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Abstract

Congenital defects of neural tube closure (neural tube defects; NTDs) are among the commonest
and most severe disorders of the fetus and newborn. Disturbance of any of the sequential events of
embryonic neurulation produce NTDs, with the phenotype (e.g. anencephaly, spina bifida) varying
depending on the region of neural tube that remains open. While mutation of more than 200 genes
is known to cause NTDs in mice, the pattern of occurrence in humans suggests a multifactorial
polygenic or oligogenic aetiology. This emphasises the importance of gene-gene and gene-
environment interactions in the origin of these defects. A number of cell biological functions are
essential for neural tube closure, with defects of the cytoskeleton, cell cycle and molecular
regulation of cell viability prominent among the mouse NTD mutants. Many transcriptional
regulators and proteins that affect chromatin structure are also required for neural tube closure,
although the downstream molecular pathways regulated by these proteins is unknown. Some key
signalling pathways for NTDs have been identified: over-activation of sonic hedgehog signalling
and loss of function in the planar cell polarity (non-canonical Wnt) pathway are potent causes of
NTD, with requirements also for retinoid and inositol signalling. Folic acid supplementation is an
effective method for primary prevention of a proportion of NTDs, in both humans and mice,
although the embryonic mechanism of folate action remains unclear. Folic acid-resistant cases can
be prevented by inositol supplementation in mice, raising the possibility that this could lead to an
additional preventive strategy for human NTDs in future.

Introduction

Neural tube defects (NTDs) are common, severe congenital malformations, affecting 0.5-2
per 1000 established pregnancies, world wide [1]. Failure of the embryonic process of neural
tube closure yields a brain and/or spinal cord in which neural tissue is exposed to the extra-
embryonic environment. This leads to neuro-degeneration in utero, with loss of neurological
function at and below the level of the lesion. As perinatal and infant mortality has declined
progressively, with improvements in prenatal, intra-partum and neonatal care, so congenital
defects including NTDs have come to comprise an ever more significant proportion of the
life-threatening conditions of infancy. Children with a severe birth defect have a 15-fold
increased risk of death during the first year of life, with 9-10% of such children dying during
this period [2]. NTDs affecting the brain (e.g. anencephaly and craniorachischisis) are
invariably lethal perinatally, whereas open spina bifida is compatible with postnatal survival,
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but frequently results in serious handicap. Neurological impairment below the lesion leads to
lack of sensation, inability to walk and incontinence. Associated conditions include
hydrocephalus, which often requires cerebrospinal fluid shunting, vertebral deformities, and
genitourinary and gastrointestinal disorders.

Neural tube formation: primary and secondary neurulation

Formation of the brain and spinal cord begins with development of the neural tube, through
the embryonic process of neurulation. The neural plate originates as a thickening of the
dorsal surface ectoderm that folds up and fuses in the midline to create the neural tube. In
mammals, neural tube closure initiates sequentially at different levels of the body axis (Fig.
1A). The sequence in the mouse has been most intensively studied, where closure is initiated
at the hindbrain/cervical boundary (Closure 1). Fusion then spreads bi-directionally into the
hindbrain and along the spinal region. Separate closure initiation sites occur at the midbrain/
forebrain boundary (Closure 2) and at the rostral extremity of the forebrain (Clos 3).
Progression of fusion (“zippering’) occurs along the spine, culminating in final closure at the
posterior neuropore, at the level of the second sacral segment. This completes the process of
‘primary’ neurulation (by neural folding).

Formation of the spinal cord at lower sacral and caudal levels is accomplished by a different
process, ‘secondary’ neurulation, in which a multipotential cell population in the tail bud (or
caudal eminence: a derivative of the primitive streak at the caudal extremity; Fig. 1),
differentiates to form cells of neural fate, which then organise themselves in the dorsal part
of the tail bud to create a neuroepithelium surrounding a central cavity. This process, termed
‘canalisation’, yields a sacro-caudal neural tube whose lumen is continuous with the lumen
of the primary neural tube more rostrally. The secondary neural tube forms a model around
which lateral sclerotomal cells, also derived from the tail bud multipotential cell population,
organise themselves to form the sacral and coccygeal vertebrae. The neural tube is underlain
by the tail notochord and, more ventrally, by the tail-gut. During subsequent development,
the caudal-most neural tube undergoes degeneration, by apoptosis.

The events of primary and secondary neurulation are conserved between mammalian
species, although some differences exist in the precise sequence of closure events (Fig. 1B).
For example, the human embryo appears to lack a de novo Closure 2 event at the midbrain/
forebrain boundary. Instead, fusion progresses rostrally from Closure 1 and caudally from
Closure 3 to close at a single anterior (rostral or cranial) neuropore [3]. Interestingly, mouse
embryos that lack Closure 2 (the SELH/Bc inbred strain) achieve total cranial closure in
around 80% of cases [4], indicating that Closure 2 is not obligatory for brain formation, even
in mice.

Spectrum of NTDs, their natural history and prevention

In contrast to Closure 2, all other aspects of primary neurulation are essential for proper
formation of the definitive brain and/or spinal cord. Failure of Closure 1 leads to the most
severe NTD, craniorachischisis, which combines an open neural tube encompassing the
midbrain, hindbrain and entire spinal region. If Closure 1 is completed, but closure of the
cranial neural tube is incomplete, this leads to anencephaly with cases exhibiting either
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defects confined to the midbrain (meroanencephaly) or lesions extending into the hindbrain
(holoanencephaly) [5]. Failure of Closure 3 is uncommon but when present yields split face
with anencephaly. In the spinal region, failure of final closure at the posterior neuropore
yields open spina bifida (myelomeningocele), in which the upper limit can be of varying
axial level, depending on precisely when the progression of zippering becomes arrested [6].

Exposure of the open neural tube to the amniotic fluid environment in NTDs leads to
neuroepithelial degeneration, with massive loss of neural tissue by the end of pregnancy. In
mice, despite failed neural tube closure, neuronal differentiation and formation of functional
nerve connections proceed, even below the level of an open spina bifida lesion [7].
However, neuro-degeneration later intervenes to destroy the functional nerves that have
been formed. This finding provides a rationale for in utero surgery to cover spina bifida
lesions in order to arrest the neurodegenerative process. However, this challenging surgical
procedure, which is practised only in a few specialist centres, has so far been shown to offer
at best palliation of the defect [8].

Primary preventive strategies, such as folic acid supplementation, by contrast offer complete
rescue of neural tube closure, and have already made a major contribution to reducing the
prevalence of NTDs in certain countries [9]. Remaining problems in maximising the
preventive action of folic acid range from the public health challenge of ensuring
widespread folate uptake throughout the population, to the scientific challenge of
understanding how folic acid exerts its preventive action during neurulation. Further
progress towards eradication of NTDs is likely to require significantly improved
understanding of the factors, genetic and environmental, that predispose to NTDs, the
embryonic pathogenesis that causes neurulation to fail in affected individuals, and how the
underlying molecular and cellular events interact with folates and other exogenous factors.

Multifactorial causation of human NTDs

Both genetic and non-genetic factors are involved in the aetiology of NTDs. The recurrence
risk for siblings of index cases is 2-5%, approximately 50-fold more than in the general
population, with a further increase in risk after two or more affected pregnancies [10]. This
and other lines of epidemiological evidence have led to the conclusion that up to 70% of the
variance in NTD prevalence may be due to genetic factors [11]. On the other hand, analysis
of NTD frequency in twins has suggested a somewhat lower genetic contribution, although
the higher prevalence of NTDs in like-sex (presumed monozygotic) than unlike-sex twin
pairs is consistent with a significant genetic component [12]. Previous twin analyses may
have underestimated the genetic contribution to NTDs owing to possible connections
between neurulation failure and the loss of one member of a twin pair during pregnancy
[13]. In any event, it is accepted that the vast majority of NTDs show sporadic occurrence
with relatively few reports of multi-generational families segregating the defects. This
evidence, taken together with the high frequency of NTDs in almost all populations world
wide, suggests a multifactorial polygenic or oligogenic pattern of inheritance, rather than a
model based on single dominant or recessive genes with partial penetrance.
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Over the past ten years, a large number of studies have investigated candidate genes in
cohorts of patients with NTDs (see [14][15] for reviews). The primary focus has been on
genes encoding proteins that participate in folate one-carbon metabolism, in view of the
preventive action of folic acid. In addition, genes involved in glucose metabolism have been
studied in order to understand the predisposition of diabetic pregnancy to NTDs. The human
orthologues of genes that cause NTDs in mice have also been examined for possible
causation of human NTDs (see next section). The most robust finding to emerge from this
analysis has been two genetic polymorphisms (C677T and possibly A1298C) in the
homocysteine remethylation gene MTHFR which are associated with increased risk of NTDs
(approximately 1.8-fold). However, this predisposition appears to affect only certain human
populations, whereas other groupings (e.g. Hispanics) do not show this association. Apart
from MTHFR, very few other consistent findings have resulted from the candidate gene
approach, although there is an emerging association between NTDs and genes of the non-
canonical Wnt (planar cell polarity) pathway (see below).

It seems unlikely that major advances in our understanding of NTD genetics will result from
a continued analysis of single candidate genes in relatively small patient cohorts. Rather,
much larger studies are required that are sufficiently powered to detect significant
associations with relatively weak risk factors, while analysis of multiple candidate genes in
groups of well-genotyped individuals are necessary to detect possible gene-gene
interactions. Further possibilities include use of high throughput genomic technology to
determine the role of copy number variants and to detect regulatory mutations and those
specific to particular individuals (“private’ mutations), neither of which have been studied to
date.

With regard to non-genetic factors, failure of neural tube closure can result from a wide
variety of teratogenic agents in rodent models [16], whereas a smaller number of non-
genetic factors have been definitively associated with the causation of NTDs in humans
(Table 1). Valproic acid (VPA), a widely used anticonvulsant agent is well recognised to
increase the risk of NTDs by approximately 10-fold, when taken during the first trimester of
pregnancy. While many embryonic effects have been described for VPA, it seems
increasingly likely that its potent histone deacetylase (HDAC) inhibitory activity may
disturb the balance of protein acetylation/deacetylation, leading to failure of neural tube
closure. This parallels the action of another HDAC inhibitor, trichostatin-A, which causes
NTDs in mouse models [17]. Another group of non-genetic factors that increase risk of
human NTDs are those pertaining to folate uptake (inhibited by the anticonvulsant
carbamazepine, the fungal product fumonisin, and the antibiotic trimethoprim) or
availability (conditions of metabolic folate or vitamin B12 deficiency). It seems likely that
diminished access to folate metabolically exacerbates the risk of NTDs in a converse way to
the preventive effect of exogenous folic acid. Another critical micronutrient for neural tube
closure is inositol, which has been demonstrated to prevent mouse NTDs that fail to respond
to folic acid (see below for further detail). Among the other non-genetic factors with a
demonstrated link to NTDs (Table 1), diabetes mellitus is well known to predispose to a
range of birth defects, including NTDs, while there is growing evidence to implicate
maternal obesity as a NTD risk factor, probably via glycaemic dysregulation. Hyperthermia
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is a potent NTD-causing teratogen in rodents, and reports of NTDs following episodes of
high maternal fever or extreme sauna usage in early pregnancy suggest that a similar
relationship may exist in humans. Finally, a link between NTDs and zinc deficiency has
been repeatedly claimed, although the underlying mechanism is unclear.

In each of these cases, it is reasonable to assume a significant role for genotype, interacting
with the teratogenic agent. For example, while folate and vitamin B12 deficiency are
statistical risk factors in humans, a series of mouse studies have clearly demonstrated that
folate deficiency causes NTDs only in the presence of a genetic predisposition. Mouse
embryos with an entirely normal genotype do not develop NTDs, even under severe folate
deficiency. On the other hand, littermates homozygous for the splotch (Pax3) mutation
develop cranial NTDs at a significantly higher rate when also folate deficient [18]. Recent
studies suggest that a combination of folate deficiency with a permissive genetic background
may also be sufficient to induce cranial NTDs, even in the absence of a mutant gene [19].
This type of interaction may be particularly appropriate as a model of the gene-environment
interactions likely to contribute to human NTDs. Hence, studies of possible teratogenic
agents for human NTDs, must consider the effects of predisposing (and protective) genetic
variants.

The mouse as a model for human NTDs - the example of PCP signalling

The close similarities between the embryonic processes of neurulation in humans and mice
have been noted above. In contrast, neurulation in birds exhibits a different sequence of
closure events [20], amphibia undergo neural tube closure almost simultaneously at all
neuraxial levels, and fish form a neural tube by an embryonic process that does not involve
bending and fusion of a neural plate. Hence, while these hon-mammalian species provide
attractive opportunities for experimental developmental biology analysis, they do not appear
ideal as models for neural tube closure and NTD analysis, particularly where extrapolation
to humans is an important goal.

Not only does the mouse embryo undergo human-like neurulation, but there is also a wealth
of genetic and non-genetic models of NTD, including more than 200 mutant or targeted
genes that cause NTDs [21]. These genetic mutants encompass all the main NTD
phenotypes, including anencephaly, open spina bifida and craniorachischisis. When
combined with the extensive catalogue of gene expression patterns in mouse embryos, the
ready manipulation of the mouse genome by transgenesis, including conditional gene
targeting, and the ability to culture whole mouse embryos for periods up to 48 hours
throughout the period of neurulation, there is now very considerable scope for incisive
experimental analysis of neurulation and NTD mechanisms in mice.

Perhaps the most valuable contribution that can be made by genetic approaches to NTDs in
mice is the ability to combine different combinations of mutant alleles, and environmental
influences, in order to study gene-gene and gene-environment interactions in normal and
abnormal neural tube closure. This is particularly important in view of the likelihood that the
key to understanding human NTDs lies in unravelling a myriad of genetic and gene-
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environment interactions. To illustrate this point, here we consider the genetic causation of
craniorachischisis in mice.

In 2002, the first gene for craniorachischisis (Vangl2) was identified via positional cloning
of the loop-tail (Lp) gene, for which homozygosity produces failure of Closure 1 [22][23].
Since this time, it has emerged that failure of mouse Closure 1 can result from defects in a
number of different genes all of which function in non-canonical Wnt signalling: the planar
cell polarity (PCP) pathway [24][25]. PCP signalling was defined originally in Drosophila,
as a genetic cascade involving the receptor frizzled and the cytoplasmic protein disheveled,
but without a requirement for B-catenin [26]. Subsequently, this pathway was found to
specify polarity in the plane of epithelia, including the Drosophila wing and compound eye
[27]. PCP signalling has since been implicated in gastrulation in vertebrate embryos, with
key roles being defined for disheveled and strabismus (Vangl2) in Xenopus and zebrafish
[28][29]. Hence, PCP signalling represents a highly conserved pathway critical for
establishing and maintaining planar polarity during morphogenesis.

While homozygosity for each PCP pathway mutant produces craniorachischisis, it has also
been found that compound heterozygotes for some pairs of the genes also produce this
phenotype. For example, a proportion of Vangl2*/~; Celsr1*/~ and Vangl2*/~; Scrb1*/~
embryos fail in Closure 1 [30][31], demonstrating the potential of heterozygous gene
interactions, as are more likely to occur in human populations. Intriguingly, however,
Vangl2 can yield different NTD phenotypes if combined with other mutant genes. Hence, in
double heterozygosity with the PCP gene Ptk7 and with the non-PCP gene Grhl3 (curly
tail), open spina bifida is observed [32][33], whereas in combination with loss of the Cthrcl
gene, which encodes a canonical Wnt co-factor, exencephaly is the outcome [34]. These
findings demonstrate that the precise combination of apparently closely-related gene defects
can produce the whole range of NTDs. It is possible that a similar finding will ultimately
apply to human NTDs and their genetic causation.

Linking genetic NTD causation to the developmental pathways of neural

tube closure

In addition to identifying the individual genes and gene combinations that yield human
NTDs, the next big challenge is to define the developmental requirement for those genes that
are obligatory for neural tube closure, and whose disruption leads to NTDs. Since so many
genes are known to be necessary for completion of one or more aspects of mouse neural
tube closure, it is already possible to fit a number into well-established cell biological or
molecular functions, or into specific signalling pathways. This is especially convincing
where multiple NTD-causing genes cluster in a particular functional pathway, and these are
the focus of the following discussion.

It should be noted, however, that the functionally-related gene groups described below are
not mutually exclusive. They represent our current understanding and it seems likely that
ultimately the pathways and functional groups will be shown to inter-link, to fit within a
relatively small number of molecular-cellular integrated pathways that are essential for
neural tube closure. Conversely, many other genes are known to cause NTDs but currently
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cannot be fitted easily into functional groupings. This represents the limitation on our
knowledge, and eventually new key pathways may be identified that involve these and other
genes. Thus, the current account must be considered an interim report.

Cell biological functions and NTDs

Critical cell biological functions for neural tube closure include: (i) cytoskeletal proteins
which are essential for cranial closure, (ii) cell cycle/neur ogenesis-related proteins which
ensure a sufficient number of proliferating cells while avoiding premature neuronal
formation that prevents neural tube closure, (iii) cell viability related proteins, without
which apoptosis is excessive and NTDs result, and (iv) cell surface-extracellular matrix
interactions, which are required via unknown mechanisms.

Cytoskeletal proteins

Table 2 lists the main genes encoding cytoskeletal proteins that have proven to be essential
for neural tube closure. These include bona fide cytoskeletal protein components such as
shroom and vinculin, and cytoskeleton-associated proteins such as cofilin, mena and
palladin. Also included are signal transduction proteins such as the Abl1/2 tyrosine kinases,
jun N-terminal kinases (JNKs), MARCKS and Mrp whose disturbance produces a
cytoskeleton-associated phenotype. This genetic analysis complements studies of teratogenic
agents, particularly the cytochalasins, which disassemble apical actin microfilaments within
neuroepithelial cells, and which are well known to produce NTDs in experimental models
[35]. Strikingly, while both genetic and teratogenic disturbances of the cytoskeleton produce
the cranial NTD exencephaly, only in a few instances have spinal NTDs been observed (e.g.
only in the Shroom and MIp mutants). This argues for a greater dependence of cranial than
spinal closure on cytoskeleton-mediated events. Indeed, it has been demonstrated that the
events of midline neural plate bending, which is critical for Closure 1, and dorsolateral
bending which is essential for completion of low spinal closure, are both resistant to
cytochalasin D [36]. It will be interesting to determine which aspects of cranial neurulation
are so highly dependent on the cytoskeleton and which specific functions in spinal closure
require the cytoskeleton.

Cell cycle and neurogenesis

The neurulation stage embryo is a rapidly proliferating system, with cell cycle times as short
as 4-6 hours in the neuroepithelium. On the other hand, some neuroepithelial cells begin to
exit the cell cycle and embark upon neuronal differentiation around the stage of neural tube
closure, suggesting that the balance between continued proliferation and neuronal
differentiation may be critical for successful closure. Indeed, a number of genes in which
mutations cause NTDs appear to be essential for cell proliferation and/or prevention of
premature neurogenesis (Table 3). Among the former are jumonji, which has homology to
cell cycle-associated retinoblastoma-binding proteins, neurofibrominl and nucleoporin,
which are negative regulators of the cell cycle inhibitors p21 and p27 respectively, and Pax3
which is required for promotion of rapid dorsal neuroepithelial cell proliferation. In addition,
NTDs result from defects in several genes encoding negative regulators of the Notch
signalling pathway which is activated as neuroepithelial cells embark upon neuronal
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differentiation. Hence, Hes1, Hes3 and RBP-Jk are all required to postpone neuronal
differentiation until neural tube closure is complete. It remains to be determined precisely
which steps in neural tube closure are compromised by premature neurogenesis, but one can
speculate that bending of the dorsolateral neural plate and the adhesive events at the neural
fold tips, necessary for fusion of the apposing neural folds, may be hampered.

Apart from cell cycle alterations, insufficient cells for neural tube closure may also result
from excessive cell death. Indeed, increased apoptosis is one of the most frequent cellular
changes observed in studies of gene targeted embryos that develop NTDs. As with all
cellular abnormalities, it is crucial to demonstrate that increased apoptosis precedes failed
neural tube closure, as later-appearing abnormalities could be a secondary consequence of
the failed morphogenesis. Genetic defects in which excessive cell death occurs prior to or
during neural tube closure (Table 4) include the anti-apoptotic Bcl-10 gene, Ikk factors that
activate NFxB in an anti-apoptotic pathway, and the transcription factors AP-2 and Brcal,
whose downstream gene functions are required for cell survival. Conversely, NTDs also
result from genes including Apaf-1, and caspase 3 and 9 which are required for apoptosis. In
these cases, diminished or abolished cell death is observed and NTDs are localised to the
caudal midbrain and hindbrain. Neural tube closure in forebrain and spinal regions is
completed normally in these mutants. Strikingly, mouse embryos in which apoptosis is
blocked chemically, by inhibition of effector caspases with Z-vad-fmk or by inhibition of
p53 with pifithrin-a, exhibit no defects of neural tube closure [37]. In particular, neural fold
remodelling to create a continuous surface ectodermal layer over the neural tube roof plate,
proceeds normally in the absence of apoptosis. This finding strongly suggests that mice with
mutations in Apaf-1 or caspase 3/9 are unlikely to develop exencephaly solely due to
diminution of programmed cell death. It is possible that development from fertilization to
neurulation in the complete absence of apoptosis results in secondary tissue changes that are
incompatible with mid/hindbrain closure, although the nature of such changes is unknown.

and extracellular matrix

Interactions between the extracellular matrix and cell surface receptors, particularly
integrins, are well known to determine cell shape and polarisation, in part via cytoskeleton-
mediated events. Genes that give rise to NTDs in this category include laminin-a5, perlecan
and integrins-a3 and -a6 [38][39][40]. It remains to be determined how these cell-matrix
interactions are involved in neural tube closure and, in particular, whether downstream
signalling from integrins is necessary, or whether the involvement is purely one of adhesion
of neural plate to its adjacent matrix. Similarly, there is evidence that cell-to-cell adhesion
may also be essential to facilitate the initial process of fusion at the tips of the closing neural
folds. For example, NTDs arise in mice lacking ephrinA5 or EphA7 [41], while disturbance
of ephrinA-EphA interactions can delay neural tube closure [42].

Gene and protein regulatory functions and NTDs

Several groups of proteins have proven essential for neural tube closure, including those
with functions in (i) transcriptional co-activation and chromatin remodelling, which are
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responsible for modulating key downstream signalling pathways, (ii) transcriptional
regulation, leading to downstream effects which in many cases are largely unknown, and
(iii) regulation of protein function, for example ubiquitin-mediated protein degradation
complexes, which may participate in several cellular or signalling functions.

Table 5 lists a series of chromatin remodelling proteins and transcriptional co-activators
whose genetic disruption leads to NTDs. These include members of the SWI/SNF chromatin
remodelling complex (e.g. Cecr2, Smarccl, Xnp), the polycomb proteins Rybp and Suz12,
the histone acetyltransferase Geml, and a group of related transcriptional co-activators
including Cartl, Cited2, CBP and p300. In addition, more than 20 different transcription
factor genes give rise to NTDs when mutated (e.g. Grhl3, Zic2). Clearly, many gene
expression pathways are required for neurulation in mice and these gene functions are
probably necessary for activation of specific pathways or groups of pathways as neural tube
closure proceeds. A major challenge for the coming years will be to decipher the gene
regulatory networks that underlie neural tube closure, as has recently been initiated for a
wide range of other developmental systems [43]. This will require analysis of many of the
genetic NTD mutants (including gene-gene interactions), identification by RNA microarray
of the genes whose expression is disturbed in such embryos, and integration of this
information via analysis of gene expression patterns in affected embryos.

An interesting group of genes whose disruption gives rise to NTDs encode the ubiquitin
ligases, including Hectd1, Mib2 and Smurf1/2 [44][45][46]. These proteins function as part
of multi-enzyme complexes to ubiquitinate and target proteins for degradation in the
proteasome. Such targeted proteins could participate in any of the pathways that are
essential for neural tube closure, with regulated protein degradation providing an alternative
means of controlling pathway activity to transcriptional regulation. For example, Smurf1/2
have been shown to regulate the availability of the PCP protein pricklel, possibly serving to
modulate PCP activity via this mechanism [44][45][46].

Specific signalling pathways and NTDs

Signalling pathways that are essential for neural tube closure include: (i) PCP signalling
which is required for initiation of closure (reviewed above), (ii) Sonic hedgehog signalling,
where over-activation leads to NTDs probably via prevention of DLHP formation, (iii) BMP
signalling, which is necessary to prevent DLHPs, (iv) Notch signalling, via regulation of
neurogenesis (reviewed above), (iv) retinoid signalling, via an unknown cellular
mechanism, and (v) inositol metabolism with protein phosphorylation via protein kinase C.

Sonic hedgehog signalling

Sonic hedgehog (Shh), one of three mammalian homologues of Drosophila hedgehog,
initiates a intracellular signalling pathway by binding to its transmembrane receptor,
Patchedl (Ptcl). In the absence of Shh ligand, Ptcl interacts with an associated membrane
protein, Smoothened (Smo), to inhibit its activity. Shh binding to Ptc1 removes the
inhibitory effect on Smo, allowing members of the Gli family of proteins to enter the
nucleus and act as transcriptional activators. In addition to this core signal transduction
machinery, a variety of other proteins have been identified that exert either positive or
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negative influences on Shh signalling. Strikingly, however, it is primarily genetic changes in
proteins with a negative influence on the Shh pathway lead to NTDs in mice (Table 6). For
example, mutations in Ptcl that relieve the inhibition of Smo activity, and abolition of
inhibitory phosphorylation sites for protein kinase A in Gli2, both lead to NTDs. Loss of
function of other Shh inhibitory genes, including Fkbp8, Gli3, Rab23 and Tulp3, also
produce NTDs. In contrast, loss of function of proteins that activate signalling, including
Smo and Shh itself, does not produce NTDs [47][48], whereas over-expression of such
proteins can compromise neural tube closure.

These findings argue for an overall negative influence of Shh signalling on neural tube
closure. This effect appears to be mediated via the prevention of neural plate bending in the
dorsolateral region, which is an essential component of closure in both the midbrain and
lower spinal region [49]. The function of Shh is to inhibit anti-BMP signalling (e.g. by
noggin) from the dorsal neuroepithelium. At levels of the body axis where Shh production
from the notochord is low, noggin expression dorsally is strong and BMPs are inhibited.
This permits DLHP formation to proceed. Hence, any pathological increase in Shh
signalling is expected to block DLHP formation, with spina bifida as a result. On the other
hand, loss of Shh signalling allows DLHPs to form prematurely, ensuring neural tube
closure along the entire body axis.

Retinoid signalling

Retinoic acid (RA) has long been studied as a potent teratogen in rodent systems, with
NTDs among the malformations most often observed. It is now realised that endogenous
synthesis of retinoids forms an integral part of early development, and that any disturbance
in the balance between production and turnover of retinoids can adversely affect
developmental events including neural tube closure. Hence, NTDs are observed in mice with
loss of function of the genes encoding Raldh2, a principal enzyme of RA synthesis,
Cyp26al, a key RA metabolising enzyme and RA receptors a and v, through which RA
signalling is mediated [50][51][52]. While the existence of signalling pathways downstream
of the RA receptors is well known, it remains unclear precisely how RA signalling
participates in neural tube closure, at the cellular level.

Inositol metabolism

A series of studies have demonstrated that inositol can prevent a large proportion of the
spinal NTDs in the curly tail mutant mouse model, whereas folic acid is ineffective [53][54]
[55]. This raises the possibility of using inositol supplementation, as an adjunct to folic acid
therapy, to prevent of a greater proportion of NTDs than is possible with folic acid alone.
Inositol deficiency during embryonic development can cause cranial NTDs in both rats and
mice [56], and some human NTD pregnancies also have lower maternal inositol
concentrations that unaffected pregnancies [57]. Moreover, targeted mutations in the Itpk1,
PIP5KIy and Inpp5e genes of mice produce NTDs via direct disturbance of inositol
metabolism [58][59][60]. In the case of PIP5KIy, the predicted effect is a reduction in
protein kinase C (PKC) stimulation, a known requirement for prevention of NTDs by
exogenous inositol [55]. Hence, it appears that inositol metabolism may lie upstream of key
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protein phosphorylation events, mediated by PKC, although the targets of such
phosphorylation are currently unknown.

How does folic acid prevent NTDs?

The prevention of a proportion of NTDs by folic acid supplementation was confirmed in a
randomised, double blind clinical trial published in 1991 [61]. Moreover, the effects of
folate fortification in bread flour have illustrated this preventive effect, while demonstrating
that not all cases of NTD are folate-preventable [62]. It is often assumed that NTDs are a
vitamin-deficiency condition, but in fact the great majority of human pregnancies are not
clinically folate-deficient. Moreover, frank folate deficiency in mouse models does not cause
NTDs in the absence of a genetic predisposition [18]. It seems more likely, therefore, that
exogenous folic acid is able to stimulate a cellular response, enabling the developing embryo
to overcome the adverse effects of certain genetic and/or environmental disturbances that
would otherwise lead to NTDs. These disturbances could involve abnormalities in folate-
related pathways, but might also affect systems unrelated to folate metabolism. An
important principle emerges, therefore: that folic acid may exert its preventive effect on an
aetiologically diverse group of conditions (e.g. disorders resulting from different genetic
anomalies), all of which converge on the process of neural tube closure to produce NTDs.

Folates are integral to intracellular one-carbon metabolism which produces pyrimidines and
purines for DNA synthesis and s-adenosyl methionine, the universal methyl group donor for
all macromolecules. Hence, cell proliferation and/or cell survival, which depend on
continuation of DNA synthesis, are likely effects of folate supplementation, as is stimulation
of DNA, protein or lipid methylation. Indeed, a beneficial effect of folate on cell
proliferation can be readily understood as a possible means of preventing NTDs where
increased apoptosis and/or reduced cell proliferation are observed. Nevertheless, this type of
effect has not actually been demonstrated to date, in any folate-preventable NTD model
system. Similarly, stimulation of specific gene methylation is also a possible outcome of
folate supplementation, although no such examples have yet been reported. In a recent study
of severe folate deficiency in mouse pregnancy, there was no decrease in embryonic global
DNA methylation [18], raising questions as to the importance of this aspect of one-carbon
metabolism in NTD prevention by folate.

Clearly, a priority for future research is to improve our understanding of the cellular
mechanism(s) of folate’s preventive action. This could enable us to determine why some
NTDs are folate-responsive and others folate-resistant, in turn focusing on the different
aetiologies in each case, and leading to better prediction of the likely importance of folate
supplementation in pregnancy, or the need for additional treatments, such as inositol (see
above).

Conclusions and future perspectives

We have seen that the events of embryonic neural tube closure are highly conserved
between mice and humans, making the mouse a valuable model system for studies of human
neurulation. Moreover, the wealth of genetic and non-genetic sources of NTDs in mice
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provides an opportunity to probe the molecular and cellular mechanisms of failed neural
tube closure, which may ultimately prove relevant to the corresponding defects in humans.
A particularly valuable contribution of mouse models is the ability to study interactions
between different genetic factors, via construction of animals with multiple mutations and,
moreover, to determine the effects of interactions between genotype and environment. This
type of multi-factor analysis seems essential if we are to improve our understanding of the
aetiology of human NTDs. Other priorities for future research include an integration of the
various signalling pathways that have been implicated in NTDs, and elucidation of their
outputs at the level of cell movements, and in terms of the mechanical interactions between
tissues that ultimately generate the physical forces underlying neural tube closure. The
mechanics of neurulation have so far been studied only in non-mammalian species, although
highly sophisticated computational models are now available (e.g. [63]). Hence, the use of
analogous approaches to investigate and elucidate the mechanics of mammalian neurulation
will be an exciting challenge for the near future.
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Figure 1. Diagrammatic r epresentation of neural tube closure and the origin of NTDsin (A)

mouse and (B) human embryos.

Initiation events (Closures 1, 2, 3) and completion events (at ‘neuropores’) are joined by
unidirectional or bidirectional neural tube zippering (blue arrows). The affected events
leading to NTDs (red labels) are indicated by red arrows. Secondary neurulation proceeds
from the level of the closed posterior neuropore, as a result of canalisation within the tail

bud (green). Modified from [6][64].
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Figure 2. Molecular regulation of dorsolateral bending in mouse neural tube closure
Neural tube closure changes in morphology from (A) high spinal to (B) low spinal regions

of the mouse embryo. In the upper spine, the neural plate bends solely in the midline, at the
median hinge point (MHP), whereas in the low spine bending occurs at dorsolateral hinge
points (DLHPs). (C) Summary of the molecular interactions regulating DLHP formation. In
the upper spine, DLHPs are absent because of unopposed inhibition by BMP2. Although
Noggin expression is stimulated by BMP2 at all levels of the body axis, Shh expression
from the notochord is strong in the upper spine, inhibiting Noggin. In the lower spine, Shh
influence is reduced, Noggin expression is de-inhibited and antagonises the inhibitory
influence of BMP2, allowing DLHPs to form. Yellow triangles: MHP; red triangles:
DLHPs; green arrows: stimulatory interactions; red lines: inhibitory interactions; dashed
lines: inactive influences. Modified from [65]
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Table 1
Non-genetic factorslinked to the causation of NTDsin human pregnancy
Category Teratogenic agent Proposed teratogenic mechanism Refs
Folate antagonists Carbamazepine Inhibition of cellular folate uptake [66]
Fumonisin Inhibition of cellular folate uptake [67][68]
Trimethoprim Disturbance of folate-related metabolism [66]
Glycaemic dysregulation Hyperglycaemia (in poorly Increased cell death in neuroepithelium [69]1[70]
controlled maternal diabetes
mellitus)
Maternal obesity Unknown [71]
Histone deacetylase inhibitors  Valproic acid Disruption of key signalling pathways in neurulation [72][73]
Micronutrient deficiencies Folate Disturbance of folate-related metabolism [18][74]
Inositol Disturbance of phosphorylation events downstream of protein ~ [55][57]
kinase C
Vitamin B12 Disturbance of folate-related metabolism [74]
Zinc Unknown [57]
Thermal dysregulation Hyperthermia (e.g. maternal Unknown [75]

fever in weeks 3-4 of pregnancy)
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Table 2
M ouse genes causing NTDs via a mechanism involving disturbance of the cytoskeleton

Page 24

Genesymbol(s) Genesproducing NTDs NTDtype™ Proteinfunction Refs

Abl1, Abl2 Abl/ Arg double mutant Ex Non-receptor tyrosine kinases [76]

Cofilin (n-) n-cofilin Ex F-actin depolymerising factor [77]

Grlfl RhoGAP P190 Ex Glucocorticoid receptor DNA binding factor [78]

Mapk8; Mapk9  Jnk1/Jnk2 double mutant Ex c-Jun-N-terminal kinases [79]

Mareks MARCKS (myristoylated alanine Ex Cytoskeleton-related protein with function in signal [80]

rich C-kinase subtrate) transduction

Mena; Profilin Mena/profilin | double mutant Ex Regulation of actin polymerisation [81]

Mena; Vasp Mena/Vasp double mutant Ex Member of Mena/Vasp/Evl family of cytoskeletal [82]
regulators

Mip MARCKS-like protein Ex +/-Sh Cytoskeleton-related protein with function in signal [83]
transduction

Palladin Palladin Ex Actin cytoskeleton-associated protein [84][85] [86]

Shrm Shroom Ex + Sb PDZ-containing cytoskeletal protein [87]

Vel Vinculin Ex Cytoskeletal protein [88]

*
Ex: exencephaly; Sb: spina bifida
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Table 3

Page 25

M ouse genes causing NT Ds via a mechanism involving distur bance of cell proliferation or

neuronal differentiation

Genesymbol(s) Genesproducing NTDs NTDtype”™ Protein function Refs
Brd2 Brd2 Ex Double bromodomain containing protein [89]
Hesl Hairy and enhancer of split 1 Ex Transcription factor inhibiting Notch signalling  [90]
Hesl, Hes3 Hes1/Hes3 double mutant Ex Transcription factors inhibiting Notch signalling  [91]
jmj JumonJi Ex Retinoblastoma-binding protein homologue [92]
Nfl Neurofibromin Ex Negative regulator of p21es [93]
Nf1,Pax3 Nf1/Pax3 double mutant Ex +/-Sh As Nf1; transcription factor [93]
Notch3 Notch 3 overexpression Ex Cell surface receptor for delta family ligands [94]
Numb Numb Ex Protein participating in asymmetric cell division  [95]
Nup50 Nucleoporin Ex Nuclear pore protein binding to p27Xirt [96]
Pax3 Splotch (Sp, Sp?H) mutant; Pax3-Cre strain ~ Ex + Sb Transcription factor [97][98]
Pax3; Pax7 Pax3/Pax7 double mutant Ex + Sh Transcription factors [99]
RBP-Jrx RBP-Jrx Ex Transcription factor [100]

*
Ex: exencephaly; Sb: spina bifida
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Table 4

Mouse genes causing NTDswith alterationsin extent of neuroepithelial cell death
gl‘ Gene(s) Genotype producing NTDs NTD type* Protein function Refs
_g AP2a AP2 a (also called Tcfap2a) Ex Transcription factor [101][102][103]
& Apafl Apafl andforebrain overgrowth (fog,  Ex Protease-activating factor in the caspase- [104][105][106][ 107]
g mutation) dependent apoptosis pathway
(@) Bcl10 Bcl10 Ex CARD-containing anti-apoptotic protein, [108]
Tn activating IKKs and NFkB
% Brcal Brcal Ex + Sh Transcription factor [109]
% Brcal; Gadd45 Brcal/ Gadd45 double mutant Ex Transcription factors [110]
;; Casp3 Caspase 3 Ex Enzyme of apoptosis pathway [37][111]
% Casp9 Caspase 9 Ex Enzyme of apoptosis pathway [112][113]
g Chuk, Ikbkb IKK1/IKK2 double mutant Ex Kinases activating NFkB in anti-apoptotic [114]

pathway

Q§J Mekk4 Mekk4; Kinase-inactive mutant of Ex + Sh MAP kinase enzyme, that phosphorylates [115][116]
g MEKK4 INK/p38
(é: Tcofl Treacle Ex Nucleolar phosphoprotein [117]
g'_ Trx2 Trx2 (Thioredoxin) Ex Mitochondrial redox protein [118]

*
Ex: exencephaly; Sh: spina bifida
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chromatin dynamics

Table 5
M ouse genes causing NT Ds via mechanismsinvolving transcriptional regulation and

Page 27

Genesymbol(s) Genesproducing NTDs NTDtype”* Protein function Refs

Adnp Adnp Ex Activity dependent neuroprotective protein [119]
(ADNP), regulated by vasoactive intestinal peptide
(VIP)

Cartl Cartl (cartilage homeoprotein 1)  Ex Transcription factor [120]

Cecr2 Cecr2 Ex Transcription factor that forms chromatin [121][122]
modelling complex with SNF2L

Cited2 Cited2 Ex Transcriptional co-activator [123][124] [125]

Crebbp CBP Ex Transcriptional coactivator [126]

Ep300 p300 Ex Transcriptional integrator [127]

Genb Genb Ex Histone acetyltransferase [128][129] [130]

Hipk1, Hipk2 Hipkl/ Hipk2 double mutant Ex Homeodomain-interacting protein kinases, forming  [131]
complex with AML1 and p300

Nap1l2 Nucleosome assembly protein-1- Ex + Sb Nucleosome assembly [132]

like 2 (Nap1l2)

Rybp Ringl and YY1 binding protein Ex Polycomb complex protein; binding partner for [133]
YY1, also a cause of NTDs

Smarcad Brgl Ex Chromatin remodelling protein [134]

Smarccl Srg3 Ex Subunit of SWI/SNF complex, involved in [135]
chromatin remodelling

Suzl2 Suz12 Sb Polycomb protein [136]

Xnp ATRX Ex Member of SWI/SNF chromatin remodelling [137]

family

*
Ex: exencephaly; Sb: spina bifida
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Table 6

Page 28

M ouse genes causing NTDs via dysregulation of the sonic hedgehog signalling pathway

Genesymbol(s) Genesproducing NTDs NTD type”  Protein function Refs
Fkbp8 FK506-binding protein 8 (also called Sh Negative regulator of Shh signalling [138][139][140]
Fkbp38)
Gli2 (P1-4) Gli2 (with PKA phosphorylation sites Ex Shh signal transduction protein [141]
mutated)
Luzp LUZP Ex Leucine zipper transcription factor [142]
expressed in brain. Possible negative
regulator of Shh signalling
Prkaca; Prkacb  Protein kinase a subunits Ca/C/l double Ex Protein kinase A. Negative regulator of [143]
mutant Shh signalling
Ptchl Patchedl Exor CRN  Transmembrane receptor for sonic [144][145]
hedgehog peptide. Negative regulator of
Shh signalling
Rab23 Open brain (opb) Ex + Sb Rab family of vesicle transport proteins;  [146][147][148]
negative regulator of Shh signalling
Shh Sonic hedgehog (over-expression) Ex Signalling peptide regulating nervous [149]
system dorso-ventral patterning
Sufu Suppressor of fused Ex Shh signal transduction inhibitor [150][151]
Tulp3 Tubby-like protein 3 (knockout); hitchhiker Ex + Sb Negative regulator of Shh signalling [152][153]

(ENU mutant)

*
CRN: craniorachischisis; Ex: exencephaly; Sb: spina bifida

J Pathol. Author manuscript; available in PMC 2014 November 21.



