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Abstract

Birth defects (congenital anomalies) are the leading cause of death in babies under 1 year of age. Neural tube defects (NTD), with a birth
incidence of approximately 1/1000 in American Caucasians, are the second most common type of birth defect after congenital heart defects.
The most common presentations of NTD are spina bifida and anencephaly. The etiologies of NTDs are complex, with both genetic and
environmental factors implicated. In this manuscript, we review the evidence for genetic etiology and for environmental influences, and we
present current views on the developmental processes involved in human neural tube closure.
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Birth defects (congenital anomalies) are the leading cause
of death in babies under 1 year of age. Neural tube defects
(NTD), with a birth incidence of approximately 1/1000 in
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American Caucasians, are the second most common type of
birth defect after congenital heart defects. In human, the
most common NTD are anencephaly and myelomeningo-
cele. Anencephaly results from a failed closure of the rostral
end of the neural tube and is characterized by a total or
partial absence of the cranial vault and cerebral hemisphere.
Myelomeningocele is a defective closure of the neural tube
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in the vertebral column. Depending on the size and the
location of the defect, the patient can suffer either no
physical handicap or lifelong disabilities [86]. These
common birth defects vary in frequency depending on the
geographical localization. Anencephaly and spina bifida
occur at frequencies ranging from 0.9 in Canada to 7.7 in
the United Arab Emirates and 0.7 in central France to 11.7
in South America per 10,000 births [86].

The mortality rate for children with spina bifida is
increased over the general population risk in the first year of
life. The cost of providing for medical care for a child with
myelomeningocele has been estimated to be over $70,000
(adjusted to 2001 dollars) annually for the first 20 years of
life, including costs associated with an average of 5
surgeries per year [94] in the first 5 years of life (20 year
lifetime cost is $1.4 million/case).

The phenotypes of the open NTDs include myelome-
ningocele (spina bifida cystica, open spina bifida) and
anencephaly. Anencephaly, an incomplete formation of the
brain and skull, is uniformly lethal. The most common
form of NTD, myelomeningocele, is an open lesion in the
caudal spine and contains dysplastic spinal cord, often
resulting in a lack of neural function below the level of
the defect. Affected patients usually have reduced ability
to walk, or need the use of a wheelchair, have little or no
bowel and/or bladder control, and require frequent
surgical interventions to minimize the effects of hydro-
cephalus. The most common presentations, spina bifida
and anencephaly, can occur within the same family,
raising the question as to whether these phenotypes are
related and due to a common underlying gene [29,31,33,
38,65,77].

Defining the phenotype in affected patients is paramount
to the evaluation of human neural tube defects. Phenotypic
parameters include: location and level of the defect, whether
the defect crosses CNS segmental boundaries, and catalogu-
ing the variety of anomalies in a patient or family. Open
defects such as anencephaly, craniorachischisis, myelome-
ningocele, and myeloschisis are defined based upon the
location and level and are descriptive in nature. Associated
anomalies, Chiari II malformation, hydrocephalus, syringo-
myelia, polymicrogyria, cortical heterotopias, and agenesis
of the corpus callosum further add to and can confuse the
phenotypic definitions.

NTDs in humans result from the combined effects of
genetic and environmental influences, and as such are a
classic example of a multifactorial disorder. Identifying the
genetic factors is critical for characterizing the interactions
between genes and the environment, and understanding
these interactions will provide the basis for designing novel
preventive strategies and for offering accurate reproductive
risks to couples. The genetic factors will likely involve
aberrant variations in genes key for the normal closure of the
neural tube. Neural tube closure is a complex, early
developmental process, informed not only by nascent studies
in human embryos, but by the plethora of investigations in a

variety of experimental systems including but not restricted
to mouse, zebrafish, and chick.
1. Formation of the human neural tube

Neurulation, which is the formation of the neural tube, is
an important morphogenetic event in human development.

Fig. 1. Human embryonic developmental stages during which the neural
tube forms. Al and 2: Carnegie stage 9 (CS 9-20 days) the neural groove is
open and anterior neural fold is visible. B1 and 2: CS 10 (22 days). The
neural folds fuses centrally leaving an open tube in the rostral and caudal
region. C1, 2 and 3: CS 11 (24 days). The neural tube is closed except for
the rostral (C2 and 3) and caudal neuropores. D1 and 2: CS 12 (26 days) the
caudal neuropore is closing (C2). El and 2: CS 13 (28 days). The
neuropores are closed. E1 corresponds to early CS 13 and E2 to a late CS
13. The scale bars represent 1 mm in all photographs except C3 and D2
where they represent 0.5 mm.
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The neural tube gives rise to the brain and the spinal cord to
form the central nervous system. Neurulation in mammalian
embryos occurs in two phases: primary and secondary
neurulation [68]. These two phases occur in distinct areas
along the rostro-caudal axis of the embryo. Secondary
neurulation is limited to the tail bud, which lies beyond the
caudal neuropore. In contrast to primary neurulation,
described in detail below, secondary neurulation occurs by
proliferation of stem cells [8], which form a rod-like
condensation that subsequently cavitates. The cavitation
transforms the rod into a tube, and the lumen of this tube
comes into continuity with the lumen of the tube formed
during primary neurulation. In tailless humans, the tail bud
does not develop as in tailed animals, and secondary
neurulation does not appear to be responsible for open
neural tube defects. For this reason, we will focus on
primary neurulation.

Primary neurulation generates the entire neural tube
rostral to the caudal neuropore. During this process,
occurring during the third and fourth weeks of development
(Carnegie stages (CS) 8 to 13, Fig. 1), the flat layer of
ectodermal cells overlying the notochord is transformed into
a hollow tube.

Eighteen days after fertilization (CS 8), the midline
dorsal ectoderm of the embryo thickens and forms the
neural plate while cell shape changes. The neural plate first
appears at the cranial end of the embryo and differentiates
in the caudal direction. The edges of the plate thicken and
begin to move upward forming the neural fold. The neural
plate becomes narrower, longer, and is transformed from
an elliptical to a key-hole shaped structure. This trans-
formation occurs by polarized cell movements in the
medial direction and cell intercalation in the midline. The
mechanism of these movements, known as convergent
extension, is not specific to neural tube formation.
Convergent extension has been widely studied in animal
models (mouse, Xenopus and Drosophila), where it
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depends on the highly conserved Wnt-frizzled signal
transduction pathways (see Lawrence at al. 2003 [48]
and Copp et al. 2003 [13] for reviews on convergent
extension).

On day 19 (CS 8.5), the border of the neural plate
becomes gradually more pronounced and elevated. The
neural plate folds longitudinally along the midline of the
plate from the head toward the tail to form the neural
groove. The folds rise up dorsally, approach each other and
ultimately merge together, forming a tube open at both ends
by day 23 (CS 10.5) (Fig 1A and B). As the neural folds
fuse, the cells adjacent to the neural plate also fuse across
the midline to become the overlying epidermis. The rostral
and caudal openings are called neuropores and are best
distinguished around day 23 when about 17-19 somites are
visible (Fig. 1C). The rostral and caudal neuropores close
later, on the 26th (CS 12) and 28th (CS 13) days of
gestation, respectively (Fig. 1D to E). We utilize the
terminology suggested by O’Rahilly and Miiller [60], who
reserve the term “closure” for the closing of neuropores,
while the term “fusion” is used to designate the merging of
the neural folds and the formation of a tube.

Although there is general agreement on the morphoge-
netic movements of the first events of neural tube formation,
the last event in neural tube formation, the fusion of neural
folds, is subject to debate concerning the number of
initiation sites of fusion and their location. Indeed, the
fusion of the neural folds has originally been described in
humans as a process initiated at a single site, and extending
bi-directionally, rostrally and caudally, from this initiation
site to the rostral and caudal neuropores [68]. However, over
the past 20 years, a hypothesis of “multiple site of neural
tube fusion” has been investigated in animal models and in
humans. This hypothesis has been extensively studied in
mice and rats [74]. According to Sakai, who wrote a
comprehensive review of available data in mice and rats,
rodent neural tube fusion occurs between day E8 and day

Sakal, 19289 van Allen et al., 1993 Sullk et al., 1998
{mouse) {humanj [Nakatsu er al., 2000]
@'Rahilly et al., 2002
{human)

Fig. 2. Proposed mechanisms for neural tube closure in mouse and humans.
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E10 of gestation [74]. Four sites of neural tube fusion were
identified. Site 1 initiates in the future cervical region
between the third and fourth somites at the caudal part of the
hindbrain, and progresses both caudally and rostrally.
Caudally, it proceeds all the way down to the end of the
neural groove until the caudal neuropore. The next two sites
of initiation of fusion are located rostral to site 1. A second
fusion initiates at the prosencephalon—mesencephalon boun-
dary (Site 2) and extends both rostrally and caudally. This
second fusion completely closes the roof of the tele-
ncephalon and the metencephalon. A third fusion site (site
3) progresses caudally, and closes the rostral end of the
neural plate. Finally, the fourth fusion site (site 4) appears at
the caudal end of the neural plate and extends rostrally to
meet the fusion extending back from site 1. These proposed
mechanisms are summarized in Fig. 2.

2. Single site of neural fold fusion

Since the susceptibility to NTDs in human is known to
vary among ethnic groups, one might hypothesize that
heterogeneity of human neural tube defects could also
originate from differences in fusion at site 2. This statement
implies that the multiple sites of neural tube fusion occur in
humans. In 1993, van Allen proposed multiple sites of
fusion in human embryos, although a human site 2 had
never been observed. She based her model on the
observation of the type and the frequency of human tube
defects. A model of a single site of fusion would predict that
most human neural tube defects would be localized in the
caudal and rostral ends of the tube where the neuropores
close, which is not the case. Van Allen’s model predicted 5
sites of fusion and four neuropores. In addition to the rostral
and caudal neuropores, she postulated the existence of a
prosencephalic and a mesencephalic neuropore, resulting
respectively from fusion of a second and a fourth closing
site [88]. In the mid 1990s, Seller [78,79] and Golden [30]
arrived at similar conclusions from the study of human
neural tube defects.

Although the model of multiple sites of fusion was
attractive to explain such defects, experimental observa-
tion of human embryos clearly corroborates the hypothesis
of a single site of fusion and a zipper-like process of
neural tube closure. Using light microscopy and laser
scanning electron microscopy to observe successive stages
of development, Sulik and coworkers showed a zipper-
like fusion of the human neural tube from a single
initiation site located in the middle of the future hindbrain
region [84]. This finding was later corroborated by two
studies. Nakatsu and coworkers examined histological
sections of human embryos at various stages of neural
tube formation, and described three sites of apposition.
Site 1 was the widely recognized site of true fusion
located in the cervical region. From site 1, fusion
extended both rostrally and caudally, reaching the caudal

neuropore at the caudal end of the embryos. Site 2 was
located at the boundary between mesencephalon and
rhombencephalon, but was only an apposition site before
being caught up by the rostralwards fusion. Site 3
corresponded to the rostral tip of the neural folds and is
also an apposition, becoming fusion upon closure of the
anterior neuropore [57]. Finally, a study by O’Rahilly
found two regions of fusion in humans [60] as observed
by Sulik and coworkers [84], extending bi-directionally
from the rhombencephalic region. Caudally, the fusion
extended until the caudal neuropore, while ending
rostrally at the dorsal lip of the rostral neuropore, closing
the neuropore rostrocaudally.

3. Relationship of human neural tube closure to mouse
neural tube closure

Three initiation sites of fusion in rodent models have
been confirmed by several groups [11,30,41,42], while a
fourth one has not been described elsewhere (see [25] for a
comparison of these studies). The locations of sites 1 and 3
were uniform between studies, but the location of site 2
showed strain differences. Genetically determined, it is
considered to modify the susceptibility of each strain to
neural tube defects (NTDs) [13,42].

It seems clear that in mice, the multiple sites of fusion
model can be applied, even if the exact location of each site
varies between mouse strains. In contrast, there seems to be
a single initiation site of fusion in humans. Apposition of the
neural folds may occur at several sites, but fusion itself only
occurs when the extension of fusion reaches the area where
the neural folds were apposed. This difference between
humans and rodents does not necessarily imply that the
mechanisms of fusion and closure are different; the same
genes are likely to be involved in both species. Under-
standing the processes, both environmental and genetic, that
influence neural tube closure in humans is critical so that
relevant, rational interventions and preventions can be
designed; but because humans are non-experimental sys-
tems, it is equally important to understand the similarities
and differences between the human system and experimen-
tal systems such as mouse.

4. Clues from observational data

Attempting to define the defects based upon the under-
lying embryopathy may be the most appropriate method for
defining NTD phenotype. Shum et al. [80] demonstrated
that at least three different modes of neural tube formation
might exist along the rostrocaudal axis; therefore, regional
differences in modes of neural tube closure may result in
different types of open defects. Mode 1 occurs in the
cervicothoracic region, where a distinct medial hinge point
(MHP) forms without any clear morphological evidence of
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dorsolateral hinge points (DLHP) resulting in an ovoid
neural tube and slit shaped central canal. Defective mode 1
has been proposed to cause craniorachischisis by interfering
with MHP formation resulting in normal but widely spaced
neural folds preventing proper fusion. In the midbrain/
hindbrain region, mode 2 has been described as generating
both MHP and DLHP prior to fusion. After fusion, the
neural tube has a diamond shaped configuration, perhaps
foreshadowing the shape of the adult fourth ventricle.
Defects of mode 2 result in exencephaly due to defective
DLHP function.

Neural tube formation in the lumbosacral region, mode 3,
is different in that there is only a suggestion of DLHP
formation along with a well-developed MHP. The closed
tube has a more oval shape with a large patent central canal.
Where the driving force of neural tube closure in mode 1
appears to be extrinsic to the neural tube, the source of the
force in mode 3 is less defined.

The last embryopathic mechanism proposes that a
properly neurulated (wouldn’t closed be a better word
here?) neural tube can be reopened. The only spontaneous
mutant in which this mechanism occurs is the curtailed
mouse in which increased cerebrospinal fluid pressure is
thought to rupture a thinned roof plate and dermis in the
absence of competent dorsal bony vertebrae [64]. Although
the curtailed mutant may indeed have a reopening of a
previously closed neural tube, this mechanism is not thought
to be a likely cause of human NTD.

5. Evidence for a genetic factor in human neural tube
defects

Several lines of evidence suggest a genetic component to
NTDs. First, NTDs are associated with known genetic
syndromes including Meckel syndrome, anterior sacral
meningocele and anal stenosis, in addition to others. NTDs
are frequently associated with trisomies 13 and 18 and
various chromosome rearrangements. Secondly, in NTDs
occurring without other syndromes, the recurrence risk for
siblings is approximately 2—5% (giving a A¢ value [70,71]
between 20 and 50), which represents up to a 50-fold
increase over that observed in the general population.
Khoury et al. [47] have shown that for a recurrence risk
to be this high, an environmental teratogen would have to
increase the risk at least 100 fold to exhibit the same degree
of familial aggregation, making a genetic component
essential. Such potent teratogens are extraordinarily rare;
however, one example of a teratogen exerting such a high
relative risk is thalidomide.

Evidence of a genetic factor is further strengthened by
the presence of a family history in a number of those
affected. While family history of NTDs has been reported in
8.5% of one group of families studied [66], inspection of
these multiplex NTD families shows that affected parent—
child pairs are rare; most affected relative pairs are related at

either the second or third degree, thus suggesting oligogenic
inheritance. More data on parent—child transmission will be
available over the next two decades, as children born with
NTDs now receive sufficiently sophisticated medical care
and can live to maturity and reproduce. Segregation analysis
studies demonstrating evidence of a major gene have been
performed in series of NTD families, one demonstrating
evidence for a major dominant gene and another for a major
gene with recessive effect [16,24]. These studies are
admittedly small and suffer from common problems of
ascertainment. Twin studies for the NTDs are anecdotal in
nature, comparing concordance in like-sex vs. unlike-sex
twins instead of the more formal comparison between
dizygotic and monozygotic twins. The limited available data
are based on very small sample sizes, but range from 3.7%
to 18% [20].

Chromosome abnormalities, specifically aneuploidy, are
found in 5-17% of cases with NTDs [37,46,67]. NTDs are
frequently associated with trisomies 13 and 18. A study by
Kennedy et al. [46] suggests a frequency of chromosomal
anomalies in 6.5% (13/212) neural tube defect patients. A
gene or genes in the region of 13q33-34 associated with a
13q deletion syndrome has been shown to cause NTDs [51].
These cytogenetic rearrangements can be key positional
clues to candidate genes and have been recently summarized
[53].

6. If neural tube defects are genetic, how do they present
in families?

One of the longest running controversies, as yet
undecided, is whether NTDs at different levels represent
different defects. In other words, are rostral level defects
(e.g., anencephaly) different in some fundamental way than
caudal defects (e.g., myelomeningocele)? Additionally, are
lesions that include both rostral and caudal levels (e.g.,
craniorachischisis) altogether variant embryopathies? If the
etiology of upper and lower lesions are different, then it
would be expected that recurrences in families would breed
true: affected individuals in an upper lesion family would all
have upper lesions and vice versa for lower lesions. NTDs
tend to breed true within families; in other words,
recurrences in families in which the case is affected with
spina bifida tend to be spina bifida, and recurrences in
families in which the case is anencephaly tend to be
anencephaly [18,26,28,33,87]. However, between 30% and
40% of recurrences involve an NTD phenotype that is
different from the case phenotype. This intra-family hetero-
geneity may represent the pleiotropic effect of a common
underlying gene or may suggest that families with different
phenotypic presentations may result from different under-
lying genes. Alternatively, these dramatic phenotypic differ-
ences within families may suggest slight differences in
timing to key environmental exposures in susceptible
pregnancies, or may suggest that the underlying genes are
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different. Or, these differences may represent the variable
outcomes following different environmental exposures at
key developmental times, or even just the result of random
chance. While studies to date have provided conflicting and
inconclusive results, the availability of such families will be
vital to understanding the genetic and environmental
influences to NTDs.

7. Clues to genes involved in human neural tube defects
from mouse models

The folding of the plate results from a number of region-
specific mechanisms, as suggested by the regional local-
ization of neural tube defects observed in humans and in
mutant mice. More than 80 mutations in a variety of genes
have been identified and linked to a variety of rodent NTDs,
implicating more than 100 genes directly or indirectly in
neural tube formation. These genes have recently been
comprehensively reviewed [13,34,35,95]. Unlike the major-
ity of human cases, many of these mutants show autosomal
recessive inheritance and, in addition to NTDs, these mice
present other associated anomalies. Moreover, the pene-
trance and expression of many of these mutations are
affected by the genetic background, which can increase the
susceptibility to teratogen-causing NTDs, consistent with
multifactorial inheritance. The mechanisms by which NTD
arise in these murine models are generally unclear, even
when the mutated gene has been identified. The most
relevant animal model of human NTDs are the SELH mice,
where the liability to exencephaly is genetic and best fits a
multifactorial threshold model of inheritance involving 2 or
3 loci [43].

The best model for caudal spinal NTD, the most common
presentation in humans, is the curly tail mouse, that
naturally develops a lumbosacral myelomeningocele and is
a phenocopy of nonsyndromic multifactorial human neural
tube defects [59]. Recently, a mouse homologue of the
Drosophila grainyhead transcription factor, Grhl-3, was
shown to be responsible for this phenotype [85]. At the
tissue level, mutant curly tail mouse embryos exhibit a cell-
type-specific abnormality of cell proliferation that affects
the gut endoderm and notochord but not the neuroepithe-
lium [12]. The reduced rate of ventral embryonic cell
proliferation results in a growth imbalance between ventral
gut primordia and the dorsal neural elements. The result is a
delay in posterior neuropore closure because of abnormal
caudal flexion, resulting in spinal neural tube defects [10].

Mutations in the Macs gene in mouse lead to exence-
phaly and other midline NTDs; its human homologue
MACS has been localized to 6q21-22.2 [4,50,83]. Most
mouse models for NTD lead to exencephaly, the mouse
counterpart for anencephaly, the less common but most
severe NTD manifestation in humans. Murine models with
hindbrain excencephaly, such as the Pax-3-splotch mutant,
are noted to have defective DLHP formation in the region of

the hindbrain [17,21-23]. Of relevance to the human
condition, the Pax3 gene has been reported to be defective
in Waardenburg syndrome patients with a subset having
spinal neural tube defects [2]. It is not known how mutant
Pax3 causes neural tube defects; increased apoptosis [5,62],
faulty pyrimidine synthesis or alterations in cell migration
[19,52] have been proposed. There is also good evidence
that a digenic mechanism is likely.

In four mouse mutants with craniorachischisis, dish-
eveled [3,40], loop-tail [45], circletail [56], and crash [14],
the underlying cellular mechanism has been attributed to
abnormal neural plate development as a consequence of
disturbed convergent extension. Disturbing convergent
extension yields a shortened and broad neural plate, thus a
widened and misshapen MHP. The planar-polarity gene-
Wnt signaling pathways [91] are thought to be the
responsible molecular substrate.

No mutations identified in mouse have yet been shown
to represent major genes for NTD in humans. Mimicking
the genetic complexity seen in humans will be difficult,
since it is likely to be caused by a cumulative effect of
several interchangeable loci, not a major gene with
modifiers. Nonetheless, since humans are a non-experi-
mental system, understanding the relationship between
humans and a model system such as mouse will be key to
eventually considering interventions based on genetic and
environmental risk.

8. Environmental factors associated with neural tube
defects

Myriad exogenous causes for NTDs have been postu-
lated and investigated (see [20,32] for review). Factors for
which no significant association with NTDs have been
found to date include maternal and paternal age effects,
maternal periconceptional infections, number of prior
“successful” pregnancies, recreational drug use, caffeine
intake, smoking, and alcohol use. Hyperthermia (fever and/
or hot tub use) has been investigated, though most of these
studies are subject to extreme recall bias and have yielded
inconsistent results. However, increased risk for NTDs is
definitively associated with maternal diabetes and maternal
obesity (both associated with glucose metabolism), and
maternal use of anti-convulsant medications (for the treat-
ment of epilepsy). For example, anti-epileptic drugs
administered to pregnant mothers induce congenital mal-
formations, the incidence rising from 3% without drug to
9% with drug administration [44]. These numbers can rise
up to 28% when 3 or more antiepileptic drugs are given to
the epileptic mother [36]. The well-known anti-epileptic
drug, valproic acid, is teratogenic when given to pregnant
women, and its administration results in 1% to 2% incidence
of spina bifida [49,58]. Moreover, recent data suggests that
this agent also induces mental retardation in children with
no physical manifestation.
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Paternal exposure to Agent Orange in Vietnam veterans
has been implicated, as has water chlorination by-products
[39] and maternal exposure to solvents through house
cleaning occupation [7]. Exposure to fumonisins, a fungal
metabolite commonly found in maize, has also been
implicated and in vivo and in vitro studies have
demonstrated an association of exposure with neural tube
defects [73]. Prenatal exposure of mice to cadmium has
shown that the metal is localized in the developing neural
tube and can result in NTDs [15,92]. These known
environmental associations, however, are insufficient to
explain the degree of familial aggregation observed in
NTDs.

Several studies have demonstrated that maternal peri-
conceptional supplementation with folic acid reduces the
recurrence risk for NTDs (e.g., [54]) by 50-70%,
implicating genes involved in the metabolism of folate.
Yet the recurrence risk is not entirely eliminated (e.g.,
above and [9], suggesting that additional, genetic factors
are responsible for the development of NTDs and these
non-folate responsive cases may represent highly genetic
cases of NTDs [76]. The mechanism for how folic acid
works to reduce the risk is unclear and likely mediated by
genetic effects. Folate acts as a cofactor for an enzyme
involved in DNA and RNA biosynthesis, and is also a
supplier of methyl groups to the methylation cycles [75].
Folate deficiency leads to up-regulation of folate receptors,
which are ubiquitous and mediate folate uptake at
physiological level [1]. A recent study by Rothenberg et
al. [72] showed that some mothers with a pregnancy
complicated by a NTD produced autoantibodies that bind
to folate receptors on the placental membrane and there-
fore blocked the binding of folic acid. The authors further
suggest that the periconceptional administration of folate
would bypass the autoantibodies that mediate a placental
folate receptor blockage. Indeed, folate has a high affinity
for its receptor and might displace the autoantibody when
administered at high doses.

Identifying those women whose risk for NTD is
minimized by folic acid supplementation would allow
genotype-directed pharmacogenetic interventions.
Researchers are looking at a number of different genes
involved in folic acid metabolism, including those
encoding folate receptors, 5,10-methylenetetrahydrofolate
reductase (MTHFR), and cystathionine (beta)-synthase.
Recent studies have implicated homozygosity for the
C677T thermolabile variant of the MTHFR gene as a risk
factor for NTDs ([27,61,93] among many others), and
others have suggested that the effect may be dependent on
level of lesion [90]. A recent meta-analysis [6] found a
pooled odds ratio for infants homozygous at C677T of 1.7
(95% CI 1.4-2.2), with a pooled attributable fraction of
6% for homozygosity. While the paternal effect was non-
significant, the odds ratios for maternal genotype, either
homozygous or heterozygous for the thermolabile “T”
allele, were consistent with a trend for MTHFR involve-

ment (OR for homozygosity was 2.1 [95% CI 1.5-2.9]
and for heterozygosity was 1.2 [95% CI 0.9-1.5]).

In addition, other mutations in the MTHFR gene have
been investigated, including A1298C, and other genes,
such as cystathionine a-synthase, that when in combination
with the C677T allele may increase the risk for NTDs
[82,89]. Several reports [63,69,81] have failed to demon-
strate the association seen with the C677T MTHFR allele
and NTDs. Additional data suggesting that MTHFR is not
a major risk factor comes from a report by Molloy [55]
confirming that homozygosity for the “risk” allele fails to
influence maternal folate levels, which are known to
predict NTD risk.

9. Synthesizing the data

Current technology for approaching complex diseases
continues to be developed at a phenomenal rate. Novel
approaches from the molecular, expression, and statistical
realms promise enhanced ability to identify genetic influ-
ences, understand the interactions between genes, and
characterize the relationship of environmental risk factors
to genetic susceptibilities. Integrating these approaches will
facilitate progress. Any insight into one or more genes
predisposing to the development of neural tube defects will
lend useful information towards more accurate genetic
counseling for families and prevention of these frequent
birth defects.

Acknowledgments

The authors gratefully acknowledge support from
NS39818, ES11375, HD39948, NS26630, and ES011961
and the Institut National pour la Santé et la Recherche
Meédicale (INSERM).

References

[1] A.C. Antony, The biological chemistry of folate receptors, Blood 79
(1992) 2807-2820.

[2] C.T. Baldwin, C.F. Hoth, R.A. Macina, A. Milunsky, Mutations in
PAX3 that cause Waardenburg syndrome type I: ten new mutations
and review of the literature, Am. J. Med. Genet. 58 (1995) 115-122.

[3] E. Bekman, D. Henrique, Embryonic expression of three mouse genes
with homology to the Drosophila melanogaster prickle gene, Gene
Expr. Patterns 2 (2002) 73-77.

[4] P.J. Blackshear, J.S. Tuttle, R.J. Oakey, M.F. Seldin, M. Chery, C.
Phillipe, D.J. Stumpo, Chromosomal mapping of the human (MACS)
and mouse (Macs) genes encoding the MARCKS protein, Genomics
14 (1992) 168—174.

[5] A.G. Borycki, J. Li, F. Jin, C.P. Emerson, J.A. Epstein, Pax3 functions

in cell survival and in pax7 regulation, Development 126 (1999)

1665—-1674.

L.D. Botto, Q. Yang, 5,10-Methylenetetrahydrofolate reductase gene

variants and congenital anomalies: a HuGE review, Am. J. Epidemiol.

151 (2000) 862—877.

[6

=



522 E.R. Detrait et al. / Neurotoxicology and Teratology 27 (2005) 515-524

[71 J. Brender, L. Suarez, K. Hendricks, R.A. Baetz, R. Larsen, Parental
occupation and nueral tube defect-affected pregnancies among
Mexican Americans, J. Occup. Environ. Med. 44 (2002) 650—656.
M. Catala, M.A. Teillet, E.M. De Robertis, M.L. LeDouarin, A spinal
cord fate map in the avian embryo: while regressing, Hensen’s node
lays down the notochord and floor plate thus joining the spinal cord
lateral walls, Development 122 (1996) 2599-2610.

S. Chatkupt, J.H. Skurnick, M. Jaggi, K. Mitruka, M.R. Koenigs-

berger, W.G. Johnson, Study of genetics, epidemiology, and vitamin

usage in familial spina bifida in the United States in the 1990s,

Neurology 44 (1994) 65-69.

[10] A.J. Copp, Relationship between timing of posterior neuropore
closure and development of spinal neural tube defects in mutant
(curly tail) and normal mouse embryos in culture, J. Embryol. Exp.
Morphol. 88 (1985) 39-54.

[11] AJ. Copp, M. Bernfield, Etiology and pathogenesis of human neural
tube defects: insights from mouse models 1, Curr. Opin. Pediatr. 6
(1994) 624—631.

[12] A.J. Copp, M.J. Seller, P.E. Polani, Neural tube development in
mutant (curly tail) and normal mouse embryos: the timing of posterior
neuropore closure in vivo and in vitro, J. Embryol. Exp. Morphol. 69
(1982) 151—-167.

[13] A.J. Copp, N.D. Greene, J.N. Murdoch, The genetic basis of
mammalian neurulation, Nat. Rev., Genet. 4 (2003) 784—793.

[14] M. Dahme, U. Bartsch, R. Martini, B. Anliker, M. Schachner, N.
Mantei, Disruption of the mouse L1 gene leads to malformations of
the nervous system, Nat. Genet. 17 (1997) 346—349.

[15] S.K. De, S.K. Dey, G.K. Andrews, Cadmium teratogenicity and its
relationship with metallothionein gene expression in midgestation
mouse embryos, Toxicology 64 (1990) 89—104.

[16] F. Demenais, M. Le Merrer, M.L. Briard, R.C. Elston, Neural tube
defects in France: segregation analysis, Am. J. Med. Genet. 11 (1982)
287-298.

[17] M.M. Dickie, New Splotch alleles in the mouse, J. Heredity 55 (1964)
97-101.

[18] E. Drainer, H.M. May, J.L. Tolmie, Do familial neural tube defects
breed true? J. Med. Genet. 28 (1991) 605—608.

[19] G.M. Edelman, F.S. Jones, Gene regulation of cell adhesion: a key
step in neural morphogenesis, Brain Res. Brain Res. Rev. 26 (1998)
337-352.

[20] JM. Elwood, J. Little, J.H. Elwood, Epidemiology and control of
neural tube defects, 1992.

[21] D.J. Epstein, D. Malo, M. Vekemans, P. Gros, Molecular character-
ization of a deletion encompassing the splotch mutation on mouse
chromosome 1, Genomics 10 (1991) 89-93.

[22] D.J. Epstein, M. Vekemans, P. Grost, ‘Splotch’ (Sp2H), a mutation

affecting development of the mouse neural tube, shows a deletion

within the paired homeodomain of Pax-3, Cell 67 (1991)

767-774.

D.J. Epstein, K.J. Vogan, D.G. Trasler, P. Gros, A mutation within

intron 3 of the Pax-3 gene produces aberrantly spliced mRNA

transcripts in the splotch (sp) mouse mutant, Proc. Natl. Acad. Sci.

U. S. A. 90 (1993) 532-536.

[24] R.M. Fineman, L.B. Jorde, R.A. Martin, S.J. Hasstedt, S.D. Wing,
M.L. Walker, Spinal dysraphia as an autosomal dominant defect in
four families, Am. J. Med. Genet. 12 (1982) 457—464.

[25] R.H. Finnell, WM. Junker, L.K. Wadman, R.M. Cabrera, Gene
expression profiling within the developing neural tube, Neurochem.
Res. 27 (2002) 1165—-1180.

[26] M.F. Frecker, F.C. Fraser, W.D. Heneghan, Are ‘upper’ and ‘lower’
neural tube defects aetiologically different? J. Med. Genet. 25 (1988)
503-504.

[27] P. Frosst, H.J. Blom, R. Milos, P. Goyette, C.A. Sheppard, R.G.
Matthews, G.J.H. Boers, M. den Heijer, L.A.J. Kluijtmans, L.P. van
den Heuvel, R. Rozen, A candidate genetic risk factor for vascular
disease: a common mutation in methylenetetrahydrofolate reductase,
Nat. Genet. 10 (1995) 111-113.

[8

[t

[9

—

[23

[t}

[28] B.H. Garabedian, F.C. Fraser, Upper and lower neural tube defects: an
alternate hypothesis, J. Med. Genet. 30 (1993) 849—-851.

[29] T.M. George, C.M. Wolpert, G. Worley, J.F. Mackey, H.E. Fuchs,
M.C. Speer, Variable presentation of neural tube defects in three
families, Am. J. Hum. Genet. 59 (1996) A93.

[30] J.A. Golden, G.F. Chernoff, Intermittent pattern of neural tube closure
in two strains of mice, Teratology 47 (1993) 73—80.

[31] J.G. Hall, Neural tube defects, sex ratios, and X inactivation, Lancet
(1986) 1334—1335.

[32] J.G. Hall, J.M. Friedman, B.A. Kenna, J. Popkin, M. Jawanda, W.
Arnold, Clinical, genetic, and epidemiological factors in neural tube
defects, Am. J. Hum. Genet. 43 (1988) 827—837.

[33] J.G. Hall, B.A. Keena, Adjusting recurrence risks for neural tube
defects based on B.C. data, Am. J. Hum. Genet. 39 (1986) A64.

[34] M.J. Harris, D.M. Juriloff, Genetic landmarks for defects in mouse
neural tube closure, Teratology 56 (1997) 177—187.

[35] M.J. Harris, D.M. Juriloff, Mini-review: toward understanding
mechanisms of genetic neural tube defects in mice, Teratology 60
(1999) 292-305.

[36] L.B. Holmes, E.A. Harvey, B.A. Coull, K.B. Huntington, S.
Khoshbin, A.M. Hayes, L.M. Ryan, The teratogenicity of anticon-
vulsant drugs, N. Engl. J. Med. 344 (2001) 1132-1138.

[37] R.F. Hume, A. Drugan, A. Reichler, J. Lampinen, L.S. Martin, M.P.
Johnson, M.I. Evans, Aneuploidy among prenatally detected neural
tube defects, Am. J. Med. Genet. 61 (1996) 171-173.

[38] A.G.W. Hunter, Brain and spinal cord, in: R.E. Stevenson, J.G. Hall,
R.M. Goodman (Eds.), Human Malformations and Related Anoma-
lies, Oxford University Press, Oxford, 1993.

[39] B.F. Hwang, P. Magnus, J.J. Jaakkola, Risk of specific birth defects in
relation to chlorination and the amount of natural organic matter in the
water supply, Am. J. Epidemiol. 156 (2002) 374—382.

[40] M.A. Julius, B. Schelbert, W. Hsu, E. Fitzpatrick, E. Jho, F. Fagotto, F.
Costantini, J. Kitajewski, Domains of axin and disheveled required for
interaction and function in wnt signaling, Biochem. Biophys. Res.
Commun. 276 (2000) 1162—1169.

[41] D.M. Juriloff, M.J. Harris, Mouse models for neural tube closure
defects, Hum. Mol. Genet. 9 (2000) 993 —1000.

[42] D.M. Juriloff, M.J. Harris, C. Tom, K.B. Macdonald, Normal mouse
strains differ in the site of initiation of closure of the cranial neural
tube, Teratology 44 (1991) 225-233.

[43] D.M. Juriloff, TM. Gunn, M.J. Harris, D.G. Mah, M.K. Wu, S.L.
Dewell, Multifactorial genetics of exencephaly in SELH/Bc mice,
Teratology 64 (2001) 189-200.

[44] S. Kaneko, D. Battino, E. Andermann, K. Wada, R. Kan, A. Takeda,
Y. Nakane, Y. Ogawa, G. Avanzini, C. Fumarola, T. Granata, F.
Molteni, G. Pardi, L. Minotti, R. Canger, L. Dansky, M. Oguni, L.
Lopes-Cendas, A. Sherwin, F. Andermann, M.H. Seni, M. Okada, T.
Teranishi, Congenital malformations due to antiepileptic drugs,
Epilepsy Res. 33 (1999) 145—-158.

[45] C. Kapron, Identification of the mouse loop-tail gene: a model for
human craniorachischisis? BioEssays 24 (2002) 580—583.

[46] D. Kennedy, D. Chitayat, E.J.T. Winsor, M. Silver, A. Toi,
Prenatally diagnosed neural tube defects: ultrasound, chromosome,
and autopsy or postnatal findings in 212 cases, Am. J. Med. Genet.
77 (1998) 317-321.

[47] M.J. Khoury, T.H. Beaty, K.Y. Liang, Can familial aggregation of
disease be explained by familial aggregation of environmental risk
factors? Am. J. Epidemiol. 127 (1988) 674—683.

[48] N. Lawrence, V. Morel, Dorsal closure and convergent extension: two
polarised morphogenetic movements controlled by similar mecha-
nisms? Mech. Dev. 120 (2003) 1385-1393.

[49] D. Lindhout, D. Schmidt, In-utero exposure to valproate and neural
tube defects (letter), Lancet 1 (1986) 1392—1393.

[50] D.F. Lobach, J.M. Rochelle, M.L. Watson, M.F. Seldin, P.J.
Blackshear, Nucleotide sequence, expression, and chromosomal
mapping of Mrp and mapping of five related sequences, Genomics
17 (1993) 194-204.



E.R. Detrait et al. / Neurotoxicology and Teratology 27 (2005) 515-524 523

[51] J. Luo, N. Balkin, J.F. Stewart, J.F. Sarwark, J. Charrow, J.S. Nye,
Neural tube defects and the 13q deletion syndrome: evidence for a
critical region in 13g33-34, Am. J. Med. Genet. 91 (2000)
227-230.

[52] C.S. Mayanil, D. George, B. Mania-Farnell, C.L. Bremer, D.G.
McLone, E.G. Bremer, Overexpression of murine Pax3 increases
NCAM polysialylation in a human medulloblastoma cell line, J. Biol.
Chem. 275 (2000) 23259—-23266.

[53] E.C. Melvin, T.M. George, G. Worley, A. Franklin, J. Mackey, K.

Viles, N. Shah, C.R. Drake, D.S. Enterline, D. McLone, J. Nye, W.J.

Oakes, C. McLaughlin, M.L. Walker, P. Peterson, T. Brei, C. Buran, J.

Aben, B. Ohm, 1. Bermans, M. Qumsiyeh, J. Vance, M.A. Pericak-

Vance, M.C. Speer, Genetic studies in neural tube defects. NTD

collaborative group, Pediatr. Neurosurg. 32 (2000) 1-9.

A. Milunsky, H. Jick, S.S. Jick, C.L. Bruell, D.S. MacLaughlin, K.J.

Rothman, W. Willett, Multivitamin/folic acid supplementation in early

pregnancy reduces the prevalence of neural tube defects, JAMA 262

(1991) 2847-2852.

A.M. Molloy, J.L. Mills, P.N. Kirke, D. Ramsbottom, J.M. McPartlin,

H. Burke, M. Conley, A.S. Whitehead, D.G. Weir, J.M. Scott, Low

blood folates in NTD pregnancies are only partly explained by

thermolabile 5,10 methylenetetrahydrofolate reductase: low folate

status alone may be the critical factor, Am. J. Med. Genet. 78 (1998)

155-159.

[56] J.N. Murdoch, R.A. Rachel, S. Shah, F. Beermann, P. Stanier, C.A.

Mason, A.J. Copp, Circletail, a new mouse mutant with severe neural

tube defects: chromosomal localization and interaction with the loop-

tail mutation, Genomics 78 (2001) 55-63.

T. Nakatsu, C. Uwabe, K. Shiota, Neural tube closure in humans

initiates at multiple sites: evidence from human embryos and

implications for the pathogenesis of neural tube defects, Anat.

Embryol. (Berl.) 201 (2000) 455—-466.

H. Nau, Valproic acid-induced neural tube defects, Ciba Found. Symp.

181 (1994) 144—-152.

[59] P.E. Neumann, W.N. Frankel, V.A. Letts, J.M. Coffin, A.J. Copp, M.

Bernfield, Multifactorial inheritance of neural tube defects: local-

ization of the major gene and recognition of modifiers in ¢t mutant

mice, Nat. Genet. 6 (1994) 357—-362.

R. O’Rahilly, F. Muller, The two sites of fusion of the neural folds

and the two neuropores in the human embryo, Teratology 65 (2002)

162—170.

C.Y. Ou, R.E. Stevenson, V.K. Brown, C.E. Schwartz, W.P. Allen, M.J.

Khoury, G.P. Oakley Jr, M.J. Adams Jr, C677T homozygosity

associated with thermolabile 5, 10 methylenetetrahydrofolate reductase

as a risk factor for neural tube defects, Am. J. Hum. Genet. 57 (1995)

A223.

L. Pani, M. Horal, M.R. Loeken, Rescue of neural tube defects in Pax-3-

deficient embryos by p53 loss of function: implications for Pax-3-

dependent development and tumorigenesis, Genes Dev. 16 (2002)

676—680.

C. Papapetrou, S.A. Lynch, J. Burn, Y.H. Edwards, Methylenete-

trahydrofolate reductase and neural tube defects, Lancet 348 (1996)

58.

C.H. Park, J.H. Pruitt, D. Bennett, A mouse model for neural tube

defects: the curtailed (Tc) mutation produces spina bifida occulta in

Tec/+ animals and spina bifida with meningomyelocele in Tc/t,

Teratology 39 (1989) 303—-312.

[65] C.H. Park, W. Stewart, M.J. Khoury, J. Mulinare, Is there etiologic
heterogeneity between upper and lower neural tube defects, Am. J.
Epidemiol. 136 (1992) 1493—-1501.

[66] M.D. Partington, D.G. McLone, Hereditary factors in the etiology of
neural tube defects, Pediatr. Neurosurg. (1995) 311-316.

[67] T. Philipp, D.K. Kalousek, Neural tube defects in missed abortions:
embryoscopic and cytogenetic findings, Am. J. Med. Genet. 107
(2002) 52-57.

[68] D. Purves, J.W. Lichtman, Principles of Neural Development, Sinauer
Assocs, Sunderlande, 1985.

[54

[y

[55

=

[57

—

[58

[t

[60

[

[61

—

[62

—

[63

—

[64

[}

[69] E. Rampersaud, E.C. Melvin, D. Siegel, L. Mehltretter, M.E.
Dickerson, T.M. George, D. Enterline, J.S. Nye, M.C. Speer, NTD
Collaborative Group, Updated investigations of the role of methyl-
enetetrahydrofolate reductase in human neural tube defects, Clin.
Genet. 63 (2003) 210-214.

[70] N. Risch, Linkage strategies for genetically complex traits: II. The
power of affected relative pairs, Am. J. Hum. Genet. 46 (1990)
229-241.

[717 N. Risch, Linkage strategies for genetically complex traits: III. The
effect of marker polymorphism on analysis of affected relative pairs,
Am. J. Hum. Genet. 46 (1990) 242-253.

[72] S.P. Rothenberg, M.P. da Costa, J.M. Sequeira, J. Cracco, J.L.
Roberts, J. Weedon, E.V. Quadros, Autoantibodies against folate
receptors in women with a pregnancy complicated by a neural-tube
defect, N. Engl. J. Med. 350 (2004) 134—142.

[73] T.W. Sadler, A.H. Merrill, V.L. Stevens, M.C. Sullards, E. Wang, P.
Wang, Prevention of fumonisin Bl-induced neural tube defects by
folic acid, Teratology 66 (2002) 169—176.

[74] Y. Sakai, Neurulation in the mouse: manner and timing of neural tube
closure, Anat. Rec. 223 (1989) 194—203.

[75] JM. Scott, D.G. Weir, A. Molloy, J. McPartlin, L. Daly, P. Kirke,
Folic acid metabolism and mechanisms of neural tube defects, Ciba
Found. Symp. 181 (1994) 180—187.

[76] C.R. Scriver, Vitamins: an evolutionary perspective, J. Inherit. Metab.
Dis. 8 (Suppl. 1) (1985) 2—-7.

[771 M.J. Seller, Neural tube defects: are neurulation and canalization
forms causally distinct? Am. J. Med. Genet. 35 (1990) 394-396.

[78] M.J. Seller, Further evidence for an intermittent pattern of neural tube
closure in humans, J. Med. Genet. 32 (1995) 205-207.

[79]1 M.J. Seller, Neural tube defects, chromosome abnormalities and
multiple closure sites for the human neural tube, Clin. Dysmorph. 4
(1995) 202-207.

[80] A.S. Shum, A.J. Copp, Regional differences in morphogenesis of the
neuroepithelium suggest multiple mechanisms of spinal neurulation in
the mouse, Anat. Embryol. (Berl.) 194 (1996) 65—73.

[81] M.C. Speer, G. Worley, J.E. Mackey, E. Melvin, W.J. Oakes, T.M.
George, NTD Collaborative Group, The thermolabile variant of
methylenetetrahydrofolate reductase (MTHFR) is not a major risk
factor for neural tube defect in American Caucasians, Neurogenetics 1
(1997) 149—-150.

[82] M.C. Speer, J. Nye, D. McLone, G. Worley, E.C. Melvin, K.D. Viles,

A. Franklin, C. Drake, J. Mackey, T.M. George, Possible interaction of

genotypes at cystathionine beta-synthase and methylenetetrahydrofo-

late reductase (MTHFR) in neural tube defects. NTD Collaborative

Group, Clin. Genet. 56 (1999) 142—144.

D.J. Stumpo, R.L. Eddy Jr, L.L. Haley, S. Sait, T.B. Shows, W.S.

Lai, W.S. Young III, M.C. Speer, A. Dehejia, M. Polymeropoulos,

P.J. Blackshear, Promoter sequence, expression, and fine chromoso-

mal mapping of the human gene (MLP) encoding the MARCKS-like

protein: identification of neighboring and linked polymorphic loci
for MLP and MACS and use in the evaluation of human neural tube

defects, Genomics 49 (1998) 253-264.

K.K. Sulik, R.M. Zucker, D.B. Dehart, et al., Normal patterns of

neural tube closure differ in the human and mouse, Proc. Greenwood

Genet. Cent. 18 (1998) 129-130.

S.B. Ting, T. Wilanowski, A. Auden, M. Hall, A.K. Voss, T. Thomas,

V. Parekh, J.M. Cunningham, S.M. Jane, Inositol- and folate-resistant

neural tube defects in mice lacking the epithelial-specific factor Grhl-

3, Nat. Med. 9 (2003) 1513—-1519.

J. Tolmie, Neural tube defects and other congenital malformations of

the central nervous system, in: A.E. Emery, D.L. Rimoins (Eds.),

Principles and Practice of Medical Genetics, Churchill Livingston,

New York, 1996, p. 2152.

[87] H.V. Toriello, J.V. Higgins, Possible causal heterogeneity in spina
bifida cystica, Am. J. Med. Genet. 21 (1985) 13-20.

[88] M.IL Van Allen, D.K. Kalousek, G.F. Chernoff, D. Juriloff, M. Harris,
B.C. McGillivray, S.L. Yong, S. Langlois, P.M. Macleod, D. Chitayat,

[83

[t}

[84

[}

[85

[}

(86

=



524

[89

[90

[91

—

1

—

E.R. Detrait et al. / Neurotoxicology and Teratology 27 (2005) 515-524

J.M. Freidman, D. Wilson, D. McFadden, J. Pantzar, S. Ritchie, J.G.
Hall, Evidence for multi-site closure of the neural tube in humans, Am.
J. Med. Genet. 47 (1993) 723-743.

N.M. van der Put, F. Gabreels, E.M. Stevens, J.A. Smeitink, F.J.
Trijbels, T.K. Eskes, L.P. van den Heuvel, H.J. Blom, A second
common mutation in the methylenetetrahydrofolate reductase gene: an
additional risk factor for neural-tube defects? Am. J. Hum. Genet. 62
(1998) 1044—1051.

K.A. Volcik, S.H. Blanton, M.C. Kruzel, I.T. Townsend, G.H.
Tyerman, R.J. Mier, H. Northrup, Testing for genetic associations in
a spina bifida population: analysis of the HOX gene family and human
candidate gene regions implicated by mouse models of neural tube
defects, Am. J. Med. Genet. 110 (2002) 203-207.

J.B. Wallingford, R.M. Harland, Neural tube closure requires dish-
evelled-dependent convergent extension of the midline, Development
129 (2002) 5815-5825.

[92] W.S. Webster, K. Messerle, Changes in the mouse neuroepithelium
associated with cadmium-induced neural tube defects, Teratology
(1980) 79-88.

[93] A.S. Whitehead, P. Gallagher, J.L. Mills, P.N. Kirke, H. Burke, A.M.
Molloy, D.G. Weir, D.C. Shields, J.M. Scott, A genetic defect in 5,10
methylenetetrahydrofolate reductase in neural tube defects, Q. J. Med.
88 (1995) 763-766.

[94] G. Worley, L.R. Rosenfeld, J. Lipscomb, Financial counseling for
families of children with chronic disabilities, Dev. Med. Child Neurol.
33 (1991) 679—-689.

[95] W. Wurst, L. Bally-Cuif, Neural plate patterning: upstream and
downstream of the isthmic organizer, Nat. Rev., Neurosci. 2 (2001)
99-108.



	Human neural tube defects: Developmental biology, epidemiology, and genetics
	Formation of the human neural tube
	Single site of neural fold fusion
	Relationship of human neural tube closure to mouse neural tube closure
	Clues from observational data
	Evidence for a genetic factor in human neural tube defects
	If neural tube defects are genetic, how do they present in families?
	Clues to genes involved in human neural tube defects from mouse models
	Environmental factors associated with neural tube defects
	Synthesizing the data
	Acknowledgments
	References


