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The involvement of cell death and survival in neural
tube defects: a distinct role for apoptosis and
autophagy?

F Cecconi*,1,2, M Piacentini3,4 and GM Fimia3

Neural tube defects (NTDs), such as spina bifida (SB) or exencephaly, are common congenital malformations leading to infant
mortality or severe disability. The etiology of NTDs is multifactorial with a strong genetic component. More than 70 NTD mouse
models have been reported, suggesting the involvement of distinct pathogenetic mechanisms, including faulty cell death
regulation. In this review, we focus on the contribution of functional genomics in elucidating the role of apoptosis and autophagy
genes in neurodevelopment. On the basis of compared phenotypical analysis, here we discuss the relative importance of a tuned
control of both apoptosome-mediated cell death and basal autophagy for regulating the correct morphogenesis and cell number
in developing central nervous system (CNS). The pharmacological modulation of genes involved in these processes may thus
represent a novel strategy for interfering with the occurrence of NTDs
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Neural tube defects (NTDs) are common (1 in 1000
pregnancies) congenital malformations in humans leading to
infant mortality or severe disability. NTD results from failure of
complete neurulation during the fourth week of embryo-
genesis. The etiology of NTDs is complex, with both
environmental and genetic contributions.1 In particular, a
strong genetic component, accounting for at least 30% of
NTDs, has been demonstrated, although only few of the
genes involved have been structurally and functionally
characterized.2 This is mainly due to the fact that neurulation
is a complex multistep process involving precise temporal and
spatial regulation of gene expression.3–6 Animal models are
providing insight into the mechanisms participating in correct
neurulation or in its failure.7–9 More than 70 mouse models
exhibiting NTDs have been described.10–13 Mutations display
wide locus heterogeneity, and for many of them, the
corresponding human homolog has been found.14,15 These
studies suggest the involvement of distinct molecular path-
ways in NTD pathogenesis, ranging from dysregulation of
homocysteine/folate metabolism to defective cell proliferation
or death, to disruption of cytoskeleton and migratory
capabilities and to faulty pyrimidine synthesis.8,9,16,17 Among
these, special attention is being devoted to apoptosis.
Apoptosis plays an important role in the morphogenesis and
homeostasis of the developing central nervous system (CNS)

by participating in folding, pinching off and fusion of neural
walls, in neural precursor selection and in postmitotic
competition of neurons for their cellular targets (reviewed in
De Zio et al.,18Hidalgo and ffrench-Constant,19 Kuan et al.,20

and Nicotera21). Notably, the main phenotype, which is
induced by disruption of apoptosis-related genes regards
the developing nervous system (see Table 1). Autophagy, an
important mechanism for degrading long-lived proteins and
the only known cellular pathway for degrading organelles, has
been originally linked to the occurrence of pathological
conditions in the nervous system associated with alternative
cell death morphotypes.43–45 Recently, autophagy has been
recognized as a survival process46 and as a key player in
vertebrate neurodevelopment;47 also, a complex interplay
between autophagy and apoptosis has emerged (reviewed in
Ferraro and Cecconi48 and Maiuri et al.49). Interestingly,
comparative analysis of the phenotypes exhibited by mouse
models’ defective in apoptosis or autophagy genes show
several similitaries, although molecular analysis revealed that
they are accounted for by distinct roles at different develop-
mental stages. The data we discuss here suggest that,
whereas apoptosis is the main mechanism by which
mammals can prevent the survival of excess cells in the
developing nervous system, autophagy regulation may have a
crucial role in the ontogenesis of CNS through a mechanism
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involving the need for cell ‘renovation’ in differentiation and
cell cycle control rather than for cell demise.

The Basis of Neural Development in Vertebrates

The development of vertebrates from the zygote follows a
specific sequence of events: (i) division of the zygote into
undifferentiated blastula cells, (ii) formation of three progenitor
cell layers in a gastrula, (iii) differentiation and reorganization
of the progenitor cells into tissues and organs, (iv) full growth
of the organs and (v) birth.

In the course of development, cell differentiation begins with
the emergence of the cells in the three primordial layers of the
gastrula: the ectoderm (outer layer), the mesoderm (middle
layer) and the endoderm (inner layer). Roughly speaking, the
gastrula ectoderm develops into the skin, the sense organs,
and the nervous system. The progenitor cells for all neurons
and glial cells of CNS begin as a further differentiation of
ectoderm cells into a layer known as the neural plate (see
Smith and Schoenwolf5 and schematics in Figure 1). The
neural plate folds and differentiates into neural crest cells and
a neural tube. The neural plate in its unvaginate state has a
series of cell linings along its periphery. These cell linings
persist during the formation of the neural tube, thus forming
two longitudinal structures on the dorsal side of the neural
tube, called the neural crests. Neural plate formation is
induced by chemical signals from the mesoderm. The neural
crest contributes to many cell types, among which are the cells
of the peripheral nervous system, whereas the neural tube
becomes the CNS. The cells that constitute the neural tube go
on to form neurons, astrocytes and oligodendrocytes. Once
the neural tube is closed at both extremes, namely the rostral
and caudal neuropores, the cavity that is formed inside
the neural tube will eventually form the ventricles of the

encephalon and the central canal of the spinal cord. The
anterior portion of the neural tube is then divided into three
distinct, interconnected rounded cavities, which distinguish
the portion that will become the encephalon, whereas the
middle and caudal portions remain as a tube and will become
the spinal cord. The most anterior cavity is called the forebrain
or prosencephalon, the second is the midbrain or mesence-
phalon and finally the most posterior one is the hindbrain or
rhombencephalon. Later, in development, the CNS will go
through a stage termed ‘five vesicles’, namely telencephalon,
diencephalon, mesencephalon, metencephalon and myelen-
cephalon. From the telencephalon originates the cerebral
cortex, basal ganglia, hippocampal formation, amygdala and
olfactory bulb, and from the diencephalon the thalamus and
surrounding nuclei, hypothalamus, retina and optic nerve.

Neural Tube Defects

Abnormalities in neural tube formation result in NTDs and
both environmental and genetic factors can lead to NTDs in 1
in every 1000 births and cause 1 in 20 of every spontaneous
abortion.7,50 There are different types of NTDs, depending on
the region of the CNS that is affected. The most known and
studied types are called the open NTDs. Open NTDs occur
when the brain and/or spinal cord are exposed at birth through
a defect in the skull or vertebrae. Examples of open NTDs are
the spina bifida (SB; also termed myelomeningocele),
anencephaly and encephalocele.7,50 Cranioschisis is the
failure of proper fusion of the cephalic part of the neural tube,
which leaves the brain and cranium open. The most extreme
case results in anencephaly. Nonclosure of the posterior
neuropore in the lumbosacral region leads to SB. SB may
cause paralysis of the legs, anesthesia of the skin, urologic
disturbances and defecatory dysfunctions.

Table 1 Neurodevelopmental aspect of phenotypes from the apoptosis or autophagy knockout mice

Gene Neurodevelopmental phenotype Reference

Bax�/� Apoptosis reduction in postmitotic spinal cord motor neurons and
sympathetic neurons in the PNS

22,23

Bcl-XL
�/�/Bax�/� Massive apoptosis reduction in postmitotic neurons 24

Bax�/�/Bak�/� Accumulation of excess cells within CNS 25

Caspase 3�/� Pronounced effects on the development of the CNS and premature lethality;
diffuse hyperplasia, ectopic cell masses, abnormal structural organization
and augmented number of neurons in several brain areas

26–28

Caspase 9�/� Excess cells in most CNS regions, brain hyperplasia and exencephaly 29,27

Bcl-XL
�/�/Caspase 3�/� Supernumerary neuronal precursor cells and compensative effect in young

postmitotic neurons

30

Bcl-XL
�/�/Caspase 9�/� Neuronal phenotype identical to that of mice lacking only caspase 9;

compensative effect in young postmitotic neurons

31

Apaf1�/� Open brain (and/or spina bifida) and forebrain overgrowth; retinal
overgrowth; delayed cortical layering and enlargement of the mantle layer in
the brain; thickening of the hindbrain walls

32,33

Bcl-XL
�/�/Apaf1�/� Phenotype very similar to Apaf1�/�, but the Apaf1 deficiency counters the

increased apoptosis of postmitotic immature neurons caused by Bcl-XL

deficiency

34

Atg5F/F:nestin-Cre (neurons) Progressive neurodegeneration associated with ubiquitinated protein
aggregates and inclusion bodies

35

Beclin 1�/� Early defects in ectoderm formation and early embryonic lethality (before
neural plate determination)

36,37

Ambra1�/� Decreased autophagy, increased apoptosis, and increased cell proliferation
in fetal brain. Neural tube defects and embryonic death

38

Lamp1/Lamp2 Foreshortening of the forebrain 39

Combined or conditional mutations are also included35,39,40–42
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Rare types of NTDs are called closed NTDs. Closed NTDs
occur when the spinal defect is covered by skin. Common
examples of closed NTDs are lipomyelomeningocele, lipo-
meningocele and tethered cord. SB occulta is potentially
another form of an NTD in which there is a typically benign
bony change in one or more vertebrae, but which does not
involve the nerves within the spinal column.50

Our understanding of the causes of NTDs is incomplete,
and the identification of preventive measures is very limited.
Direct analysis of human embryos is not possible, owing to
both practical and ethical considerations, and there are few
families available that would be suitable for genetic linkage
studies. Another approach for gaining insight into the causes
of human NTDs is provided through studies on the mice. Over
70 mouse mutants have been identified that exhibit NTDs, and

they are providing important information on the cellular and
molecular basis of neural tube formation.10–13

Functional Genomics Approaches to Unravel NTDs
Ontogenesis

Using the gene targeting approach, mutants have been
generated for a huge variety of genes and their function
widely demonstrated. This methodology depends a priori on
the isolation and molecular analysis of a given gene. As an
example, the specific inactivation through gene targeting of
particular genes, such as transcriptional factors or signaling
molecules, has shed new light on the functional complexity of
mammalian development. Various strategies have been used
to isolate such genes, starting from the classic genetic studies
in lower organisms, such as Drosophila melanogaster and
Caenorhabditis elegans. The Otx genes, for example, which
are required for proper brain and sensory organ development
were initially isolated from the mouse genome on the basis of
their sequence similarities to conserved sequence motifs
within homologous genes of Drosophila.51 However, the vast
majority of genes present in the mouse genome have not yet
been structurally characterized, which precludes their disrup-
tion by homologous recombination. To identify and mutate
new murine genes, an excellent experimental strategy is the
gene trap. In our laboratory and in many others, several genes
important for cell metabolism and embryonic development
have been captured and functionally analyzed in this way.52

Both apoptosis and autophagy typically occur through
ordered, programmed series of events whose biochemical
machinery has been largely identified. By using combined
gene targeting and gene trap approaches, it has been
possible to verify the role of specific apoptotic or autophagic
pathways in neurulation.

Mouse Models of Reduced or Abolished Cell Death in
Neurodevelopment

Apoptosis is principally regulated by the Bcl2 family of proteins
(proapoptotic and antiapoptotic molecules), the adaptor
protein Apaf1 and the cysteine protease caspase family (for
a recent review, see Maiuri et al.49). During the development
of the nervous system, neurons share the same basic
apoptosis program with all other cell types. However, at
various developmental stages, to provide the specificity of
regulation, the distinct neuronal populations express different
combinations of Bcl2 and caspase family members.18,53

The analysis of various knockout mice has led to an
increased knowledge of how the various apoptotic factors are
involved in neuronal cell death (see Table 1). Apaf1 plays a
fundamental role in the apoptotic machinery (Figure 2). It is
activated upon cytochrome c release from mitochondria and
interacts with dATP/ATP and procaspase 9, thereby forming
the apoptosome, the core of the apoptotic program.48,54 The
apoptosome activates effector caspases, such as caspases
3, 6 and 7, which execute cell death.Apaf1 knockout and gene
trap mice32,33 show an abnormal phenotype, which involves
many tissues and organs: severe craniofacial malformations,
brain hyperplasia and alterations of the limb, ear and eye
structures (see Figure 3). Targeted gene disruptions of
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Figure 1 Schematic diagram of neural plate bending and neural tube formation
in vertebrates. Neural folds form at the lateral extremes of the neural plate (a),
elevate (b) and converge toward the dorsal midline (c) to form the neural tube (d).
not, notochord; nf, neural folds; np, neural plate; nt, neural tube; nc, neural crest
cells; se, surface ectoderm
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caspases 3 and 9 in mice26–28,29 lead to decreased neuronal
apoptosis and neurodevelopmental abnormalities including
ectopic and duplicated neuronal structures, often culminating
in a peculiarly convoluted brain. Owing to these abnormalities,
caspase 9 and caspase 3 knockouts show embryonic
lethality. This particular phenotype may be due to the
disproportionate number of neural precursor cells (NPCs),
which do not die and thus undergo differentiation, so providing
supernumerary cells. It should be mentioned that this neural
phenotype appears in a small percentage of caspase 3�/�

embryos (B10%) and in most caspase 9�/� embryos
(B97%), and strictly depends on the genetic background.55,56

The similar phenotypes of null mutations of caspase 9 and
caspase 3 embryos suggest that these two caspases might
participate in the same apoptosis pathway during neuro-
development. In fact, activated caspase 9 can cleave and
activate caspase 3 in the mitochondrial pathway of cell death.
However, despite the severe defects of apoptosis in the brain,
the developmental apoptosis of other structures in the
caspase 3 and caspase 9 null mutants is largely preserved.
This means that these two proteases regulate district-specific
apoptosis, indicating that individual caspases have a domi-
nant and non-redundant role in apoptosis in a tissue-selective

or stimulus-dependent manner. It should be said that the
Apaf1 knockout does not precisely mimic caspase 3 and
caspase 9 knockouts, which exhibit a predominantly neuronal
phenotype. The number of developmental alterations
observed in Apaf1-deficient embryos is higher than in other
mutants and they are also more distributed all over the
organism.32,33,55 However, as well as for caspase 3 and 9,
the importance of Apaf1 during neurogenesis lies especially in
the regulation of apoptosis of NPCs. Indeed, Apaf1-deficient
embryos exhibit marked hyperplasia of the embryonic
ventricular zone where NPCs are confined, this resulting in
an evident exencephaly (see Figure 3). The NPCs, which
should undergo apoptosis and are devoid of the apoptosome
machinery proliferate generating both protruding forebrain
masses and in some cases, such as in the hindbrain,
differentiating immature neurons. The capability of Apaf1-
deficient cells to proliferate seems to be guaranteed by an
autophagy-dependent mechanism, that has been demon-
strated to be based on the selective survival of a few intact
mitochondria, which (a) retain cytochrome c, (b) will be spared
from autophagosome degradation and (c) could sustain ATP
generation by oxidative phosphorylation.57 The result of
Apaf1 deficiency in the developing nervous system is thus
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Figure 2 Autophagosome formation and apoptosome-mediated cell death in neurodevelopment. (a) Autophagosome nucleation is driven by phosphatidylinositol (PI)
phosphorylation. This process is mediated by a lipid kinase signaling complex (Beclin 1, Vps15, Vps34). Ambra1 favors Vps34/Beclin 1 interaction, whereas ATG1/Ulk1 is
dowsntream of mTOR (see text) and is involved in autophagy induction. UVRAG and Bif-1 have been described as additional Beclin 1 complex regulators. Beclin 1
proautophagic roles are inhibited by its binding to Bcl2 and/or Bcl-XL, which act in the crosstalk between autophagy and apoptosis. (b) Bcl2-like pro-apoptotic and antiapoptotic
proteins regulate cytochrome c release from mitochondria. Cytosolic cytochrome c binds Apaf1 and induces the recruitment of the initiator caspase 9 (Casp9) on the active
apoptosome (see text). The active apoptosome, in turn, activates caspase 3 (Casp3), which mediates cell destruction. The relative roles of the two pathways in
neurodevelopment are indicated. Notably, they are both required for neural tube closure
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the inhibition of proper morphogenesis of the neural tube,
which often leads to the generation of SB and exencephaly,
the most common NTDs.32

The proapoptotic member of Bcl2 family, Bax, also
regulates neural apoptosis during CNS development
(Figure 2).22,23 Bax is highly expressed in both the embryonic
and the adult nervous system and Bax mutant mice show
reduced apoptosis of target-derived, neurotrophic factor-
dependent neuronal subpopulations such as spinal cord
motor neurons and sympathetic neurons in the peripheral
nervous system. In contrast to Apaf1 and caspase knockouts,
Bax�/� mice do not show embryonic lethality or any evident
neuronal overgrowth, as Bax regulates the neuronal apopto-
sis affecting only the postmitotic neurons, which are develop-
ing their synaptic connections. It has been also observed at
early developmental stages that Bax deficiency leads to an
increased number of immature postmitotic neurons confined
to the intermediate and marginal zones.22,23 Thus, Bax

modulates the neural apoptosis, which involve the young
neurons rather than their undifferentiated precursor cells.

Mouse Models of Reduced Autophagy in
Neurodevelopment

Autophagy is a self-degradative process involved both in
basal turnover of cellular components and in response to
nutrient starvation or organelle damage in a wide range of
eukaryotes.58 During autophagy, portions of the cytoplasm
are sequestered by double-membraned vesicles called
autophagosomes, and are degraded after fusion with lyso-
somes for subsequent recycling.59 Autophagy can be divided
into three stages: initiation, execution and maturation.60

Autophagy initiation is mainly controlled by the Beclin 1-class
III phosphatidylinositol 3-kinase (PI3K)/Vps34 complex,61

whose activity could be positively or negatively regulated by
the interaction with different cofactors such as Ambra1,
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Figure 3 Comparison of the neurodevelopmental knockout phenotypes of a proapoptotic gene (Apaf1) versus a proautophagic gene (Ambra1). The upper panels (a, b
and c) show the head of an E12.0 mouse embryos from both homozygous genotypes and compared with the wild type. The embryos were microtome-sectioned through a
transverse plan and the section fixed and haematoxylin/eosin stained (middle panels, d, e and f). Finally, cell death by apoptosis on adjacent sections was detected in
the rostral spinal cord by the TUNEL method (g, h and i). The arrows point to a few autofluorescent blood red cells (unspecific signal). Autophagy inactivation leads to
excessive apoptosis, at variance with apoptosome deficiency. However, the phenotypes of both knockout embryos are strikingly similar and result in dramatic NTDs
(see arrows in b and c)
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UVRAG, Bif-1 and Bcl2 (see Figure 2).38,62–64 Autophagy
initiation is stimulated by many different intracellular or
extracellular stress stimuli.65 The classical autophagy inducer
is represented by amino-acid deprivation, which leads to
inhibition of mTOR, a protein kinase central to nutrient-
sensing signal transduction, regulation of translation and cell
cycle progression control.66 Autophagy can also be induced
by an mTOR-independent route by lowering myo-inositol-
1,4,5-triphosphate (IP3) levels.67 Autophagy execution
involves autophagosomal vescicle formation and is mediated
by two covalent-conjugation pathways: the covalent linkage of
ATG5 and ATG12, and the covalent lipidation of ATG8/LC3
by phosphatidylethanolamine.68 These post-translational
modifications allow, in both cases, the translocation of these
proteins to the nascent autophagosomal membrane. Finally,
during the maturation step, autophagosomes fuse with
endosomal vesicles and acquire lysosome-associated
membrane protein 1 (Lamp1) and Lamp2, becoming amphi-
somes, which, in turn, fuse with lysosomes that contain
cathepsins and acid phosphatases necessary for protein
degradation.69

In vertebrates, autophagy acts as a prosurvival or prodeath
mechanism in many physiological and pathological condi-
tions.70 A lot of evidence underlines the vital role that
autophagy plays in the function of the nervous system.71

Morphological features of autophagy have been detected both
during neural development and, in adult brain, in various
neurodegenerative diseases.72 More recently, genetic inacti-
vation in the mouse model of genes involved in autophagy
have formally demonstrated their importance in the nervous
system (see Table 1)47.

A fundamental role of Beclin 1 during embryogenesis is
demonstrated by the fact that Beclin 1-deficient mice die very
early during development.36,73 Premature death of Beclin 1
mutant mice did not make it possible to assess the specific
role of Beclin 1 during neurogenesis. However, recent in vitro
studies indicate that Beclin 1 is required for retinoic acid-
induced differentiation of neuroblastoma N2a cells.40 A
definitive demonstration of the role of the autophagy-regulat-
ing genes during neural development is due to the identifica-
tion of Ambra1 (activating molecule in Beclin 1-regulated
autophagy), a WD40 containing protein, which interacts with
Beclin 1 and positively regulates its ability to stimulate VPS34
kinase activity (Figure 2).38

At early stages during development, Ambra1 expression is
restricted to the nervous system. At embryonic day (E)8.5,
strong staining was detected throughout the neuroepithelium.
At E11.5, a robust expression was observed in the ventral-
most part of the spinal cord, the encephalic vesicles, the
neural retina, the limbs and the dorsal root ganglia. At later
developmental stages, the expression became abundant
throughout the developing nervous system as well as in other
tissues. The main phenotype of the Ambra1 loss-of-function
homozygous embryos is an apparent overgrowth of the
nervous system, culminating in an accentuated mid-hindbrain
exencephaly often associated with SB (see Figure 3).
Importantly, basal autophagy appears to be reduced in
Ambra1 mutant embryos. This was assessed either by
localization of GFP-LC3-positive dots within neuroepithelial
cells or LC3 cleavage to form II. Moreover, impairment of

autophagy was corroborated by the presence in the same
cells of a strong ubiquitin staining in the mutant Ambra1
embryos, a hallmark of defective basal autophagy in vivo.
Ambra1 mutant mice also showed an increased prolifera-

tion at E8.5, followed by excessive apoptosis from E9.0
onwards. In vitro experiments support the view that autophagy
inhibition is directly linked to uncontrolled proliferation.38

Indeed, modulation of Ambra1 expression by means of
overexpression or RNA interference leads to altered rates of
cell proliferation in a Beclin 1-dependent manner. These
results are in line with the well established role of other
components of the class III PI3K complex, such as Beclin 1,
UVRAG and Bif-1, in the regulation of proliferation and tumor
growth.38,62,64,73 Taken together, these data suggest that
autophagy initiation is devoted to the control of both
autophagosome formation and cell proliferation. Whether
and how these two processes are mechanistically linked, or
are independently regulated by these proteins, is an important
issue that remains to be elucidated.

The protein serine/threonine kinases ATG1 (also called
unc-51.1 or ULK1), a protein whose role in autophagy
initiation has been well established in yeast,41 has been
reported as one of the earliest genes in neuronal differentia-
tion and is required for granule cell axon formation.42 The
protein is localized to both axonal shafts and growth cones of
extending axons and is essential for neurite extension/parallel
fiber formation in cerebellar granule neurons, in vitro. It has
not yet been proved whether detective autophagy is respon-
sible for the observed defects.

Mice deficient for ATG5 specifically in neural cells develop
progressive deficits in motor function and die a few months
after birth.35 In ATG5�/� neurons, autophagy inhibition leads
to an abnormal accumulation of ubiquitinated proteins, which
accumulate and over time form aggregates and inclusions.
Although no major morphological defects were reported
during neural development, an increase in ubiquitinated
proteins was detected during embryogenesis starting from
E15.5. Thus, basal autophagy is important for preventing the
accumulation of abnormal proteins during nervous system
development, which can disrupt neural function and ultimately
lead to neurodegeneration in adults.

Lamp-1/Lamp-2 double-deficient mouse embryos die in
utero at stage E16.5, exhibiting predominantly craniofacial
abnormalities.39 Besides cartilage and epithelial malforma-
tion, this phenotype includes the foreshortening of the
forebrain. Although lysosome impairment alongside auto-
phagy maturation could account for the observed defects, the
abnormal presence of cytoplasmic autophagic vacuoles in the
neuroepithelium of double knockout mice suggests that
autophagy inhibition could be a consequence of Lamp-1/
Lamp-2 inactivation.

Taken together, these data indicate that, at variance with
the Ambra1 mutant, most autophagy-related phenotypes in
the CNS include morphological defects associated with the
late steps of the nervous system development, that is, axonal
growth impairment or abnormalities of differentiating neurons,
rather than common NTDs. This evidence parallels the data
regarding apoptosis gene targeting, which showed that NTDs
mainly result from functional alteration of molecules involved
in the control of NPC survival.
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Conclusions

An important conclusion could be drawn by direct comparison
of two of the above-described phenotypes. As evident from
Figure 3, the NTD phenotypes exhibited from Apaf1 (a
proapoptotic factor) and Ambra1 (a proautophagic factor)
gene trap mutant embryos are quite similar. However, a
striking difference is visible when detecting apoptosis by the
TUNEL method, with Apaf1 mutant sections being negative
and Ambra1 mutant sections being strongly positive. In both
cases, the consequence of the phenotype is a hyperplasic
neural tube, generated by excessive cell proliferation. In the
autophagic mutants, NPC proliferation is directly accelerated
and cell death attempts inefficiently to compensate for the
increase in cell number. In the apoptotic mutants, NPCs
selection does not occur properly, leading to the accumulation
of supernumerary precursors that continue to grow without
control. Therefore, in the developing nervous system, specific
regulators of apoptosis or autophagy are involved in cell
growth control of NPCs in a direct or indirect manner and their
inactivation results, in the end, to the lack of neural tube
closure (Figure 2). Understanding the precise roles of
autophagy and apoptosis and unraveling their complex
interplay in neurodevelopment could make it possible to
hypothesize their pharmacological modulation in vivo. This
might have an important role in the prevention and treatment
of human NTDs.
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