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NEUROANATOMY ASSIGNMENT ON THE DEVELOPMENTAL GENETICS OF THE CEREBELLUM AND THE GENETIC BASIS OF KNOWN CEREBELLAR DISORDERS. 
Abstract

Widespread use of noninvasive brain imaging techniques, in particular magnetic resonance imaging, has led to increased recognition of genetic disorders of cortical development in recent years. The causative genes for many of these disorders have been identified through a combination of detailed clinical and radiological analyses and molecular genetic approaches. These disease genes have been found to affect different steps of cortical development, including proliferation of neuronal progenitor cells, neuronal migration, and maintaining integrity of the pial surface. In many cases, syndromes with similar clinical phenotypes are caused by genes with related biochemical functions. In this article, we review the recent advances in molecular genetic studies of the disorders of cortical development. The identification and functional studies of the genes associated with these developmental disorders will likely lead to improvement in diagnosis and facilitate our understanding of the mechanisms of cortical development.

The large cerebral cortex that executes complex cognitive functions is a striking feature that distinguishes the human brain from that of other mammals. However, even now, relatively little is known about the genetic mechanisms that control the development of the human cerebral cortex. In recent years, molecular genetic studies of malformations of the human cerebral cortex have shed light on the genetic control of cerebral cortical development. Table 1 lists genes that are associated with malformations of the human cerebral cortex. These disorders are also clinically important because they are individually rare but collectively account for a number of cases of epilepsy, mental retardation, and other cognitive disorders.

Normal development of the human cerebral cortex
Gray H. Anatomy of the human body. (1918) Philadelphia: Lea & Febiger.
"The cerebellum is developed in the roof of the anterior part of the hind-brain (Figs. 649 to 654). The alar laminæ of this region become thickened to form two lateral plates which soon fuse in the middle line and produce a thick lamina which roofs in the upper part of the cavity of the hind-brain vesicle; this constitutes the rudiment of the cerebellum, the outer surface of which is originally smooth and convex. The fissures of the cerebellum appear first in the vermis and floccular region, and traces of them are found during the third month; the fissures on the cerebellar hemispheres do not appear until the fifth month. The primitive fissures are not developed in the order of their relative size in the adult—thus the horizontal sulcus in the fifth month is merely a shallow groove. The best marked of the early fissures are: (a) the fissura prima between the developing culmen and declive, and (b) the fissura secunda between the future pyramid and uvula. The flocculus and nodule are developed from the rhombic lip, and are therefore recognizable as separate portions before any of the other cerebellar lobules. The groove produced by the bending over of the rhombic lip is here known as the floccular fissure; when the two lateral walls fuse, the right and left floccular fissures join in the middle line and their central part becomes the post-nodular fissure."
The neurons of the cerebral cortex are produced in the ventricular zone, which is a specialized proliferative region surrounding the ventricles. Then the postmitotic neurons leave the ventricular zone to migrate a considerable distance toward the surface to form the cerebral cortex. This migration takes place on a scaffold of specialized glial cells, called radial glia, though a mode of neuronal migration not dependent on radial glia is also known.17 Once the neurons reach the cerebral cortex, newly arrived neurons have to pass the older neurons to form a normal 6-layered cortex. Therefore, the upper layers of the cerebral cortex are made up of later-born neurons, creating an "inside-out" pattern of cortical layering. Migration of neurons into the cerebral cortex appears to peak between the 11th and 15th week of gestation in humans.18 It is not entirely clear when neuronal migration is finally completed, but the majority of the neurons appear to reach the cortex by the 24th week of gestation.19 Genetic defects affecting these different steps of development lead to distinct disorders, which are discussed herein.

Development Overview
Neuralation begins at the trilaminar embryo with formation of the notochord and somites, both of which underly the ectoderm and do not contribute to the nervous system, but are involved with patterning its initial formation. The central portion of the ectoderm then forms the neural plate that folds to form the neural tube, that will eventually form the entire central nervous system.
Early developmental sequence: Epiblast - Ectoderm - Neural Plate - Neural groove and Neural Crest - Neural Tube and Neural Crest. 
Neural Tube — Primary Vesicles — Secondary Vesicles — Adult Structures
The following text description is from a study of 20 human embryos and fetuses between 6 weeks to 16 weeks from the Madrid Collection.
6 weeks (CRL 12–16 mm) - anlage of the cerebellum was first identified as a pair of thickenings on the lateral site of the alar plate that faced the fourth ventricle.
7-9 weeks (CRL 28 mm) - rhombic lip (a pair of thickenings of the alar plate) protruded dorsally, bent laterally, extended ventrolaterally and fused with the medially located midbrain. During that process, the primitive choroid plexus appeared to become involved in the cerebellar hemisphere to form a centrally located eosinophilic matrix. At that stage, the inferior olive had already developed in the thick medulla. Thus, the term 'bulbo-pontine extension' may represent an erroneous labeling of a caudal part of the rhombic lip. The cerebellar vermis developed much later than the hemisphere possibly from a midline dark cell cluster near the aqueduct.
11–12 weeks (CRL 70–90 mm) - cerebellar hemisphere became as thick as the mid- brain. In the hemisphere, a laminar configuration became evident but the central eosinophilic matrix remained pres- ent. Fissures of the future vermis appeared in the midline area (Fig. 6): the developing fissures provided island-like structures in horizontal sections. The hemisphere and ver- mis, including the surfaces of the fissures, were covered by the external germinal cell layer.
15–16 weeks (CRL 110–130 mm) - cerebellar hemisphere contained the primitive dentate nucleus. The nodule and flocculus were identified, vermis became as thick as the hemisphere and it accompanied several deep fissures. 
Week 4 -  This  midline section through the upper half of the embryo shows the 3 primary vesicle regions (unlabeled image).
The cerebellum will develop from the hindbrain (rhombencephalon) region, Adjacent to the forth ventricle

Abnormalities
Dandy-Walker Syndrome
Dandy-Walker Syndrome/Malformation (DWS) is a cerebellar hypoplasia and upward rotation of the cerebellar vermis with ventricular enlargement (cystic dilation of the fourth ventricle). Named in 1954 after the earlier identification by Walter Dandy (1914) and Arthur Earl Walker (1942), two USA neurosurgeons.
Joubert Syndrome
Joubert syndrome (Joubert-Boltshauser syndrome, Cerebelloparenchymal disorder 4, Cerebellar vermis agenesis) is a rare disease of the cerebellum. Identified as a ciliopathy, characterized by the absence or underdevelopment of the cerebellar vermis, that controls balance and coordination. There is also malformation of the stem, connecting the brain and spinal cord. A recent super-resolution microscopy study has shown that the syndrome is caused by disruption of the ciliary transition-zone architecture. Ciliopathies are a class of cell abnormalities that can be caused by mutations in components of the cellular transition zone, a domain near the base of the cilium, that controls the protein composition of its membrane.
Symptoms include:
· hypotonia - weak muscle tone
· ataxia - difficulty coordinating movements
· hyperpnea - episodes of fast breathing (improves with age and usually disappears around 6 months of age)
· oculomotor apraxia - difficulty moving the eyes from side to side.
· language and motor skills
· mild to severe intellectual disability
· distinctive facial features - broad forehead, arched eyebrows, droopy eyelids (ptosis), widely spaced eyes, low-set ears, and a triangular-shaped mouth.
Pontocerebellar Hypoplasia
Pontocerebellar Hypoplasia (PCH) are very rare, inherited progressive neurodegenerative disorders with prenatal onset (for recent review see[32]). The major features are: hypoplasia or atrophy of cerebellum and pons, progressive microcephaly, and variable cerebral involvement. There is a further classification of 7 different subtypes (PCH1-7) and there is prenatal testing for the related inherited mutations.
· PCH2, PCH4, PCH5 - Mutations in the 3 tRNA splicing endonuclease subunit genes.
· PCH6 - Mutations in the nuclear encoded mitochondrial arginyl- tRNA synthetase gene.
· PCH1 - Mutations in the tRNA splicing endonuclease, the mitochondrial arginyl- tRNA synthetase and the vaccinia related kinase1.
Medulloblastoma
Medulloblastomas are the most common childhood primary central nervous system tumour. They are thought to arise in the developing cerebellum from the precursors of the granule cell.
Rhombencephalosynapsis
Rhombencephalosynapsis (RES) is a unique cerebellar malformation characterized by fusion of the cerebellar hemispheres with partial or complete absence of a recognizable cerebellar vermis.
· craniofacial features - prominent forehead, flat midface, hypertelorism, ear abnormalities
· somatic malformations - heart, kidney, spine, and limb defects.
Genetic Microcephaly Syndromes

Microcephaly, literally meaning "small head," refers to a condition in which the brain fails to achieve normal growth. Clinically, microcephaly is present when the occipitofrontal circumference is less than −2 SDs below the mean for the person's age and sex, though sometimes a stricter cutoff of −3 SD is used. The causes of microcephaly are diverse.20 Here we limit our discussion to microcephaly syndromes with abnormalities limited to the central nervous system.Microcephaly vera (primary autosomal recessive microcephaly) is characterized by microcephaly at birth, relatively normal early motor milestones, and mental retardation of variable severity. Epilepsy is uncommon. 

The causative gene has recently been identified in 2 of the recessive microcephaly syndromes. The gene for MCPH1, microcephalin, encodes a novel protein of unknown function.1 It contains 3 BRCT (BRCA1 C-terminal) domains. Many proteins containing this domain function in DNA repair, and perhaps microcephalin has a related function. The MCPH5 gene, ASPM, is the homologue of a Drosophila gene, asp (abnormal spindle).2Drosophila Asp localizes to the centrosome during cell division and seems to be important in maintaining the integrity of the centrosomal microtubule organizing center.ASPM functions in mammals have not been studied, but the mouse Aspm gene is highly expressed in the areas of the brain with active neurogenesis, suggesting its role in the proliferation of neuronal progenitor cells.SPM and its homologues contain small (about 20 amino acids) motifs called IQ domains (because they contain conserved isoleucine and glutamine residues), and the number of IQ domains is consistently larger in organisms with larger brain size. This suggests an interesting possibility that this increase in the IQ domains in the ASPM homologues has played a role in the evolutionary expansion of the brain, though other mechanisms might explain this correlation.

Classical Lissencephaly

The word lissencephaly derives from the Greek words lissos, meaning "smooth," and enkephalos, meaning "brain." In classical lissencephaly, normal gyration of the cerebral cortex is absent or severely reduced and the surface of the brain appears smooth. Pathologically, the cortex is greatly thickened and shows 4 layers instead of the normal 6 layers. Patients with classical lissencephaly usually have severe developmental delay, epilepsy, and are often microcephalic. Classical lissencephaly is seen in association with abnormalities of 2 genes: LIS1 on chromosome 17p8 and DCX (doublecortin) on chromosome Xq.9,10 Deletions of the genomic region including LIS1 cause Miller-Dieker syndrome, a syndrome with lissencephaly and unique facial features, whereas small deletions or point mutations in LIS1 cause the "isolated lissencephaly sequence," in which facial features of Miller-Dieker syndrome are absent.24DCX causes lissencephaly in males, which is almost indistinguishable from LIS1 mutations, whereas females with heterozygous DCX mutations have "double cortex" syndrome. In double cortex syndrome, the gyral formation of the brain is essentially normal, but there is a band of heterotopic neurons (also called "subcortical band heterotopia") halfway between the cortical surface and the lateral ventricles. These female patients usually have epilepsy and mild to moderate mental retardation.

Lissencephaly With Cerebellar Hypoplasia

This condition is characterized by an abnormally thick and simplified gyral pattern of the cerebral cortex as well as hypoplasia of the cerebellum. It shows autosomal recessive inheritance, and clinical features include hypotonia, severe developmental delay, seizures, and nystagmus. Mutations in the RELN (reelin) gene have been found in some of these patients.11RELN is the human homologue of a mouse gene, Reln (reelin), which was identified as the causative gene for the "reeler" mutant mouse.Reeler mutants show severe hypoplasia of the cerebellum (leading to a "reeling" gait) and disorganized layering of the cerebral cortex. Reelin protein is secreted by Cajal-Retzius cells, which are early-born neurons of the cerebral cortex. There is evidence that reelin functions in arresting migrating neurons at the proper position, but its exact function is still not completely understood.

X-linked Lissencephaly With Abnormal Genitalia

Most recently, yet another lissencephaly syndrome has come into focus. X-linked lissencephaly with abnormal genitalia is associated with agenesis of the corpus callosum and ambiguous or underdeveloped genitalia. Recently, mutations in the Aristaless-related homeobox transcription factor gene, ARX, have been found in these patients.12 Studies in mice suggest that this gene is important for neuronal proliferation, as well as migration and differentiation of interneurons, in the embryonic forebrain.12 The identification of ARX mutations greatly broadens the potential range of mechanisms that ultimately lead to loss of cerebral gyrification.

Periventricular Nodular Heterotopia

In this condition, clusters of neurons fail to migrate out of the ventricular region and form neuronal nodules along the walls of the lateral ventricles. Therefore, it most likely represents a deficit in the initiation of migration. It is also a genetically heterogeneous condition, but many cases are associated with mutations in the FLNA (filamin A) gene on the X chromosome.13 Females affected with heterozygous FLNA mutations typically have epilepsy, but usually there are no cognitive abnormalities. It is speculated that some neurons are not affected by the mutations because of the process of X chromosome inactivation in females. On the other hand, males with hemizygous FLNA mutations are thought to usually die in utero, though there are rare cases of surviving males.31FLNA is a large cytoplasmic actin-binding protein, which probably acts as a link between extracellular signals and actin cytoskeleton. The actin cytoskeleton, like microtubules, is important in regulating cell shape and motility. Recently, cases of periventricular nodular heterotopia that are not due to FLNA mutations have also been reported. 
Cobblestone Dysplasia

Cobblestone dysplasia (also known as type II lissencephaly) is a type of cortical malformation characterized by disorganization of the cortical layers, overmigration of neurons through the pial surface onto the outside of the brain, and proliferation of gliovascular tissue on the surface of the brain. The term cobblestone is applied because of the nodular appearance caused by its surface abnormalities.Cobblestone dysplasia is seen in association with at least 3 human genetic disorders, which show some clinical overlap: Fukuyama type congenital muscular dystrophy, muscle-eye-brain disease, and Walker-Warburg syndrome.

Conclusions

 The major features of cerebellar development can be briefly summarized as follows. Neuronal populations are generated in a sequential manner. The inhibitory interneurons emerge from the ventricular zone and the glutamatergic neurons are generated by the rhombic lip (Carletti and Rossi, 2008). In mouse, the glutamatergic and gabaergic neurons in nuclei are produced first, followed by Purkinje neurons. It is established that gabaergic interneurons of the cerebellar cortex originate from a ventricular zone progenitor (Leto and Rossi, 2011). After generation of cerebellar nuclei, the external granular layer is formed from precursors of granule cells originating from the rhombic lip. Granule cells will migrate to form the internal granular layer. It is interesting to note that these events occur at the third trimester of development in human (see also below the impact of very premature birth upon cerebellar development). Survival and maintenance of Purkine neurons and granule cells is dependent on the antiapoptotic protein Lifeguard, which is highly expressed in the cerebellum and is strongly upregulated during postnatal brain development (Hurtado de Mendoza et al., 2011). Lifeguard antagonizes the FAS pathway. FAS receptors tune neuronal survival following trophic factors deprivation (Raoul et al., 2000). Lifeguard affects cerebellar size, internal granular layer thickness, and Purkinje cell development, suggesting that lifeguard could participate in the pathogenesis of various human cerebellar disorders characterized by cerebellar atrophy. Glutamatergic unipolar brush cells migrate to the internal granular layer. Whereas the ventricular zone will lose its progenitors at late embryogenic stages, the rhombic lip remains active until postnatal period.
Recent advances in molecular genetic studies of malformations of the human cerebral cortex have led to identification of many genes that are important regulators of cortical development. It has become clear that syndromes with similar clinical phenotypes are often caused by genes with related biochemical functions (eg, DCX and LIS1, glycosyltransferases). However, as we have seen, many of the biological pathways involving these genes are still not completely understood. Cloning of new disease genes and studies of the functions of the known disease genes will likely lead to further elucidation of important biological pathways in the development of the human cerebral cortex. 
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