenon is not the cause but the result of NTD.

The reopening of a closed neural tube hypothesis
includes hydrodynamic theory (Virchow, 1863 ;
Gardner, 1960) and neuroschisis theory (Padget,
1968 and 1970). In 1863, Virchow suggested that
excessive fluid within the central canal could lead to
a cystic dilatation of the lower spinal cord (Brockle-
hurst, 1976). Gardner (1960 and 1973) suggested
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that inadequate escape of cerebrospinal fluid from
the neural tube in early development leads to over-
distension and bulging of the neural tube, followed
by rupture to produce open NTD. He presumed
that inadequate escape of cerebrospinal fluid was
due to impermeability of rhombencephalic roof
plate. Also this theory has several weak points. Ex-
perimental animal models suggest that the severe
forms of open NTDs result from failure of the neural
tube to close rather than from reopening of the
closed tube, because initial point of rupture should
decompress the neural tube: and limit the extent of
the lesion (Lemire et al., 1965). Moreover, myelosch-
isis has been found before the choroid plexus has
formed (Osaka et al, 1978). Padget (1968 and
1970) observed a cleft in the dorsal midline of the
neural tube of monkey and human embryos. Padget
suggested that proteinaceous fluid within the neural
tube can leak into the surrounding mesoderm and
the surface ectoderm, forming ‘neuroschistic bleb’,
and rupture of neuroschistic bleb may produce
open NTD. Padget also observed continuity be-
tween the neuroectoderm and the surface
ectoderm, overgrowth phenomenon, and reparative
process. However, no etiology for the cleft in the
neural tissue has been suggested. In 1978, Osaka
et al. argued that neuroschistic blebs are artifacts of
the éxperimental process.

In this study, the authors observed morphological
changes of the surgically induced open neural tube
defect during the first 24 hours. Whether ‘over-
growth’ phenomenon is real and a part of the re-
generation process is not certain. Otherwise the
regeneration process (healing process) was not de-
tected during the 24 hours. Actually, according to
the scanning electon microscopic findings (not
shown), the extents of neural tube defects were
longer than those of the surface ectoderm defects.
Cellular hyperplasia (overgrowth phenomenon) be-
came prominent during the firsf 24 hours. The
observation of ‘overgrowth’ appearance in a
reopened NTDs support the idea that the ‘over-
growth’ phenomenon is not the cause but the result
of NTD. To be certain whether the neural tube be-
comes really hyperplastic and to know the sequen-
tial pattern of the cellular hyperplasia, experiments
using cell kinetic methods will be needed.

In the present study, continuity between the sur-
face ectoderm and the neuroectoderm was
observed during 24-hours after surgery, so the con-
tinuity at the site of the open NTD does not exclude
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the possibility that a previously closed neural tube
has reopened.
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