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A R T I C L E

Embryology of Neural Tube Development
T.W. SADLER*

Neurulation is the process of forming the neural tube, which will become the brain and spinal cord. This article
reviews the various cellular processes involved in neurulation and discusses possible roles of folate in this
process. � 2005 Wiley-Liss, Inc.
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INTRODUCTION

Neurulation is the process of forming

the neural tube, which will become the

brain and spinal cord. In humans, it

begins in the 3rd week after fertilization

and requires that the top layers of the

embryonic germ disc elevate as folds and

fuse in the midline. The phenomenon is

complex, involves numerous cell pro-

cesses, and is often disrupted, resulting

in neural tube defects (NTDs), such as

anencephaly and spina bifida. Because of

its complexity, most defects are consid-

ered multifactorial in origin and, while

a great deal is known about the cel-

lular events responsible for neurulation,

much less is known about the molecular

controls.

Cell and Tissue Interactions

At the end of the 2nd week (post

fertilization), the embryo is a bilamminar

disc consisting of epiblast cells in the top

layer and hypoblast in the bottom layer

[Sadler, 2004]. Soon, a groove, the pri-

mitive streak, appears in the caudal 3rd

of the disc (Fig. 1A), signaling the ini-

tiation of gastrulation, the process of

forming a trilamminar disc containing

three germ layers—ectoderm, meso-

derm, and endoderm. At the cranial end

At the end of the second week

(post fertilization), the embryo

is a bilamminar disc consisting

of epiblast cells in the top layer

and hypoblast in the bottom

layer. Soon, a groove, the

primitive streak, appears in the

caudal 3rd of the disc signaling

the initiation of gastrulation,

the process of forming a

trilamminar disc containing

three germ layers—ectoderm,

mesoderm, and endoderm.

of the streak, lies the primitive node, a

depression containing cells important

for organizing the embryonic axes

(Fig. 1A,B). During gastrulation, epi-

blast cells migrate toward and through

the streak and node, detach, and form

two new layers ventral to the remaining

eoiblast (Fig. 2A,B). The first cells

through the streak displace the original

hypoblast to form endoderm, while cells

migrating slightly later create a new

middle layer, the mesoderm (Fig. 2B).

Cells remaining in the epiblast that do

not migrate through the streak or node

constitute the ectoderm. Cells passing

through the node to migrate cranially in

the midline (Fig. 2A) form the prechor-

dal plate and notochord (Fig. 3), and

these structures initiate the process of

neurulation by inducing formation of

the neural plate from overlying ecto-

derm cells (Fig. 1B). Thus, the neural

plate is derived from ectoderm and

forms in the central part of this upper

layer. The remainder of the ectoderm

surrounding the neural plate forms the

epidermis.

Induction of the neural plate is due

to an inhibition of epidermis formation

by signals eminating from the primitive

node, not by an activation of neural

development. Thus, the default state of

the original ectodermal germ layer is

neural, not epidermal. The signal itself

involves suppression of bone morpho-

genetic protein (Bmps) and Wnt signal-

ing pathways [Harland, 2000]. As a result

of these signals, cells destined to form the

neural plate elongate in an apical-basal

direction to form a thickened region of

ectoderm called a placode [Schoenwolf

and Powers, 1987; Schoenwolf, 1988].

This neural placode is broader at

the cranial end and narrows caudally

(Fig. 1B).

Once the plate is formed, it under-

goes elongation by convergent exten-

sion, a process in which laterally placed

cells move toward and are intercalat-

ed into the midline [Schoenwolf and

Alvarez, 1989; Keller et al., 1992, 2000].
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Similar cell movements occur in the

underlying mesoderm as the entire body

axis lengthens. Recent evidence sug-

gests that Dishevelled (DSH), a member

of the non-canonical Wnt signaling

pathway is required for the process of

convergent extension and that mis-

regulation of this gene causes NTDs

in animal models [Wallingford and

Harland, 2001, 2002]. In addition to

Recent evidence suggests

that Dishevelled (DSH),

a member of the non-canonical

Wnt signaling pathway

is required for the process

of convergent extension and

that misregulation of this

gene causes NTDs in

animal models.

convergent extension, placement of

daughter cells within the neural plate

that arise from cell division, also causes

Figure 1. Dorsal views of embr-
yos showing the early stages of gas-
trulation and neurulation at various
days after fertilization. A: The primi-
tive streak, consisting of a narrow
groove, forms in the caudal part of the
embryo. At the streak’s cranial end is
an elevation, the primitive node
surrounding a depression, the primi-
tive pit. It is through the node and
streak that epiblast cells migrate to
form the three germ layers of the
embryo by the process of gastrulation.
B: The neural plate, a thickening of
overlying ectoderm to form a placode,
is induced at the cranial end of the
embryo and signals the initiation of
neurulation. At the caudal end of the
embryo, the primitive streak remains
involved in the process of gastrulation.
Thus, gastrulation and neurulation
continue simultaneously in the human
embryo. C: The neural plate has now
elevated to form the neural folds
creating a neural groove in the mid-
line. Pairs of somites, representing
collections of underlying mesoderm
that will form the vertebrae, appear on
either side of the neural groove. This
mesoderm helps support the elevating
neural folds.
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lengthening in a craniocaudal direction.

In this case, half of the cell division planes

are positioned to place daughter cells

in the longitudinal axis of the plate

[Sausedo et al., 1997].

Once the neural plate is induced, its

lateral borders elevate into the neural

folds (Fig. 1C) and these folds move

toward the midline to fuse. Initial

elevation of the folds involves proli-

feration of the underlying mesoderm

and production of hyaluronic acid by

this tissue [Solursh and Morriss, 1977;

Morriss-Kay and Crutch, 1982]. After

elevation has occurred, bending of

the neural folds proceeds in two steps:

furrowing and folding [Colas and

Schoenwolf, 2001]. Furrowing requires

formation of three hinge points in the

neural tissue: a median hinge point

(MHP), overlying the prechordal plate

and notochord and extending the entire

length of the neural tube; and paired

lateral hinge points (LHPs) along the

sides of the folds in the cranial region

(LHPs do not form in the spinal cord

region of the neural tube; Fig. 4).

Folding occurs around these hinge

points with that involving the MHP

resulting in elevation of the folds and that

around the LHPs producing conver-

gence of the folds [Schoenwolf and

Franks, 1984; Colas and Schoenwolf,

2001]. The molecular signal for indu-

cing theMHP is Sonic Hedgehog, secreted

by the prechordal plate and notochord

[Smith and Schoenwolf, 1989; Jessell

and Sanes, 2000], but it is not known

what signals the LHPs.

Shaping of the hinge points and

neural folds requires microfilaments,

microtubules, and changes in mitotic

rates that, together, create apical con-

striction and basal expansion of the

neural cells. Microfilaments containing

actin and myosin are anchored by pro-

teins in the apices of neural plate cells

[Karfunkel, 1974;Nagele and Lee, 1980;

Sadler et al., 1982, 1986; Lee and

Nagele, 1985]. During hinge point

formation and bending, these proteins

are concentrated in the apices of the cells

and, presumably, assist with constriction

in this region. Disruption of their inte-

grity in animal models results in NTDs,

supporting a claim for their role in the

process [Lee andKalmus, 1976;Morriss-

Kay, 1981].

Another factor affecting cell shape

is mitosis. Neuroepithelial cells during

neurulation are rapidly dividing with

cell cycle times of 4–6 hr. During

mitosis, nuclei in the neural plate travel

the length of the cell from base to apex

asDNA synthesis and cell division occur,

a process called interkinetic nuclear

Figure 2. Schematic representation of the process of gastrulation. A: Arrows
indicate the direction ofmigration of epiblast cells toward and through the primitive node
and streak. Cells that migrate through the node and move directly cranially form
the prechordal plate and notochord in themidline,B: Cross section through the primitive
streak showing epiblast cells detaching and migrating to form a middle layer
(the mesoderm) between the original epiblast and hypoblast. A new lower layer (the
endoderm) is also formed as the ingressing cells displace those of the hypoblast. Cells
remaining in the epiblast that do not migrate through the streak form the ectoderm.
Thus, three germ layers are created.

Figure 3. Amid-sagittal section through the embryo at the time of gastrulation. The
embryo is shaped like a disc suspended between the amniotic and yolk sac cavities. Cells
migrating through the node have formed the notochord and prechordal plate in the
midline and these structures will induce the overlying ectoderm to form the neural plate.
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migration. Cell division occurs at the

luminal surface where mitotic figures

cause an expansion because of their large

size. Where hinge points form, the cell

cycle lengthens, such that nuclei remain

at the base of cells for longer periods of

time, thereby widening the base and

narrowing the apex of cells located in

these regions [Smith and Schoenwolf,

1987, 1988].

In addition to intrinsic forces in

neuroepithelial cells themselves, non-

neural ectoderm is a major contributor

to bending of the neural folds [Sausedo

et al., 1997; Colas and Schoenwolf,

2001; Lawson et al., 2001]. Thus, this

ectoderm expands medially pushing the

folds closer toward the midline (Fig. 4).

Ectoderm expansion is mediated by cell

flattening, intercalation, and oriented

mitosis. During intercalation, ectoderm

cells exchange neighbors creating a flow

like a liquid in the plane of the tissue,

pushing the neural folds [Colas and

Schoenwolf, 2001].

Once neural folds meet in the

midline, they undergo fusion (Fig. 5A).

Cell processes are extended from one

fold to the other and cell surface coats,

consisting of glycoproteins, are de-

posited at regions of fusion [Sadler,

1978]. These surface coats act as a glue

to hold the folds in place until more

permanent cell to cell contacts can

be established.

Many of these same events promote

closure of the neural folds in prospective

spinal cord regions. However, no LHPs

appear, presumably because of the smal-

ler lumen that forms in this region versus

that formed in the larger brain vessicles.

Instead, closure of spinal folds resembles

the process of closing an open book

lying on a flat surface. The sides elevate

with little bending, except at the MHP,

until the sides are parallel. At this point,

the tips of the folds bulge toward each

other to fuse around a narrow lumen.

In another difference from cranial fold

closure, neurectoderm cells make initial

contact between opposing neural folds,

whereas overlying ectoderm initiates

contact in cranial regions. It is also not

clear that microfilaments play a major

role in closure of the spinal folds,

since their disruption does not result in

NTDs in this region [Ybot-Gonzalez

and Copp, 1999].

Closure itself first occurs near

the junction of the hindbrain and spinal

cord at the level of the 5th somite

(Fig. 5A). It then proceeds in zipper-

like fashion cranially and caudally

(Fig. 5B) [O’Rahilly and Muller, 2002].

Figure 4. Cross section through the cranial neural folds as they approach each other
in the midline. Median (*) and lateral (*) hinge points have formed to assist with the
bending process. Overlying ectoderm (ee) creates forces that push the folds together.
Notochord (n).

Figure 5. Dorsal views of neurulating embryos at different stages of neural tube
closure (postfertilization). A: Closure begins at the caudal end of the hindbrain near its
junction with the spinal cord. The neural folds then zipper in both directions.
B: Continued zippering closes the neural tube. However, before the process is complete,
a second closure site appears in the forebrain and this site zippers cranially and caudally
to meet the advancing closure process that was initiated in the hindbrain. Prior to
completion of closure, the open ends of the tube form the anterior (cranial) and posterior
(caudal) neuropores.
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Closure itself first occurs

near the junction of the

hindbrain and spinal cord

at the level of the 5th

somite. It then proceeds

in zipper-like fashion

cranially and caudally.

After initiation of closure, the open

regions of the neural tube are called the

anterior (cranial) and posterior (caudal)

neuropores (Figs. 5B and 6A). Caudally,

the zippering process continues until the

posterior neuropore is closed, but in the

cranial region a second site of closure

appears in the forebrain [O’Rahilly and

Muller, 2002]. Zippering then pro-

ceeds bidirectionally from this point to

meet the advancing zippering process

approaching from the hindbrain as well

as cranially to close the most rostral part

of the forebrain. The cranial neuropore

is closed on day 25, while the caudal

neuropore completes closure on day 28

(Fig. 6A,B). Once closure is initiated at a

site, neurectoderm cells reorganize to

form the roof of the neural tube, while

overlying epidermal cells form the

ectodermal layer of the skin.

The neurulation process just des-

cribed is called primary neurulation, and

it is responsible for establishing the brain

and spinal cord regions down to the

lowest sacral levels (probably S4-5).

From this level caudalward, secondary

neurulation forms the remainder of

the cord. In this phenomenon, the

neural tube forms from mesoderm cells

that coalesce and then epithelialize

[Schoenwolf, 1979]. These epithelial

cells reorganize around a lumen form-

ing the caudal-most regions of the

neural tube that then becomes contin-

uous with the remainder of the tube

formed by primary neurulation (note

that the junction between the two pro-

cesses is well below the site of virtually

all occurrences of spina bifida and so

cannot be considered a potential factor

in the origin of the vast majority of these

NTDs).

NEURALTUBE DEFECTS

As might be expected with such a

complex process, NTDs are common,

occurring in the United States with

an overall frequency of approximately

1/1,000 births. However, rates vary in

different regions of the country with

higher rates in the East, lowest in the

West, and the highest in the South-

east, particularly in North and South

Carolina. Rates also vary in different

populations with people ofMexican and

Irish descent having higher rates than

Caucasians. Even among peoples of

similar ethnicity, rates can vary greatly.

For example, in Northern China rates

of 1/200 were observed compared to

1/1,000 among those living in the

Southern part of the country [Berry

et al., 1999].

The term neural tube defect is

applied to a variety of abnormalities,

most of which result from a lack of

closure of the neural tube. The most

severe are ‘‘open’’ defects in which

neural tissue is exposed. These defects

may occur cranially, causing anence-

phaly, which is fatal, or caudally,

usually in the lumbosacral area, caus-

ing spina bifida cystica. Regardless of

where they occur, the vast majority

of these types of closure defects result

from failure of the neural folds to

elevate and fuse. Other NTDs may

involve only the coverings of the brain

and cord, such as meningoceles or

myeloceles, or may include neural tissue,

as in the cases of meningoencephalo-

cele and meningomyeloceles. In these

types of defects the folds may have come

together, but the normal fusion process

was disrupted. Bony defects overlying

these abnormalities may be caused by a

lack of signaling between underlying

neural tissue and overlying mesoderm

and ectoderm.

Most NTDs are multifactorial in

origin, having both genetic and envir-

onmental components. With respect

to genetics, there is not just one neural

tube defect gene. Instead, misregulation

of any of a number of different genes

may result in an NTD. As mentioned,

Dishevelled appears to be important

for convergent extension and its dis-

ruption may account for some NTDs

[Wallingford and Harland, 2001, 2002].

Sonic Hedgehog is responsible for floor

plate induction and MHP formation

[Jessell and Sanes, 2000], but NTDs do

not occur when this gene is mis-

regulated, even though an MHP fails

to form [Chiang et al., 1996]. Other

gene candidates include those in the

folic acid pathway. One of these, the

Figure 6. Lateral views of 25 and 28 day (postfertilization) embryos. A: Closure of
the anterior neuropore is completed on day 25. B: Closure of the posterior neuropore is
completed on day 28.
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Sonic Hedgehog is responsible

for floor plate induction and

MHP formation but NTDs

do not occur when this gene

is misregulated, even though

an MHP fails to form. Other

gene candidates include those

in the folic acid pathway.

MTHFR gene for methylene tetrahy-

drofolate reductase that catalyzes the

reduction of folate as part of the methy-

lation pathway, appears to play a role in

someNTDs [Shields et al., 1999]. How-

ever, it is a relatively minor one account-

ing for at most 15% of these defects

[Botto and Yang, 2000]. The search for

other genes in the folic acid pathway

that might contribute to NTDs has

failed to demonstrate any other associa-

tions. Emphasis on folic acid metabolism

as a major contributor to NTDs has

occurred because unequivocal evidence

shows that folic acid supplementation

(400 mg/day), initiated 2–3 months

prior to pregnancy reduces the risk of

NTDs by up to 70% [MRC Vitamin

Study Research Group, 1991; Ceizel

and Dudas, 1992].

While genetic mutations in key

genes in the folic acidmetabolic pathway

may yet be discovered to explain the

origin of additional NTDs, it is impor-

tant to note that folic acid itself is

also essential for maintaining basic cell

processes, including de novo synthesis

of nucleotides for DNA synthesis. This

pathway is especially important for

embryos during neurulation because it

probably represents their only source of

these nucleotides [Rowe and McEwen,

1983]. Nucleotides are essential for sus-

taining mitosis, especially in rapidly

proliferating cell populations, such as

those found in the neurectoderm, and

for DNA repair. Cells normally have a

5 min supply of these DNA precursors

[Skoog and Nordenskjold, 1971; Skoog

et al., 1974] and if the proper ratios

are not maintained, mutations incre-

ase, DNA repair mechanisms fail, and

DNA synthesis decreases [Meuth, 1984;

Yoshioka et al., 1987; Hirota et al., 1989;

James et al., 1994]. Since mitosis plays a

key role in neurulation [Smith and

Schoenwolf, 1987, 1988], it is easy to

consider a link between NTDs and this

aspect of folate metabolism.

It is also possible that compromised

DNA synthesis produced by an inade-

quate folate supply may increase the

embryo’s sensitivity to teratogens. Some

evidence for this hypothesis is derived

from studies showing that embryos from

mice who were almost completely folic

acid deficient had developmental delays,

but no overt birth defects, although

here was an increase in spontaneous

abortions [Burgoon et al., 2002]. Thus,

even while maternal folate levels were

extremely low, surviving embryos were

spared, but were they also more vulner-

able to a second insult? The fact that

they had developmental delays suggests

they were, but this potential remains to

be investigated. In support of this hypo-

thesis, that folic acid provides essential

components for a general process, such

as DNA synthesis and mitosis, are these

observations: (1) in increased amounts,

the vitamin protects against heart, cra-

niofacial, and other birth defects [For

review, see Antony and Hansen, 2000],

e.g., a variety of defects that might have

their origins in the disruption of a

general metabolic pathway as a common

denominator; (2) the vitamin also affords

protection against some genetic [Zhao

et al., 1996; Flemming and Copp, 1998]

and environmental causes of birth de-

fects, including methanol [Sakarashi

et al., 1998], valproic acid [Wegner and

Nau, 1991], hyperthermia [Shin and

Shiota, 1999; Botto et al., 2002; Shaw

et al., 2002], and some mycotoxins

[Sadler et al., 2002], again suggesting

that a general effect of the vitamin

protects the embryo. Such an effect on

DNA synthesis might allow embryos to

recover more quickly from an insult by

producing more cells or by avoiding

genetic mutations by providing large

nucleotide pools for DNA repair.

Certainly, other genetic causes of

humanNTDswill be discovered. In fact,

in mice a number of key ‘‘neurulation’’

genes have been identified [Harris and

Jurriloff, 1999; Copp et al., 2000]. Colas

and Schoenwolf [2001] provide an ex-

cellent discussion of the potential genes

involved and have listed a number of

candidates. However, not all NTDs will

be shown to have a single gene muta-

tion; most will remain multifactorial

in origin with a strong environmental

component.

REFERENCES

Antony AC, Hansen DK. 2000. Folate responsive
neural tube defects and neurocristopathies.
Teratology 62:42–50

Berry RJ, Li z, Erickson JD, Li S, Moore CA, et al.
1999. Prevention of neural tube defects with
folic acid in China. N Engl J Med 341:
1485–1490.

Botto LD, Yang Q. 2000. 5,10 methylenetetrahy-
drofolate reductase gene variants and con-
genital anomalies: A HUGE review. Am J
Epidemiol 151:862–877.

Botto LD, Erickson JD, Mulinaire J, Lynberg M,
Lin Y. 2002. Maternal fever, multi-
vitamin use, and selected birth defects:
Evidence of interactions. Epidemiology 13:
485–488.

Burgoon JM, Selhub J, Nadeau M, Sadler TW.
2002. Investigation of the effects of
folate deficiency on embryonic develop-
ment through the establishment of a folate
deficient mouse model. Teratology 65:219–
227.

Ceizel AE, Dudas I. 1992. Prevention of first
occurrence of neural tunbe defects by
periconceptional vitamin supplementation.
N Engl J Med 327:1832–1835.

Chiang C, Litingtung Y, Lee E, Young KE,
Corden JL, Westphal H, Beachy PA. 1996.
Cyclopia and defective axial patterning in
mice lacking sonic hedgehog function.
Nature 383:407–413.

Colas JF, Schoenwolf GC. 2001. Towards a cel-
lular understanding of neurulation. Dev
Dyn 221:117–145.

Copp A, Cogram P, Flemming A, Gerrelli D,
Henderson D, Hynes A, Kolatsi-Joannore
M, Murdoch J, Ybot-Gonzalez P. 2000.
Neurulation and neural tube closure defects.
Methods Mol Biol 136:135–160.

Flemming J, Copp A. 1998. Embryonic folate
metabolism and mouse neural tube defects.
Science 280:2107–2109.

Harland R. 2000. Neural induction. Curr Opin
Genet Dev 10:357–362.

Harris MJ, Jurriloff DM. 1999. Mini riview:
Toward understanding genetic mechanisms
of neural tube defects in mice. Teratology
60:292–305.

Hirota Y, Yoshioka A, Tanaka S, Watanabe K,
Otani T, Minowada J, Matsuda A, Ueda T,
Wataya Y. 1989. Imbalance of deoxyri-
bonucleoside triphosphates, DNA double
strand breaks, and cell death caused by 2-
chlorodeoxyadenosine in mouse FM3A
cells. Cancer Res 49:915–919.

James SJ, Basnakian AG, Miller BJ. 1994. In vitro
folate deficiency induces deoxynucleotide
pool imbalance, apoptosis, and mutagenesis

ARTICLE AMERICAN JOURNAL OF MEDICAL GENETICS (SEMIN. MED. GENET.) 7



in Chinese hamster ovary cells. Cancer Res
54:5075–5080.

Jessell JM, Sanes JR. 2000. Development: The
decade of the developing brain. Curr Opin
Neurobiol 10:599–611.

Karfunkel P. 1974. The mechanisms of neural
tube formation. Int Rev Cytol 38:245–
271.

Keller R, Shih J, Sater AK, Moreno C. 1992.
Planar induction of convergence and exten-
sion of the neural plate by the organizer of
Xenopus. Dev Dyn 193:218–234.

Keller R, Davidson L, Edlund A, Elul T, Ezin M,
Shook D, Skoglund P. 2000. Mechanisms of
convergence and extension by cell inter-
calation. Phil Trans Royal Soc London B:
Biol Sci 355:897–922.

Lawson A, Anderson H, Schoenwolf GC. 2001.
Cellular mechanisms of neural fold forma-
tion and morphogenesis in the chick
embryo. Anat Rec 262:153–168.

Lee HY, Kalmus GN. 1976. Effects of cytochalasin
B on the morphogenesis of explanted early
chick embryos. Growth 40:153–162.

Lee HY, Nagele RG. 1985. Studies on the
mechanisms of neurulation in the chick:
Interrelationship of contarctile proteins,
microfilaments, and the shape of neuro-
epithelial cells. J Exp Zool 235:205–215.

Meuth M. 1984. The genetic consequences of
nucleotide precursor pool imbalance in
mammalian cells. Mutat Res 126:107–112.

Morriss-Kay GM. 1981. Growth and develop-
ment of pattern in the cranial neuroepithe-
lium of rat embryos during neurulation.
J Embryol Exp Morphol 65:225–241.

Morriss-Kay GM, Crutch B. 1982. Culture of rat
embryos with b-D-xyloside: Evidence for a
role for proteoglycans in neurulation. J Anat
134:491–506.

MRC Vitamin Study Research Group. 1991.
Prevention of neural tube defects: Results of
the Medical Research Council Vitamin
Study. Lancet 338:131–137.

Nagele RG, Lee HY. 1980. Studies on the mech-
anism of neurulation in the chick: Micro-
filament mediated changes in cell shape
during uplifting of neural folds. J Exp Zool
213:391–398.

O’Rahilly R, Muller F. 2002. The two sites of
fusion of the neural folds and the two
neuropores in the human embryo. Teratol-
ogy 65:162–170.

Rowe PB, McEwen SE. 1983. De novo purine
synthesis in cultured rat embryos under-
going organogenesis. Proc Natl Acad Sci 80:
7333–7336.

Sadler TW. 1978. Distribution of surface coat
material on fusing neural folds of mouse

embryos during neurulation. Anat Rec 191:
345–350.

Sadler TW. 2004. Langman’s medical embryol-
ogy. Philadelphia: Lippincott, Williams, and
Wilkins. pp 65–115.

Sadler TW, Lessard JL, Greenberg D, et al. 1982.
Actin distribution patterns in the mouse
neural tube during neurulation. Science
215:172–174.

Sadler TW, Burridge K, Yonker J. 1986. A
potential role for spectrin during neurula-
tion. J Embryol Exp Morphol 94:73–82.

Sadler TW, Merrill AH, Stevens VL, Sullards MC,
Wang E, Wang P. 2002. Prevention of
fumonisin B1 induced neural tube defects
by folic acid. Teratology 66:169–176.

Sakarashi TM, Rogers JM, Fu SS, Connelly LE,
Keen CL. 1998. Influence of maternal
folate status on the developmental toxicity
of methanol in the CD-1 mouse. Teratology
54:198–206.

Sausedo RA, Smith JL, Schoenwolf GC. 1997.
Role of non-randomly oriented cell division
in shaping and bending of the neural plate.
J Comp Neurol 381:473–488.

Schoenwolf GC. 1979. Histological and ultra-
structural observations of tail bud formation
in the chick embryo. Anat Rec 193:131–
147.

Schoenwolf GC. 1988. Microsurgical analysis of
avian neurulation: Separation of medial and
lateral tissues. J Comp Neurol 276:498–
507.

Schoenwolf GC, Alvarez IS. 1989. Roles of
neuroepithelial cell rearrangement and divi-
sion in shaping of the avian neural plate.
Development 106:427–439.

Schoenwolf GC, Franks MV. 1984. Quantitative
analyses of changes in cell shapes during
bending of the avian neural plate. Dev Biol
105:257–272.

Schoenwolf GC, Powers ML. 1987. Shaping of
the chick neuroepithelium during primary
and secondary neurulation: Role of cell
elongation. Anat Rec 218:182–195.

Shaw GM, Nelson V, Carmichael SL, Lammer EJ,
Finnell RH, Rosenquist TH. 2002. Mater-
nal periconceptional vitamins: Interactions
with selected factors and congenital anoma-
lies. Epidemiology 13:625–630.

Shields DC, Kirke PN, Mills JL, Ramsbottom D,
Molloy AM, Burke H, Weir DG, Scott JM,
Whitehead AS. 1999. The thermolabile
variant of methylenetetrahydrofolate re-
ductase and neural tube defects: An eval-
uation of genetic risk and the relative
importance of the genotypes of the embryo
and mother. Am J Human Genet 64:1045–
1055.

Shin JH, Shiota K. 1999. Folic acid supplemen-
tation supresses heat-induced neural tube
defects in the offspring. J Nutr 129:2070–
2073.

Skoog L, Nordenskjold B. 1971. Effects of
hydroxyurea and 1-b-D-arabinofuranosylcy-
tosine on deoxynucleotide pools in mouse
embryo cells. Eur J Biochem 19:81–91.

Skoog KL, Bjursell KG, Nordenskjold BA. 1974.
Cellular deoxynucleotide triphosphate pool
levels and DNA synthesis. Adv Enzyme Reg
12:345–354.

Smith JL, Schoenwolf GC. 1987. Cell cycle and
neuroepithelial cell shape during bending of
the chick neural plate. Anat Rec 218:196–
206.

Smith JL, Schoenwolf GC. 1988. Role of cell
cycle in regulating neuroepithelial cell shape
during bending of the chick neural plate.
Cell Tissue Res 252:491–500.

Smith JL, Schoenwolf GC. 1989. Notochordal
induction of cell wedging in the chick
neural plate and its role in neural tube
formation. J Exp Zool 250:49–62.

Solursh M,Morriss JM. 1977. Glycosaminoglycan
synthesis in rat embryos during formation of
the primary mesenchyme and neural folds.
Dev Biol 57:75–86.

Wallingford JB, Harland RM. 2001. Xenopus
Dishevelled signaling regulates both neural
and mesodermal convergent extension:
Parallel forces elongating the body axis.
Development 128:2581–2592.

Wallingford JB, Harland RM. 2002. Neural
tube closure requires Dishevelled dependent
convergent extension of the midline. Devel-
opment 129:5815–5825.

Wegner C, Nau H. 1991. Diurnal variations in
folate concentrations in mouse embryo and
plasma: The protective effect of folinic acid
on valproic acid-induced teratogenicity is
time dependent. Reprod Toxicol 5:465–
471.

Ybot-Gonzalez P, Copp A. 1999. Bending of the
neural plate during mouse spinal neurula-
tion is independent of actin miocrofila-
ments. Dev Dyn 215:273–283.

Yoshioka A, Tanaka S, Hiraoka O, Koyama Y,
Hirota Y, Ayusawa D, Seno T, Garrett C,
Wataya Y. 1987. Deoxynucleoside tripho-
sphate imbalance: 5-fluorodeoxyuridine-
induced DNA double strand breaks in
mouse FM3A cells and the mechanism of
cell death. J Biol Chem 262:8235–8241.

Zhao Q, Behringer RR, de Combrugghe B.
1996. Prenatal folic acid treatment suppres-
ses acrania and meroanencephaly in mice
mutant for the Cart-1 homeobox gene. Nat
genet 13:275–283.

8 AMERICAN JOURNAL OF MEDICAL GENETICS (SEMIN. MED. GENET.) ARTICLE


