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ABSTRACT 
Timing is essential to morphogenesis of the embryonic and fetal 
nervous system and intricately associated with onset of expression of 
developmental genes. Mitotic cell cycles are timed. Teratogenic toxins 
and other adverse influences are teratogenic in the context of timing 
by interfering with developmental processes. Each of the 3 axes of 
the neural tube is associated with two opposing genetic gradients. 
Many neural malformations can be analyzed pathologically as 
interference with genetic gradients of one or more of the axes, even 
if the specific genetic mutation is not yet identified. Examples of 
cerebral malformations closely associated with defective timing are 
agenesis of forebrain commissures (anterior and hippocampal 
commissures form 3 weeks before corpus callosum), neuronogenesis 
and gliogenesis in disorders of the mTOR signaling pathway (time of 
expression of postmitotic somatic mutation in relation to the 33 mitotic 
cycles of neuroepithelium determines extent of lesion of focal cortical 
dysplasia II or hemimegalencephaly), prosencephalic cleavage and 
eversion (holoprosencephaly; telencephalic flexure for Sylvian 
fissure), neuromeric disorders of segmentation of the neural tube 
(deletion of neuromeres; Chiari I), maturation of individual neurons, 
synaptogenesis (precocious synaptic circuitry in holoprosencephaly; 
delayed synapse formation in many genetic/metabolic 
encephalopathies), myelination (delay in many congenital 
encephalopathies) and neural crest migrations including craniofacial 
development (facial dysmorphisms in many genetic syndromes and 
hypertelorism in some cases of callosal agenesis). Timing of relation of 
genes in cascade or inhibitory genes acting on others is a key element 
of normal and abnormal morphogenesis. 
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Introduction 
Timing is the essence of embryonic and fetal 
morphogenesis, above all in the nervous system. The 
moment of onset of expression of an essential 
developmental gene and sometimes its effect on a 
cascade of downstream genes, including inhibitory 
effects at times, affects development in a unique 
manner. Not only spontaneous genetic mutations but 
induced effects on genetic expression from fetal 
exposure to exogenous toxins, drugs including 
alcohol, radiation and other adverse influences 
explains teratogenesis and resulting cerebral 
malformations related to timing of physiological 
morphogenesis. Effects on the nervous system, 
whether intrinsic or extrinsic, also can affect extra-
neural development through abnormal neural crest 
formation or migration. An example of the latter is 
craniofacial development and an embryological 
explanation of the pathogenesis of facial 
dysmorphisms. Timing is primordial in evolution: 
circadian clocks are self-sustained biological 
oscillators that are found even in the most primitive 
prokaryotic and eukaryotic organisms 1. They are 
used in more evolved life forms for many types of 
temporal oscillating circuits in the brain ranging 
from central cardiac and respiratory control to 
periodic “pacemaker” thalamocortical discharges in 
the fetus to sleep cycles to menstrual periods. Timed 
circadian rhythms are molecular clocks composed of 
transcriptional-translational feedback loops 2-4. 
Such clocks may be entrained by photoreceptors 4 
or by isoforms of transcription factors such as 
CDC20 that inhibit the anaphase of mitosis to induce 
prolonged cell cycle arrest 5. Acceleration of mitotic 
cell cycles in the brain may lead to neoplasia 
whereas extending or arresting cell cycles may 
result in neural fewer cells generated and 
hypoplasia of cerebral structures. 
The following examples in this review are offered 
to highlight the importance of timing in neural 
development, to explain many cerebral 
malformations and to provide correlation between 
genetic expression and morphogenesis. 
 
Timing in neural tube formation 
Each of the 3 axes of the neural tube is associated 
with two opposing genetic gradients. The 
longitudinal axis has rostro-caudal and caudo-
rostral gradients; the vertical axis has dorso-ventral 
and ventro-dorsal gradients; the horizontal axis has 
medio-lateral and latero-medial gradients. These 
genetic gradients led to the fundamental 
morphological form of all animals exhibiting 
bilateral symmetry, as a rostral or head end and 
tail or caudal end, dorsal and ventral surfaces and 
axial and lateral body structures including 
extremities. Early gene regulatory programmes 

explain larval to adult metamorphoses in simple 
animals such as flatworms (planaria) and 
segmented worms (annelids) 6,7. The same genetic 
and timing principles that apply to the body as a 
whole apply also to the nervous system. 
 
Many neural malformations can be analyzed 
pathologically as interference with genetic 
gradients of one or more of the axes, even if the 
specific genetic mutation is not identified. 
Holoprosencephaly is a prototype malformations 
that exhibits disturbance in all three axes of the 
neural tube: in the longitudinal axis, the rostro-
caudal gradient of genetic expression is defective 
so that forebrain, diencephalic and midbrain 
structures are more dysplastic than hindbrain and 
spinal cord; the dorso-ventral gradient explains 
why the dorsal tectum of the midbrain (collicular 
plate) may be a continuous dome-shaped midline 
uncleaved structure and the cerebral aqueduct is 
atretic but the ventrally located cerebral peduncles 
are distinct and paired as normal; the mediolateral 
gradient presents non-cleavage of the 
prosencephalon and more severely dysplastic 
cortex in the medial than in the more lateral aspects 
of the forebrain 8-11. These genetic gradients of the 
3 axes are precisely timed and coordinated with 
each other. 
Rhombencephalosynapsis of the cerebellum 
appears as agenesis of the vermis and more 
dysplastic cerebellar cortex in medial than in 
lateral aspects of the cerebellar hemispheres, 
whereas in ponto-cerebellar hypoplasias the 
latero-medial gradient is affected so that the 
vermis may be almost normal, paravermal 
cerebellar cortex is mildly dysplastic and lateral 
cerebellar cortex is severely dysplastic 11.  
 
Timing of neural crest 
 
Progenitor neural crest cells form at the lateral 
margins of the neural placode before the latter 
bends to create the neural tube. These cells are 
carried to the dorsal surface by neural fold bending 
where they meet in the dorsal midline as the neural 
tube closes and almost immediately begin to 
migrate peripherally to form not only neural tissues 
such as autonomic ganglion cells and Schwann cells, 
but also many other non-neural cells and tissues, 
including melanocytes, adipocytes and the Purkinje 
conduction system of the cardiac septum. 
Differentiation of neural crest cells occurs only after 
their migration is completed and they are in their 
mature sites in the body. This cellular maturation is 
precisely timed in coordination with differentiation 
of the surrounding tissues, whether visceral organs, 
heart, gastrointestinal tract or skin.   
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Prosencephalic and especially mesencephalic 
neural crest tissue forms most of the craniofacial 
structures, including the cartilages and membranous 
bones of the face (but not endochondral bone of the 
cranial base), orbits and most of the cranial vault 
(except occipital bones), connective tissues, most of 
the globe of the eye (except retina, choroid and 
iris), peripheral nerve sheaths, dura mater and 
leptomeninges. Facial dysmorphisms in various 
genetic syndromes and chromosomopathies are the 
result of faulty timing of neural crest migration. 
 
Timing in mitotic cycles and disorders of the 
mTOR signaling pathway 
 
The mammalian target of rapamycin (mTOR) is a 
cascade of genetic pathways essential to cellular 
lineage, differentiation and maturation 12,13. It 
begins by regulating microtubules, which form the 
fibres of the mitotic spindle and subsequently the 
growth and morphogenesis of the differentiating 
cell, neural cells (neurons and glial cells) in 
particular. In the central nervous system, the best 
documented examples of disorders of the mTOR 
pathway are tuberous sclerosis complex (TSC), 
hemimegalencephaly (HME) and focal cortical 
dysplasia type II (FCD II). In each of these post-
zygotic somatic mutations involve some, but not all, 
progenitor cells so that some clones of cells are 
normal and others are megalocytic, dysplastic 
neurons and glial cells with altered or deficient 
functions such as synaptogenesis. 
 
Timing is the determinant factor distinguishing FCD 
II and HME, which are really the same disease 
neuropathologically and genetically 12-14. In the 
human, approximately 33 mitotic cycles of the 
periventricular neuroepithelium are needed to 
produce all neurons of the cerebral cortex and 
subcortical telencephalic nuclei, because of 
exponential logarithmic increase in numbers of 
neurons with each mitotic cycle 15. Rodents require 
only 10-11 mitotic cycles for their simpler cortex 
with fewer neurons and no convolutions. If the post-
zygotic somatic mutation is initiated in a late stage 
of the 33 cycles (e.g cycle 31), a small dysplastic 
cortical lesion is created by the migratory 
neuroblasts that might involve only a single gyrus in 
the mature brain as FCD II. An earlier cycle (e.g. 
cycle 22) produces a more extensive lesion 
involving several adjacent gyri. An even earlier 
cycle (e.g. cycle 14) causes involvement of the entire 
cerebral hemisphere as HME and the earliest lesions 
(e.g. cycle 5) may involve the whole neuroepithelium 
on one side that extends caudally to cause 
hemihypertrophy of a lateral half of the brainstem 
and cerebellum as well, known as total HME. It is 

timing of the expression of the somatic mutation, 
therefore, that determines the extent of the 
dysplastic lesion in mTOR disorders. TSC is more 
complex genetically than HME/FCD II because it 
involves germline mutations of the TSC1 or TSC2 
gene in addition to the post-zygotic somatic 
mutations 16. 
 
One factor that is critical to the termination of 
mitotic cycles is the differentiation of an ependyma 
at the ventricular surface. The ventricles initially are 
bordered by neuroepithelium with most of the 
mitotic activity at the margin of the ventricle. 
Ependyma differentiates in a precise time-linked 
sequence, first as a pseudostratified epithelium and 
only later as a simple cuboidal epithelium. The 
lateral ventricles do not complete their ependymal 
lining until 22 weeks gestation 17. After the 
ependyma forms in a region of the ventricles, 
neuroepithelial cells are post-mitotic pre-migratory 
neuroblasts or glioblasts. After 16 weeks few new 
neuroblasts differentiate; the great majority of cells 
are of glial lineage. 
 
Prosencephalic cleavage and eversion 
 
At 4-5 weeks post-conceptional age, the single 
midline prosencephalon of the forebrain at the 
rostral end of the neural tube undergoes sagittal 
cleavage by formation of the interhemispheric 
fissure, to create paired telencephalic hemispheres. 
In mammals including humans the dorsal part of the 
forebrain then grows medially to form telencephalic 
hemispheres enclosing lateral ventricles within the 
brain, called inversion of the hemispheres. In 
teleostean (bony) fishes, however, the dorsal part 
grows laterally rather than medially as eversion of 
the hemispheres; rather than a lateral ventricle 
surrounded by the forebrain, the ventricular 
equivalent is at the surface of the cerebral 
hemispheres with cerebrospinal fluid in the space 
between the surface ependyma and the cerebral 
tissue beneath 18. 
 
The prototype human cerebral malformation that is 
a disorder of prosencephalic cleavage and 
inversion is alobar and semilobar holoprosencephaly 
19,20, associated with many other dysgeneses of the 
brain and a similar phenotype with a variable 
genotype of at least 14 different mutations, some 
associated with trisomy-13. Timing is a key factor in 
the pathogenesis of this severe developmental 
disorder of the brain. An insult or initial expression 
of a mutation that occurs at the precise time of 
cleavage impairs this process. Holoprosencephaly 
also is a good example of a disorder involving all 
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3 axes of the neural tube with defective genetic 
gradients in each 9. 
 
Timing in neuromeric segmentation of the neural 
tube 
 
After closure of the posterior and anterior 
neuropores of the neural tube, the tube becomes 
segmented with segmental compartments called 
neuromeres 21-30. More specific neuroembryological 
terminology are rhombomeres of the hindbrain 
(future brainstem), mesomeres of the midbrain and 
prosomeres of the forebrain (future diencephalon 
and telecephalon). The future spinal cord was 
traditionally thought to be non-segmented and the 
paired nerve roots and associated blood vessels 
appearing segmented because of segmentation of 
the underlying somites that periodically grouped 
emerging roots, though it also has been long known 
that the parasympathetic nerves emerge from the 
cervical and sacral portions and sympathetic chain 
ganglia are from the thoraco-lumbar portions of the 
spinal cord. It is only recently recognized that the 
spinal cord also is a true segmented structure with 
different genes expressed in some segments and 
not in others 8,25-30. Similarly, the original 1910 
concept of Herrick that the prosomeres were merely 
a rostral continuation of the hindbrain rhombomeres 
31, which he reiterated in 1948 32 was challenged 
by Rubenstein 33, Puelles et al. 34-36, and by Carstens 
and Sarnat 30 so that concepts of forebrain 
development have undergone major revision. 
Anatomical demarcation of various future structures 
of the embryonic and early fetal forebrain is 
indicated by the course of radial glial fibres 37. 
Timing is a major factor in understanding neural 
tube segmentation at all levels. 
 
The hindbrain was the initial part of the brain 
studied with molecular genetic correlations 26-31. The 
most important developmental gene families 
involved in rhombencephalic segmentation are the 
homeobox (HOX), engrailed (EN1, EN2), paired 
homeobox (PAX), wingless (WNT) genes. One of the 
purposes of segmentation is to limit the longitudinal 
migration of neurons so that brainstem nuclei 
composed of neurons of similar type can form. The 
barriers between compartments or rhombomeres 
involve a transverse glial membrane, web of 
neurofilament-containing cellular processes and 
decreased mitoses at levels between rhombomeres, 
but the barrier to cellular migration is more chemical 
than physical. The precise localization of 
rhombomeric genetic expressions and their timing 
was established before other parts of the neural 
tube were so defined. Disorders of time-linked 
segmentation of the hindbrain or other parts of the 

neural tube and can result in deletions of entire 
neuromeres 38-43. 
 
Timing in the midline crossing of commissural 
axons 
 
Agenesis of the corpus callosum is the most frequent 
cerebral malformation of liveborn infants. The most 
frequent dysgenesis of all is anencephaly, but 
involved embryos and fetuses rarely survive 
prenatally or live only a few seconds or minutes 
after delivery if liveborn. The three major forebrain 
commissures are the corpus callosum, anterior 
commissure and hippocampal commissure or 
psalterium. The diagnosis of callosal agenesis may 
be made prenatally by ultrasound or by fetal MRI 
after 18 weeks gestation. The neurons or origin of 
the axons of the corpus callosum are the small 
pyramidal neurons of layer 3 of the cerebral 
cortex, though they are preceded by transitory 
pioneer axons from the subplate zone 44. Layer 3 
neurons are well preserved in number and 
morphology without degenerative changes or 
apoptosis in agenesis of the corpus callosum and 
their axons that cannot cross the midline are 
diverted to aberrant pathways, such as the bundle 
of Probst which is large posterior growing fascicle 
on the mediolateral aspect of both cerebral 
hemisphere that displaces laterally and straightens 
the shape of the lateral ventricle. Less frequent 
aberrant projections of callosal axons enter the 
posterior limb of the internal capsule to accompany 
the corticospinal and corticobulbar tracts, and 
aberrant crossings of individual axons at other sites 
of the telencephalic hemispheres that are below the 
resolution of current imaging techniques 44. Agenesis 
of the corpus callosum may occur as an isolated 
cerebral dysgenesis or may be part of a more 
complex malformation, chromosomopathy or 
genetic syndrome. Commissures interconnect 
homologous structures on the two sides of the 
neuraxis, whereas in decussations axons also 
traverse the midline but the origin and destination 
of these fibres are different and usually at a 
different level in the longitudinal axis of the neural 
tube. 
 
In normal cerebral morphogenesis, the first pioneer 
axons of the corpus callosum cross the midline at 
about 10 weeks gestation, but the anterior 
commissure and hippocampal commissure form 
earlier at 7 weeks; the corpus callosum achieves its 
mature morphology of its various parts by 115 
days 45-47. It is useful, therefore, when viewing the 
MRI of infants or children with agenesis of the corpus 
callosum to specifically look also for the anterior 
commissure; coronal views demonstrated both 
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structures well in the same plane. If the corpus 
callosum is absent and the anterior commissure 
present (sometimes hypertrophic because it also 
contains some aberrant callosal axons), one may 
infer that the onset of genetic expression or the 
epigenetic teratogenic influence occurred between 
7 and 10 weeks gestation. If both the corpus 
callosum and the anterior commissure are absent, 
the pathogenetic insult occurred before 7 weeks 
gestation 11,44. In partial agenesis of the corpus 
callosum, further refinement of timing can sometimes 
be made because normal axonal passage begins in 
the splenium, earlier than in the genu or rostrum. 
 
The pathogenesis of agenesis of the corpus callosum 
and anterior commissure also is time-linked. Callosal 
axons pass through the dorsal part of the lamina 
terminalis, a transitory embryonic and early fetal 
structure that forms the rostral wall of the 3rd 
ventricle and demarcates the telencephalon from 
diencephalon; anterior commissural axons pass 
through a somewhat more ventral position in the 
middle of the lamina terminalis 48. A primitive glial 
wall exists at the lamina terminalis that must 
undergo physiological apoptosis to form a bridge 
for commissural axons to cross the midline. This 
bridge forms 1-2 days before the first axons 
traverse. If there is a genetic mutation that does not 
enable this critical focal apoptosis, callosal axons 
meet a “brick wall” rather than a bridge at the 
midline and are prevented from crossing 48,49. 
 
Timing in maturation of individual neurons 
 
Nervous system development is usually thought of 
as tissue architecture or morphogenesis. However, 
the maturation of individual neurons also must be 
considered as precisely timed simultaneous events 
that must be temporally coordinated for proper 
neuronal function 50-53. Neuronal maturation from a 
neuroblast involves much more than assuming the 
mature morphology of the type of neuron. Initial 
axonal sprouting precedes the initial growth of 
dendrites; intermediate filaments to stiffen and 
preserve the shapes of neurites must form. Some 
filaments are immature and transitory (e.g. nestin; 
vimentin) before being co-expressed and 
eventually replaced by mature filaments (e.g. 
neurofilaments). The proteins to form microfilaments 
must first be synthesized before these molecules can 
be assembled as filaments. Axonal trajectories to 
nearby or distant synaptic sites are largely guided 
by extracellular molecules, most of which are 
secreted by glial cells, for example keratan sulfate 
which also insulates axonal fascicles and keeps them 
“pure” with axons of the same origin using the same 
transmitter and contacting target neurons at a 

similar destination, rather than a mixture of axons 
of different types 54. Some types of neurons never 
develop axons and form dendro-dendritic 
synapses; the highest density of these unique 
neurons is in the thalamus and the olfactory bulb. 
Some neurons never develop any neurites, either 
axons or dendrites, and secrete transmitter 
chemicals into the bloodstream, for example 
chromaffin cells of the adrenal medulla and carotid 
body. 
 
Many aspects of neuronal maturation are not so 
easily observed microscopically. The development 
of polarity of the plasma membrane and 
maintenance of a resting membrane potential 
requires a preceding energy supply system: 
Na+/K+ adenosine triphosphatase (ATPase) pump 
and mitochondrial proliferation for energy and to 
enable biosynthesis of a chemical substance that 
serves as a neurotransmitter. Other cellular 
organelles also must form to fabricate the 
neurotransmitter and transport it by axoplasmic 
flow. Plasma membranes must form ion channels 
and receptors of transmitters. All closely integrated 
cellular processes of neuronal maturation are 
precisely timed and genetically programmed, as 
are the morphology of specific neuronal types and 
the type of transmitters they synthesize. The 
expression of neuronal proteins also is precisely 
timed, some appearing late as the neuron is nearly 
mature (e.g. neuronal nuclear antigen or NeuN) and 
others appearing much sooner as the neuroblast 
differentiates from the primitive neuroepithelial cell 
(e.g. microtubule-associated proteins; calretinin; 
parvalbumin) 53,54. Genetic disorders of the mTOR 
pathway are good examples of cellular dysplasia 
of both neurons and glial cells 11-13.  
 
Timing of Synaptogenesis 
 
Synaptogenesis is a late step in neuronal maturation 
that enable the formation of local synaptic circuits 
and more widespread networks, without which the 
nervous system could not function. Synapse 
formation requires an important glial component as 
well, including for uptake of excessive transmitter 
secreted into synaptic clefts 55,56. In every part of 
the immature brain there is a precise and constant 
timing of appearance of synapses which can be 
demonstrated in sections of fetal brain by 
immunoreactivity to substances that form synaptic 
vesicles, regardless of the neurotransmitter 
contained within, and are constant patterns at any 
given gestational age 57-61. In some metabolic 
encephalopathies of prenatal life synaptogenesis 
may be delayed. In other conditions, such as 
holoprosencephaly, there may be precocious 
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synaptic formation in the cortex and retina, out of 
synchrony with other cellular maturational processes 
and conducive to early epileptic circuitry expressed 
as seizures in the early postnatal period 62,63.  
 
Timing of myelination 
 
Another late step in maturation is myelination of 
axons, which also is precisely timed and predictable 
in all white matter tracts of the central nervous 
system 64-68. Apart from oligodendrocytes, 
microglia also are important regulators of myelin 
growth and an integral part of timing of 
myelination 68,69. Some pathways, such as many 
intrinsic projections within the brainstem, myelinate 
within a couple of weeks during fetal life. Long 
tracts and commissures often require months or 
years to complete their myelination cycles. The 
corpus callosum shows initial myelination of axons at 
about 2 months postnatally by histological stains of 
tissue sections and at 3-4 months by MRI detection; 
it does not complete myelination until late 
adolescence. The corticospinal tract begins 
myelination during the late 3rd trimester of gestation 
and is not complete until 2 years of age. The last 
fascicle to myelinate in the human brain is the 
ipsilateral frontotemporal association bundle, at 
age 32 years 64. The subcortical U-fibres have a 
different anatomy and function from deep white 
matter and generally myelinate later than deep 
white matter axons 70. In many malformations and 
congenital metabolic encephalopathies, myelination 
is delayed and the sequence may be altered. In 

some brainstem structures, such as the 
nucleus/tractus solitarius, delayed synaptogenesis 
and myelination may be expressed clinically as 
central hypoventilation with neonatal apnoea or 
respiratory insufficiency 71. 
 
Conclusions 
 
Gradients of genetic expression along the 3 axes 
of the neural tube can explain many malformations 
of the brain even if the precise genetic mutation is 
unknown. The timing of onset of genetic expression 
or of exposure to a teratogenic toxin during 
embryonic and fetal development is a major 
determinant factor in the type, location and extent 
of a dysgenesis of the brain. Mitotic cellular cycles 
also are timed. Timing and morphogenesis are 
therefore intimately linked. 
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