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Abstract 

One of the main goals of neural development is to make specific cell types that originate from multipotent progenitor cells. The process of cell specification is only beginning to be understood. Evidence thus far suggests that it occurs in a stepwise fashion, and it is likely that each step requires the coordinated expression of a unique set of genes. The cerebellum is an excellent model for understanding cell fate questions because it contains only a handful of defined cell types that are each located in a specific lamina and are therefore easily identified. These features have made the cerebellum an essential brain region in the understanding of the gene networks that give rise to specific cell types during development.  We will first discuss recent advances in parsing the pathways necessary to produce specific cerebellar cell types. Then the open-source cerebellar GRiTS (Gene Regulation in Time and Space) project (CBGRiTS.org), which has amassed a microarray-based readout of cerebellar gene expression on a daily basis during embryogenesis and every 3 days postnatally, will be discussed. Finally, efforts to mine this transcriptomic information using novel bioinformatic tools to search for new genes that may confer cell-type specificity during cerebellar development will also be discussed.

Introduction 

The cerebellum is a well-studied model of neural development largely because it is a simple structure. It contains only a handful of cell types, including Purkinje granule, stellate, basket, Golgi, unipolar brush, and Lugaro neurons, in addition to glial populations that include astrocytes, oligodendrocytes, and Golgi epithelial cells (also known as Bergmann glia). This region of the nervous system has been an essential contributor to the understanding of a variety of developmental processes including progenitor proliferation, neuronal specification, differentiation, and migration . Recent progress in cell fate research has demonstrated that sequential cascades are responsible for defining some cell types. The cerebellar model is consistent with these ideas; however, at present, there is only a rough understanding of the genes necessary to specify particular cell types. For example, while it appears that a common progenitor population gives rise to all glutamatergic cells in the cerebellum, the genetic cascades required to produce each specificsubtype are largely unknown . We will first summarize cere-bellar development focusing on the various cell types that populate this structure. then, an examination of the current understanding of the genes involved in conferring cell identity in the cerebellum will be conducted. For the purposes of brevity, the focus of this chapter will be restricted to genes that have been specifically reported to regulate the production of a particular cell type as opposed to influencing the survival/proliferation of cells. Finally, the opportunities that the GRiTS database can provide for discovering novel genes and networks involved in promoting the development of cell types during development will be discussed.

Cerebellar Structure and Development

The cerebellum originates from the alar plate of the neural tube, and this region is known to give rise to the sensory structures of the nervous system. Functionally, the cerebellum is at the crossroads between the sensory and motor systems and is essential for coordinating communications between these two systems. The cerebellar cortex has a trilaminar organization and each layer contains a defined set of cell types – the outer most molecular layer contains stellate and basket interneurons in addition to glial cells; located beneath the molecular layer, the Purkinje cell layer contains the cell bodies of the namesake neuron; located immediately beneath the Purkinje layer is the granule layer which contains granule cells, Golgi cells, unipolar brush cells, Golgi epithelial cells, and a few other minor cell types. Internal to the cerebellar cortex is the cerebellar white matter, which contains the majority of the cerebellar astrocytes and oligodendrocytes. The final major cell type in the cerebellum is the cerebellar nuclear neurons, which are restricted to four bilateral pairs of nuclei symmetrically distributed on either side of the midline.During development, the cerebellar territory is established through the actions of the isthmic organizer (IO). The IO sets up the boundary between the mes – and metencephalic vesicles around embryonic day (E) 8.5–9 in the mouse. The cerebellum arises from rhombomere 1 of the metencephalic vesicle. Mutations in the genes encoding the key morphogens secreted by the isthmic organizer, which include Otx2, Gbx2, Fgf8, and Wnt1, typically result in the absence of a cerebellum and/or midbrain. These mutations demonstrate the essential nature of the IO to the development of the caudal CNS. Because of the essential nature of these genes for the establishment and maintenance of the IO, inducible transgenics, which allow temporal control over gene inactivation, have been invaluable in establishing the role of many of these genes . Around the time that the midbrain-hindbrain territory is established, the neural tube closes. Like most areas of the brain, the ventricular surface of the neural tube in the hindbrain serves as the germinal zone for the developing cerebellum. In the cerebellum, there are two germinal zones – 

the roofof the fourth ventricle, known as the neuroepithelium,

 and the edges of neural tube surrounding the fourth ventricle, known as the rhombic lip.

Cerebellar Cell Specification

Cerebellar cells have well-defined developmental profiles that are characterized by discrete time periods in which each cell type is generated. Despite that understanding, there is a poor knowledge of the processes that regulate how each specific cell type is produced. Evidence suggests that combinations of transcription factors may work together in cerebellar development to specify various cell types. For example, glutamatergic nuclear neurons and progenitor populations express transcription factors known to influence cell fate such as Meis1 and 2, Irx3, and Lhx2/9. Components of the notch-signaling cascade also define discrete zones in the roof of the fourth ventricle during periods where cell birth is ongoing in this germinal zone. There are mutant alleles in mice that also predict the action of broadly actingregulators of cell specification in the cerebellum. For example, the absence of granule cells in the anterior cerebellum of the meander tail mutant points to the actions of a gene on a subpopulation of granule cell progenitors. Chimera experiments demonstrate that these effects are mediated in a cell autonomous manner. Currently, the best-understood process in cerebellar cell differentiation is the specification of cells along either the GABAergic or glutamatergic lineages . There is growing evidence indicating that the rhombic lip produces glutamatergic neurons, whereas GABAergic neurons originate from the neuroepithelium. Thus, granule neurons, unipolar brush cells, and the glutamatergic cerebellar nuclear cells arise from the rhombic lip. By contrast, Purkinje neurons, GABAergic cerebellar nuclear neurons, the interneuron populations, including stellate, basket, Golgi, and Lugaro neurons, are all generated from progenitors that originate in the neuroepithelium of the forth ventricle.

Glutamatergic Cells

The first cerebellar cells are initially generated around the time when the neural tube closes. The glutamatergic cerebellar nuclear neurons are the earliest cells produced in the cerebellum between E10.5 and 12.5 in the mouse. These cells arise from the rhombic lip and take a tangential course within the cerebellar parenchyma where they migrate near to the dorsal surface of the cerebellum. They arrive at the region termed the nuclear transitory zone before being displaced to their ultimate destination – the cerebellarnuclei – situated in the ventral aspect of the mature cerebellum. Whether this process is by active migration or passive mechanical forces is not currently known. The next glutamatergic cells born in the cerebellum are granule cells, which are born over a protracted period of time beginning with the allocation of the precursor population in the rhombic lip between 
E12 and 14.5. Following their generation, these precursors migrate out over the dorsal surface of the cerebellum and form a layer known as the external germinal layer (EGL), which covers the dorsal surface of the cerebellum. Beginning around E15, these precursors proliferate and give rise to the terminally differentiated granule neurons that then migrate inward, radially,from their position in the EGL to the internal granular layer, inside of the cerebellum. Unipolar brush cells (UBCs) are the latest born glutamatergic neuron generated between E14 and 19 in the rhombic lip. Once born, UBCs migrate away from the rhombic lip through the inner cerebellar parenchyma finally ending up largely in lobules VI/VII and IX/X in the mature cerebellum.Recent research indicates that the master transcription factor for the glutamatergic lineage in the cerebellum is Math1. This transcription factor is essential to promote glutamatergic neuron production both in the cerebellum as well as several nuclei in the neighboring brainstem.Math1 is a bHLH transcription factor and the mouse orthologue of the Drosophila Atonal. Math1 is expressed in the mouse rhombic lip as early as E9.5. Math1 knockout mice produce very few glutamatergic cells and lack almost all granule neurons, unipolar brush cells,and glutamatergic cerebellar nuclear neurons. Math1 is the earliest known marker of granule cell precursors,and the first granule cell precursors express this gene as early as E12.5. Mouse chimeras demonstrate that Math1 acts cell autonomously in granule cells during development, as there are no mutant Math1 granule cells present in cerebella consisting of predominantly wild type cells Granule cells have the best-understood lineage of all glutamatergic cells in the cerebellum, and there are multiple genes involved in specifying these cells. For example, there is evidence that bone morphogenetic proteins (BMPs) may modulate Math1 in order to specify granule cells. BMPs are a group of protein related to the TGFß transcription factor family, and they are released from the roof plate, including that overlying the cerebellum. Ectopic expression of constitutively activated BMP receptor 1b results in an upregulation of the chick Math1 homologue – Cath1-transcripts. Conversely, mice with null mutations for both BMP receptors (BMP1a and 1b) fail to induce Math1 expression and have a disorganized cerebellum. Mice with either BMP receptor singly knocked out have no Math1 phenotype  and suggest that the two BMP receptors are functionally redundant. Exogenous application of BMPs to cultured granule cells can also induce Math1 expression in culture. Together, these observations suggest that BMPs can induce

Math1and indicate that Math1 signaling occurs downstream from BMPs.GABAergic Cells.The GABAergic cells first generated in the cerebellum are the Purkinje cells, which are born between E11 and 13.5 in the neuroepithelium lining the fourthventricle. GABAergic nuclear neurons are also generated beginning around E11, and like Purkinje cells, the progenitors for nuclear neurons originate in the neuroepithelium of the fourth ventricle. In contrast to the narrow time window for Purkinje cell genesis, nuclear neurons are generated into postnatal time periods and also arise from progenitor populations that reside in the white matter inaddition to the neuroepithelium.GABAergic interneuron precursors also originate in the neuroepithelium and begin to produce terminally differentiated neurons as early as E16; however,most interneurons are not born until 
P0–12. Most interneurons are born from progenitors that arise from the neuroepithelium and then come to reside in the cerebellar white matter.Finally, Lugaro cells are likely born in late embryogenesis or early postnatal stages.The pancreatic transcription factor 1a (Ptf1a) is essential to produce neurons with a GABAergic phenotype in the cerebellum. As its name suggests, Ptf1a was originally characterized for its essential role in the pancreas, where it functions to specify cells during development. Interestingly, knockout mice lacking functional Ptf1a do not have Purkinje cells orother GABAergic cerebellar interneurons, including basket, stellate, and Golgi neurons. These observations suggest that it is a master regulator for the GABAergic phenotype in the cerebellum. During development, Ptf1a is expressed in the neuroepithelium of the fourth ventricle at a time when Purkinje cells and nuclear neurons are normally generated. In the absence of Ptf1a, some of the progenitors adopt a granule cell like phenotype, suggesting that Ptf1a may function to repress the glutamatergic phenotype.

Cerebellar Glial Cells

Classically, it was found that cerebellar glia have a postnatal birthdate. More recent birthdating evidence suggests that some glial progen�itors are detected as early as E13–14 in the mouse, arising from the neuroepitheliumof the fourth ventricle. There is conflicting evidence that suggests glial progenitors may also reside in the EGL. For example, experi�ments where replication-deficient retroviruses were applied directly to the EGLresulted in no glial cells becoming labeled. However, recent experiments using GFAP-cre based lineage tracing methods indicate that both glial and granule cells from the GFAP lineage could arise from the EGL. There is compelling evidence to suggest that at least some cerebellar oligodendrocytes are derived from extracerebellar sources Recent evidence suggests that Pax2-expressing interneurons could share a common progenitor with glial cells in the developing cerebellum. In addition to decreased numbers of Pax2+ interneurons, Ascl1/ knockout cerebella also have reduced numbers of oligodendrocytes and increased numbers of astrocytes. Transfecting the neuroepithelium of the fourth ventricle with vectors expressing Ascl1 reduces the number of astrocytes (identified by Glast and/or Sox9 expression). Interestingly, these overexpression experiments do not affect the number of oligodendrocytes in the nascent cerebellum. This observation is consistent with the hypothesis that oligodendrocytes at least, partially, originate from extracerebellar sources.

Strategies to Identify Novel Factors Necessary for Specifying

Cells During Cerebellar Development :In an effort to better understand cerebellar development from a molecular per�spective, a project aimed at assembling a microarray-based developmental transcriptome for two strains of mice – C57B6/J and DBA across embryonic and postnatal development was recently initiated. RNA from cerebellar tissue was obtained from each strain from each day during embryogenesis (E12-birth) and every third day postnatally, currently up until P9. These RNA isolates were then analyzed using the Illumina microarray platform to assess the expression levels of each gene on each particular day. These data are publicly available on the Internet. Analysis of these data using novel bioinformatic tools to identify developmentally important genes is currently underway. Two bioinformatic approaches are being employed to identify genes that play candidate roles in cell specification and differentiation in cerebellar development.


Cerebellar disorders and their genetic bases 

1. Joubart syndrome : Joubert syndrome is disorder of brain development that may affect many parts of the body. It is characterized by the absence or underdevelopment of the cerebellar vermis (a part of the brain that controls balance and coordination) and a malformed brain stem (connection between the brain and spinal cord).

2. Dandy walker malformation : Dandy–Walker malformation (DWM), also known as Dandy–Walker syndrome (DWS), is a rare congenital brain malformation in which the part joining the two hemispheres of the cerebellum (the cerebellar vermis) does not fully form, and the fourth ventricle and space behind the cerebellum (the posterior fossa) are enlarged

3. Ponto cerebellar hypoplasia : Pontocerebellar hypoplasia (PCH) is a heterogeneous group of rare neurodegenerative disorders caused by genetic mutations and characterised by progressive atrophy of various parts of the brain such as the cerebellum or brainstem (particularly the pons).

4. Cerebellar vermis hypoplasia : Isolated cerebellar vermis hypoplasia is a rare, non-syndromic cerebellar malformation characterized by an underdeveloped cerebellar vermis. ... Brain MRI may reveal diffuse or selective (mostly posterior) vermian cerebellar hypoplasia and EEG may show focal paroxysms. Cerebellar hypoplasia most commonly occurs when a pregnant cat becomes infected with feline panleukopenia virus and passes the infection to her unborn kittens. The panleukopenia virus preferentially attacks rapidly dividing cells.
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