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Developmental genetics of the cerebellum and the genetic bases of known cerebellar disorders

       Abstract
        The internal structure of the cerebellum reflects an intriguing paradox; its cytoarchitecture is relatively simple and repeated throughout, yet the connections between its neurons are wired into a complex array of gene expression domains and functional circuits. The developmental mechanisms that coordinate the establishment of cerebellar structure and circuitry provide a powerful model for understanding how functional brain networks are formed. Two primary germinal zones generate the cells that make up the cerebellum. Each zone expresses a specific set of genes that establish the cell lineages within the cerebellar anlage. Then, cohorts of differentiated projection neurons and interneuron progenitors migrate into the developing cerebellum. Thereafter, a number of remarkable patterning events occur including transformation of the smooth cerebellar surface into an intricately patterned series of folds, formation of three distinct cellular layers, and the demarcation of parasagittal gene expression domains. After birth, genetic programs and neural activity repattern synaptic connections into topographic neural networks called modules, which are organized around a longitudinal zone plan and are defined by their molecular, anatomic, and functional properties. The list of genes that when mutated cause disruptions in cerebellar development is rapidly increasing. Improvements in brain imaging, such as magnetic resonance imaging (MRI) and the emergence of better classification schemes for human cerebellar malformations, have recently led to the identification of a number of genes which cause human cerebellar disorders. 

Introduction

     In the last several decades, various approaches have contributed to our understanding of the molecular basis of cerebellar development. The study of spontaneous neurological mouse mutants aided many initial discoveries. Genetics has recently enabled the identification of genes causing human pontocerebellar hypoplasia, Joubert syndrome, and Dandy–Walker malformation (DWM). 

Most spontaneous cerebellar mutants were identified due to their behavioral or morphological phenotypes and, as such, are severely affected. Phenotype-to-gene approaches, commonly referred to as forward genetics, enabled an unbiased search for genes involved in cerebellar development, since the phenotype indicated that the mutation by definition affected a gene important for the disrupted process. There are no prior assumptions regarding gene function.

 The cerebellum of these mice is small and there is pronounced post-natal loss of Purkinje and granule cells. The discovery that parallel fiber activity is important for the pruning and refinement of climbing fiber–Purkinje cell synaptic arrangement  was derived from these mutants prior to the identification of the causative deletion of retinoid-like orphan receptor alpha (Rora) in 1996. Staggerer chimeric analysis provided key evidence for the interdependence of Purkinje and granule cells during early post-natal development. Subsequent genome-wide expression analysis in staggerer mutants confirmed that Rora acts as a transcriptional regulator of Purkinje cells and regulates the secretion of sonic hedgehog (SHH), a mitogen for adjacent granule cell progenitors in the external granule layer.

The lurcher mouse, harboring a gain-of-function mutation in the delta 2 ionotropic glutamate receptor, Grid2, normally expressed in Purkinje cells, has also been an important model. The cerebellum of this mutant is hypoplastic due to severe post-natal degeneration of Purkinje, granule, and olivary neurons. The absence of Purkinje cells causes a significant reduction in the proliferation of granule cell precursors primarily due to a lack of the mitogenic effects of SHH. Other factors, such as IGF-1, FGF2, and EGF are known to act as mitogens in the cerebellum.

     Developmental genetics of cerebellum

As in the mouse, disruption of human cerebellar development is often severely handicapping but not lethal, making it amenable to genetic analysis. Also similar to mice, the structure of the human cerebellum facilitates the easy identification of malformations as its morphology, foliation, and lamination are stereotypical across individuals and its morphogenesis is well understood. In conjunction with advances in imaging techniques, this allows patients to be diagnosed with malformations at early post-natal or even fetal stages. While patient populations provide a great resource for researchers, they are not often employed due to several difficulties, including a lack of routine brain imaging on patients with developmental abnormalities, genetic heterogeneity among cerebellar patients resulting in the requirement of large sample sizes, and difficulties recruiting patients. Despite these obstacles, human cerebellar malformations have been used to identify cerebellar developmental genes. Gratifyingly, mutations in human RELN cause cerebellar hypoplasia. The cerebellum develops from the metencephalon division of the rhombencephalon(hind brain). Anatomically the cerebellum is divided into:

· A posterior lobe (neocerebellum): most recent part of cerebellum to develop. It is the largest lobe of cerebellum in mammals and it is concerned with fine coordination of voluntary movements but it's precise role is unknown. The neocerebellum has extensive connections with the cerebral cortex( through pontine nuclei located in the ventral pons) hence it is called cerebrocerebellum.
· An anterior lobe (paleocerebellum): it is the next lobe of the cerebellum to develop after the oldest. It is concerned mainly with maintenance of muscle tone and finer control of movement. It is connected to the spinal cord, thus it is called spinocerebellum.
· Flocculonodular lobe (archicerebellum): it is the oldest lobe of the cerebellum. The connections of the archicerebellum are predominantly vestibular.it is concerned with maintenance of body cerebellum.
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       Ataxia is defined as “an inability to coordinate voluntary muscular movements.” Ataxia describes a neurologic symptom that can be seen in a myriad of diseases and conditions. Ataxia can be progressive or static, and can present at any age. Identifying the etiology of ataxia can be a complex task. For example, ataxia may be caused by a lack of proprioception and processing of environmental information by the extremities, which makes ambulation difficult as the feet do not know where they are in space. This phenomenon is called a sensory ataxia, as can be seen in patients with peripheral neuropathies. Alternatively, vestibular dysfunction can also cause ataxia, such as patients with Benign Paroxysmal Positional Vertigo (BPPV). Ataxia may be caused by dysfunction of the cerebellum, the part of the brain that coordinates movements of muscles and maintains the body’s equilibrium. 
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