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Abstract

:

The cerebellum, the region of the brain primarily responsible for motor coordination and balance, also contributes to non-motor functions, such as cognition, speech, and language comprehension. Maldevelopment and dysfunction of the cerebellum lead to cerebellar ataxia and may even be associated with autism, depression, and cognitive deficits. Hence, normal development of the cerebellum and its neuronal circuitry is critical for the cerebellum to function properly. Although nine major types of cerebellar neurons have been identified in the cerebellar cortex to date, the exact functions of each type are not fully understood due to a lack of cell-specific markers in neurons that renders cell-specific labeling and functional study by genetic manipulation unfeasible. The availability of cell-specific markers is thus vital for understanding the role of each neuronal type in the cerebellum and for elucidating the interactions between cell types within both the developing and mature cerebellum. This review discusses various technical approaches and recent progress in the search for cell-specific markers for cerebellar neurons.
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1. Introduction


The cerebellum is the primary brain region responsible for motor coordination and balance. Recent studies indicate that the cerebellum also contributes to non-motor functions, such as cognition, vision, audition, and language production and comprehension [1,2]. Many cerebellar neurons are required to meet the demand for performing these functions; indeed, the cerebellum contains more than 50% of the total number of neurons in the central nervous system (CNS), packed within 10% of the total brain volume [3]. Interestingly, despite the cerebellum’s high cellular density, cerebellar circuitry is relatively simple compared to that of the cerebral cortex, as the former comprises only a few neuronal cell types in the cerebellar cortex [4,5].



1.1. The Cerebellar Cortex


The cerebellar cortex consists of three layers: the outermost molecular layer (ML), the innermost granular layer (GL), and the intermediate Purkinje cell layer (PCL; Figure 1). At the ML, extensive dendritic arborization of Purkinje cells (PCs) arranged in the parasagittal plane forms perpendicular synaptic connections with the axons (parallel fibers) of granule cells (GCs). Moreover, two types of GABAergic interneurons—stellate and basket cells—serve to supplement inhibitory inputs to PCs [6,7,8]. At the PCL, where PCs are located, candelabrum cells (another type of interneuron) are found between PC somata [9]. Meanwhile, GCs and four types of interneurons—Golgi cells, globular cells, Lugaro cells, and unipolar brush cells—are located in the innermost GL. PCs relay all inputs from parallel fibers and interneurons and send the final output to the deep cerebellar nuclei, which further direct the signals to the thalamus and motor system to control body movement fine-tuning [10,11,12]. Furthermore, two major extra-cerebellar afferents are projected to the cerebellar cortex: mossy fiber and climbing fiber. Whereas mossy fibers emerge from the pre-cerebellum nuclei (brainstem reticular and pontine nuclei) and are connected to GCs and deep cerebellar nuclei, climbing fibers originate from the inferior olive and connect to PC dendrites [13,14] (Figure 1).




1.2. Development of the Mouse Cerebellum


Mouse cerebellum development involves multiple steps [17]. During embryonic development, a molecular signaling center (isthmic organizer) is established at the dorsal region of rhombomere 1 between embryonic days (E) 8.5 and 9. The isthmic organizer specifies the mid/hindbrain boundary, and the cerebellar primordium develops from the hindbrain region, beginning at E10 [18]. Two germinative zones are established in the cerebellar primordium: the ventricular zone and the rhombic lip. Whereas PCs and other GABAergic interneurons (e.g., Golgi cells, globular cells, Lugaro cells, basket cells, stellate cells, and candelabrum cells) are derived from the ventricular zone, GCs—the most abundant neurons in the cerebellum—and another type of glutamatergic interneuron unipolar brush cell are derived from the rhombic lip [13,19,20]. From E10.5 onward, postmitotic PCs emigrate from the ventricular zone, migrating toward the pial surface, where the PCs colonize, differentiate, and give rise to the PC layers of the cerebellum [17]. GCs emigrate from the rhombic lip and migrate along the pial surface to form the external GL. After birth, the GCs in the external GL migrate inwardly to form the internal GL, while PC layers align to form a single PCL. Dendritic arborization of PCs expands and forms synapses with parallel fibers of GCs at the ML. The foliation of the cerebellum is also initiated at the perinatal stage, and cerebellar size expands rapidly. Eventually, the cerebellar circuitry reaches maturity around postnatal day (P) 21 [4,14,17].




1.3. Importance of Neuronal-Specific Markers in Cerebellum Research


Maldevelopment of the cerebellum and dysfunction of the cerebellar circuitry lead to cerebellar ataxia, a neurological disease characterized in humans by body tremors, impaired body balance, and gait instability [21]. Defective cerebellum may also be associated with other non-motor conditions, such as depression and cognitive deficits [22,23,24,25,26,27,28]. Essentially, the ability to characterize each neuronal cell type in the cerebellum is crucial for understanding the pathogenesis of cerebellar disorders. However, with the exception of PCs and GCs, cell-specific markers for most (if not all) cerebellar interneurons remain elusive. This deficit may produce a bottleneck in cerebellum research, as cell-specific manipulations such as cell labeling and genetic knockout/knockin (KO/KI) are unfeasible without genetic markers, hindering the examination of the functions of particular cell types.



The importance of cell-specific markers in cerebellum research is best illustrated by studies concerning PCs in which several PC-specific markers are available. For example, Purkinje cell protein 2 (Pcp2/L7) is a protein specifically expressed in PCs, and its gene promoter has been utilized for driving PC-specific transgene expression [29]. One Pcp2-Cre transgenic mouse line expresses Cre recombinase specifically in PCs, beginning at P6, and is particularly useful in inactivating the floxed gene during cerebellar circuitry establishment at the postnatal stage [30]. The Pcp2 promoter has also been used to drive disease–gene expression (e.g., expression of Ataxin1 with CAG expansion in spinocerebellar ataxia type 1 mouse model) for pathological study [31]. Another PC-specific marker calbindin (Calb1) has been widely adopted in immunohistochemical studies of the cerebellum since the late 1980s [32,33]. Furthermore, the availability of cell-specific markers is critical in establishing stem-cell therapy, as the markers aid in consolidating the differentiation program of stem cells or induced pluripotent stem cells (iPSCs) to a specific cell type, enabling the replenishment of adult neurons [34,35,36].





2. Approaches to Discovering Molecular Markers of Cerebellar Neurons


In order to search for cerebellar neuronal markers in mice, different research groups have adopted various approaches such as classical genetic approaches (e.g., forward and reverse genetics), global screening (e.g., the Allen Brain Atlas, GENSAT) and “omic” profiling (e.g., transcriptome).



2.1. Forward Genetics—From Phenotype to Genotype


Laboratory mice have been used in genetic studies for over a century, and mouse lines—including those with spontaneous genetic mutations—are maintained by inbreeding [37]. Before the advent of advanced molecular technology, many mouse models were named according to their phenotypes instead of their underlying causative genes, which had yet to be discovered. For example, Staggerer was named for its staggering gait and body tremor [38], and Lurcher was a mutant characterized by “jerky up and down movement” and wobbly gait [39,40]. When positional cloning and DNA sequencing techniques became available, the causative genes were identified in these mutant mice—such as Rora in Staggerer mice [41] and Grid2 in Lurcher mice [42]. Lurcher mice are known to undergo early cerebellar degeneration from the second postnatal week onward, and massive PC death has been observed in the cerebellum as early as P5, revealing that Grid2 is essential for PC survival [43]. Grid2 encodes the δ2 glutamate receptor subunit, which is highly localized at the dendritic spines of PCs. Therefore, Grid2 is considered both a PC-specific marker [44] and an essential target for studying the PC–GC connection [45].



Apart from natural mutations, random mutagenesis induced by chemicals (e.g., N-ethyl-N-nitrosourea (ENU)) or by genetic methods (e.g., transposon and gene trap) has been used to generate mutant mice for global screenings of disease phenotypes [46,47,48,49,50,51]. For example, Pingu (a novel mutant with cerebellar ataxia phenotype) was generated by ENU-induced missense mutation (I402T) in the voltage-gated potassium channel Kcna2 [52]. Kcna2 is expressed in the axon terminals (pinceau) of basket cells that form synaptic connections at the axon initial segment (AIS) of PCs [52,53,54,55,56]. These studies suggest that a normal connection between basket cell axons and the AIS of PCs is required for motor coordination and body balance.



Another example is the ENU-induced missense mutation of Af4 in the robotic mouse, which displays a jerky, ataxic gait [57]. Af4 was initially known for its involvement in the development of acute lymphoblast leukemia [58]. Examination of the robotic mouse demonstrates that the Af4 mutation also contributes to PC degeneration. Af4 is expressed in postnatal PCs; the expression peaks at P14 but becomes undetectable at P56 [59]. Af4, which has been suggested to be an IGF1-signaling pathway regulator, is critical for the survival of PCs during early postnatal development. Although both Kcna2 and Af4 are essential for the maintenance and functions of basket cells and PCs, whether the two genes and their gene promoters can be used for cell-specific labeling requires further characterization.



Random mutations generated by genetic methods are particularly useful for locating cell-specific gene promoter/enhancer regions that can be utilized for transgene expression. In a large-scale screening of enhancer trapping with the piggyBac transposon system, more than 200 mouse lines were generated, a number of which have shown cell-type-specific expression of the reporter gene in the CNS [60]. In the cerebellum, some mouse lines demonstrate cell-specific expression of the reporter gene in PCs, GCs, basket cells, and Lugaro cells, making them applicable in cell-specific labeling experiments. Moreover, the piggyBac system enables identification of the insertion site, allowing the gene promoter/enhancer region with the transposon insertion to be further characterized for the generation of cell-specific driver mouse strains [60].



Recent advances in genome editing technology have led to the adoption of CRISPR as a forward-genetic tool [61,62]. How CRISPR creates precise target-specific mutations has been reviewed elsewhere [62,63,64], and as such, is not discussed here. Importantly, high-throughput, genome-wide screening of mutants for certain phenotypes can be achieved via in silico designed sgRNA pools, and the process of mutant generation is much faster than conventional gene targeting [61,62].




2.2. Reverse Genetics—From Genotype to Phenotype


In contrast to forward genetics, the traditional reverse genetic approach begins with a specific target gene to be mutated. The resultant phenotype is then observed in the mutant animal. The classical methods include replacing the coding sequence of the gene of interest with an antibiotic gene (as a selection marker during embryonic stem cell selection; i.e., gene targeting) and site-directed mutagenesis to produce the desired gene mutation [65]. However, the shortcoming of traditional gene targeting is early lethality resulting from inactivation of essential developmental genes, hindering further study in postnatal and adult stages. For example, Lhx1 and Lhx5 are homeobox transcription factors critical for early differentiation of PCs during the embryonic stage [66]. Traditional KO of Lhx1 results in embryonic lethality, and that of Lhx5 results in postnatal lethality [67,68]. Therefore, studying the functions of Lhx1 and Lhx5 in PCs during postnatal cerebellum development becomes impossible.



Circumventing embryonic/postnatal lethality has involved establishing a conditional KO strategy using the Cre-loxP system [69]. In this system, two loxP segments are inserted to flank the target gene sequence, which can be either the transcription start site (to inhibit gene expression) or an important functional domain (to inactivate specific protein function). Upon the binding of Cre recombinase to the loxP sites, the flanked DNA fragment is excised to mutate the target gene. Achieving tissue- or cell-specific conditional KO requires a Cre-driver mouse, which expresses Cre recombinase in a tissue- or cell-specific manner. For example, crossing the aforementioned Pcp2-Cre transgenic mouse lines [30] with the Lhx1-Lhx5 double-conditional KO mouse reveals that Lhx1 and Lhx5 are essential for PC dendritogenesis during postnatal cerebellum development [70]. Overall, the success of cell-specific KO or KI is highly dependent on having a well-characterized Cre-driver mouse [71]. Again, CRISPR technology provides a faster way to generate target-specific KO or KI mouse models. Consequently, CRISPR can also be applied as a reverse-genetic tool [61].




2.3. Global Screening


As mentioned, a well-characterized gene promoter is critical for cell-specific labeling and conditional KO or KI experimentation. Hence, an essential step is to find out cell-specific gene expression in the cerebellum to screen out potential gene promoters. Various global screening methods have been attempted to identify cerebellar neuronal markers. A traditional way was tissue-specific cDNA library screening, in which mRNAs extracted from cerebellum were used for cDNA library preparation for initial screening. Genes were then identified by DNA sequencing and in situ hybridization (and immunohistochemical staining for gene products) was performed to obtain spatiotemporal gene expression pattern. Pcp2, for example, was one of the cDNA clones identified in the Purkinje cell degeneration (pcd) mouse [72]. Later, Rong et al. (2004) conducted a microarray study to compare the differential gene expression profiles between wild-type and pcd3J cerebellum at four months of age, the time when PCs are absent in the pcd3J cerebellum due to degeneration [73]. Several well-known PC markers (e.g., Pcp2, Calb1, and Grid2), together with other uncharacterized genes, appear in the microarray dataset, supporting the efficient application of microarray profiling in finding potential cell markers in mutant mice. Further examination of these uncharacterized genes may reveal novel PC markers [73].



Another study focuses on the expression of transcription factors in the developing cerebellum shown by in situ hybridization [74]. The researchers in this study identified 24 transcription factors expressed in a cell-type-specific and developmental stage-specific manner. Five transcription factors (Esrrb, Nr2F2, Foxp2, Foxp4, and Rora) were specifically expressed in PCs from P0 to P30. That said, Rora has also been shown to be expressed in interneurons at the molecular layer [75,76]. Moreover, four transcription factors (Zic1, Neurod1, Etv1, and Nfia) are specifically expressed in GCs from P0 to adulthood [74]. This study illustrates how global screening of mRNA expression can facilitate the discovery of both cell-specific and stage-specific novel cell markers.



The Allen Mouse Brain Atlas is an open online resource providing extensive and systematic high-resolution in situ hybridization data [77,78], including the mRNA expression pattern of transcription factors as well as that of other protein-coding genes. This database allows users to search for the expression of specific genes in the different anatomical structures of the mouse brain at various developmental stages. For example, the database can display genes that are abundantly expressed in the PCL or GL, narrowing the list of genes expressed specifically in PCs and GCs, respectively.



GENSAT (Gene Expression Nervous System Atlas) is another open resource that aims to build a public database with gene expression profiles in the developing and adult CNS of the mouse [79,80]. Numerous BAC-EGFP transgenic mice have been produced by replacing the coding sequence with Enhanced Green Fluorescent Protein (EGFP) and then examining the expression pattern of EGFP. Various transgenic mice show distinct spatiotemporal patterns of EGFP expression, and these patterns can be searched in the GENSAT database according to parameters such as brain structure, expression level and pattern, and mouse age. Apart from EGFP reporter mice, BAC Cre-driver mouse lines have also been created [81,82]. Despite the GENSAT Egr1-EGFP transgenic mice displaying EGFP expression deviated from the endogenous Egr1 expression pattern [83], the GENSAT project is a valuable resource for EGFP reporter and Cre-driver mouse lines.



Recently, expression data derived from transcriptomic studies, in situ hybridization, and immunofluorescence staining have been compiled in the Human Protein Atlas’s Brain Atlas [84,85]. This open-access database provides an integrative, comprehensive platform for molecular mapping of gene expression at the mRNA and protein levels for different brain regions or different cell types. In all, these open resources enable researchers to search for potential cell-specific markers using specific parameters.




2.4. Laser-Capture Microdissection, qPCR, and Next-Generation Sequencing


One technical challenge in discovering cell-specific markers is the heterogeneity of tissue consisting of multiple cell types. Conventional mRNA/protein extraction from the whole cerebellum inevitably contains a catalog of mRNA/proteins from mixed populations of neurons and glial cells. Laser-capture microdissection (LCM) provides a convenient method for isolating specific types of cells from histological sections. The general LCM procedure involves selecting particular cells from a histological section under an LCM microscope. Next, a laser beam is excited along the boundary of the target cells. The laser-dissected cells are then captured in a collection tube, and RNA/protein extraction is performed [86]. The LCM method has proven useful for amplifying partially degraded RNA using qPCR [87] and studying miRNAs expression in PCs [88] and formalin-fixed-paraffin-embedded (FFPE) samples from postmortem human brain samples [89,90]. LCM enables dissecting cell layers—for example, external GL tissues from developing cerebellum at E13, E15, and E18—along with studying gene expression profiles of GC precursors [91]. Well-known GC precursor markers, such as Atoh1 and Klf4, can be captured from the external GL LCM samples, suggesting that LCM can effectively enable isolating target cells with minimal contamination of other surrounding cell types [91].



Another study attempted to examine the expression of G protein-gated potassium channels, or potassium inwardly-rectifying channels (GIRKs), in PCs, basket cells, stellate cells, and GCs isolated by LCM [92]. Despite the small size of the cell bodies of the basket and stellate cells and the possibility of contamination from surrounding cells, as validated by other expression studies such as RT-PCR and immunostaining, distinctive expression patterns of the GIRK channels are observable among these cerebellar neurons [92]. Nevertheless, unipolar brush cells cannot be isolated using LCM, as they are surrounded by numerous GCs, implying a limitation of LCM regarding dissecting a distinctive cell from large cell populations [92]. Furthermore, although LCM is a convenient method for extracting mRNA from selected cells, the quality of the extracted mRNA may be poor compared to live-tissue samples, as mRNAs from FFPE samples may be fragmented, especially in the case of aged samples [93]. Moreover, the quantity of RNA retrieved from LCM samples is low [91], potentially rendering the mRNA expression profile incomprehensive.




2.5. Single-Cell Transcriptome


Other methodologies have likewise been developed to ensure good quality mRNAs for comprehensive transcriptome profiling. For example, recent developments of next-generation sequencing technology have popularized single-cell transcriptome analysis. This technology’s general procedures involve dissecting cerebellar tissue, which is then dissociated into single cells. After these cells have been captured, RNA-seq libraries are constructed, and sequencing data are obtained and analyzed using statistical algorithms. Cell lineages are clustered according to gene expression profiles.



Several studies have adopted this approach in searching for neuronal markers in the cerebellum [20,94,95,96,97]. For example, single-cell RNA-seq is performed to study the gene expression of the developing cerebellum at eight prenatal time points (daily sampling at E10 to E17) and four postnatal time points (P0, P4, P7, P10) [94]. The data help to molecularly delineate cerebellar cell types, such as neurons and glial cells, and illustrate essential factors that regulate glutamatergic neuron specification [94].



In another study focusing on postnatal cerebellum development, cerebellar tissues dissected from C57BL/6J mice at P0 and P8 were dissociated into single cells, and single-cell RNA-seq was performed. Among the >20,000 cells analyzed, eight main cell clusters were identified [95]. Several novel PC-specific marker genes were found, such as adenylate cyclase type 1 (Adcy1), inositol-trisphosphate 3-kinase A (Itpka), and cold shock domain-containing protein C2 (Csdc2). Moreover, contactin 2 (Cntn2) and tubulin beta 3 class III (Tubb3) were also shown to be exclusively expressed in mature GCs, indicating their potential as GC markers. However, given the lack of clear interneuron-specific markers that could be inferred for gene clustering analyses, only general groupings of GABAergic interneurons (i.e., Ptf1a/Ascl1 positive) and rhombic-lip–derived interneurons (i.e., Atoh1/Reelin positive) could be established. Therefore, genes expressed in interneuron clusters require further examination to search for specific markers for the interneuron subtypes [95].



One drawback of the gene clustering method is its reliance on already identified cell-lineage markers. Because PCs and GCs have several known markers, they can be clustered with high confidence; however, since interneuron-specific markers are not available, gene clustering to identify a particular interneuron type is impossible, and only general groups of interneurons (e.g., Ptf1a+ve or Atoh1+ve interneurons) can be delineated [95]. Hence, further characterizations of expression patterns by immunostaining and in situ hybridization of the genes in these interneuron clusters are still needed for finding cell-type-specific markers.





3. Concluding Remarks and Future Perspectives


Although many reviews concern the development of the cerebellum and cerebellar circuitry [3,4,5,17], this review has focused on different technical approaches to discovering potential cerebellar neuronal markers, which are essential for cerebellum research in that they enable cell-specific labeling and genetic manipulation. Two major types of cerebellar neurons—PCs and GCs—have several well-characterized, cell-specific markers. In contrast, cell markers for other interneurons are still lacking. Some examples of potential cerebellar neuronal markers are listed in Table 1. Each of the approaches discussed in this review has advantages and disadvantages, making no single method perfect for finding cell-specific markers. However, integrating different technical approaches can facilitate identifying cell-specific markers for each of the cerebellar neurons, enabling a greater understanding of the functions of each neuronal type and clarifying the general role of the cerebellum.
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Abbreviations




	AIS
	Axon initial segment



	EGFP
	Enhanced Green Fluorescent Protein



	ENU
	N-ethyl-N-nitrosourea



	E##
	Embryonic day ##



	FFPE
	Formalin-fixed-paraffin-embedded



	GABA
	γ-aminobutyric acid



	GC(s)
	Granule cell(s)



	GIRKs
	Potassium inwardly-rectifying channels



	GL
	Granular layer



	iPSCs
	Induced pluripotent stem cells



	KI
	Knockin



	KO
	Knockout



	LCM
	Laser-capture microdissection



	ML
	Molecular layer



	P##
	Postnatal day ##



	PC(s)
	Purkinje cell(s)



	PCL
	Purkinje cell layer







References


	



Klein, A.P.; Ulmer, J.L.; Quinet, S.A.; Mathews, V.; Mark, L.P. Nonmotor Functions of the Cerebellum: An Introduction. AJNR Am. J. Neuroradiol. 2016, 37, 1005–1009. [Google Scholar] [CrossRef]

	



Mennink, L.M.; van Dijk, J.M.C.; van Dijk, P. The cerebellar (para)flocculus: A review on its auditory function and a possible role in tinnitus. Hear. Res. 2020, 398, 108081. [Google Scholar] [CrossRef]

	



Wang, V.Y.; Zoghbi, H.Y. Genetic regulation of cerebellar development. Nat. Rev. Neurosci. 2001, 2, 484–491. [Google Scholar] [CrossRef]

	



White, J.J.; Sillitoe, R.V. Development of the cerebellum: From gene expression patterns to circuit maps. Wiley Interdiscip. Rev. Dev. Biol. 2013, 2, 149–164. [Google Scholar] [CrossRef]

	



Beckinghausen, J.; Sillitoe, R.V. Insights into cerebellar development and connectivity. Neurosci. Lett. 2019, 688, 2–13. [Google Scholar] [CrossRef] [PubMed]

	



Leto, K.; Rolando, C.; Rossi, F. The genesis of cerebellar GABAergic neurons: Fate potential and specification mechanisms. Front. Neuroanat. 2012, 6, 6. [Google Scholar] [CrossRef]

	



Zhang, L.; Goldman, J.E. Generation of cerebellar interneurons from dividing progenitors in white matter. Neuron 1996, 16, 47–54. [Google Scholar] [CrossRef]

	



Brown, A.M.; Arancillo, M.; Lin, T.; Catt, D.R.; Zhou, J.; Lackey, E.P.; Stay, T.L.; Zuo, Z.; White, J.J.; Sillitoe, R.V. Molecular layer interneurons shape the spike activity of cerebellar Purkinje cells. Sci. Rep. 2019, 9, 1742. [Google Scholar] [CrossRef]

	



Laine, J.; Axelrad, H. The candelabrum cell: A new interneuron in the cerebellar cortex. J. Comp. Neurol. 1994, 339, 159–173. [Google Scholar] [CrossRef] [PubMed]

	



Dino, M.R.; Schuerger, R.J.; Liu, Y.; Slater, N.T.; Mugnaini, E. Unipolar brush cell: A potential feedforward excitatory interneuron of the cerebellum. Neuroscience 2000, 98, 625–636. [Google Scholar] [CrossRef]

	



Laine, J.; Axelrad, H. Extending the cerebellar Lugaro cell class. Neuroscience 2002, 115, 363–374. [Google Scholar] [CrossRef]

	



D’Angelo, E.; Solinas, S.; Mapelli, J.; Gandolfi, D.; Mapelli, L.; Prestori, F. The cerebellar Golgi cell and spatiotemporal organization of granular layer activity. Front. Neural Circuits 2013, 7, 93. [Google Scholar] [CrossRef]

	



Schilling, K.; Oberdick, J.; Rossi, F.; Baader, S.L. Besides Purkinje cells and granule neurons: An appraisal of the cell biology of the interneurons of the cerebellar cortex. Histochem. Cell Biol. 2008, 130, 601–615. [Google Scholar] [CrossRef] [PubMed]

	



Cerminara, N.L.; Lang, E.J.; Sillitoe, R.V.; Apps, R. Redefining the cerebellar cortex as an assembly of non-uniform Purkinje cell microcircuits. Nature Rev. Neurosci. 2015, 16, 79–93. [Google Scholar] [CrossRef] [PubMed]

	



D’Angelo, E.; Antonietti, A.; Casali, S.; Casellato, C.; Garrido, J.A.; Luque, N.R.; Mapelli, L.; Masoli, S.; Pedrocchi, A.; Prestori, F.; et al. Modeling the Cerebellar Microcircuit: New Strategies for a Long-Standing Issue. Front. Cell Neurosci. 2016, 10, 176. [Google Scholar] [CrossRef]

	



Prestori, F.; Mapelli, L.; D’Angelo, E. Diverse Neuron Properties and Complex Network Dynamics in the Cerebellar Cortical Inhibitory Circuit. Front. Mol. Neurosci. 2019, 12, 267. [Google Scholar] [CrossRef] [PubMed]

	



Leto, K.; Arancillo, M.; Becker, E.B.; Buffo, A.; Chiang, C.; Ding, B.; Dobyns, W.B.; Dusart, I.; Haldipur, P.; Hatten, M.E.; et al. Consensus Paper: Cerebellar Development. Cerebellum 2016, 15, 789–828. [Google Scholar] [CrossRef] [PubMed]

	



Rhinn, M.; Brand, M. The midbrain—Hindbrain boundary organizer. Curr. Opin. Neurobiol. 2001, 11, 34–42. [Google Scholar] [CrossRef]

	



Haldipur, P.; Millen, K.J. What cerebellar malformations tell us about cerebellar development. Neurosci. Lett. 2019, 688, 14–25. [Google Scholar] [CrossRef]

	



Van Essen, M.J.; Nayler, S.; Becker, E.B.E.; Jacob, J. Deconstructing cerebellar development cell by cell. PLoS Genet. 2020, 16. [Google Scholar] [CrossRef]

	



Stephen, C.D.; Brizzi, K.T.; Bouffard, M.A.; Gomery, P.; Sullivan, S.L.; Mello, J.; MacLean, J.; Schmahmann, J.D. The Comprehensive Management of Cerebellar Ataxia in Adults. Curr. Treat. Options Neurol. 2019, 21, 9. [Google Scholar] [CrossRef] [PubMed]

	



Depping, M.S.; Schmitgen, M.M.; Bach, C.; Listunova, L.; Kienzle, J.; Kubera, K.M.; Roesch-Ely, D.; Wolf, R.C. Abnormal Cerebellar Volume in Patients with Remitted Major Depression with Persistent Cognitive Deficits. Cerebellum 2020, 19, 762–770. [Google Scholar] [CrossRef]

	



D’Angelo, E. The cerebellum gets social. Science 2019, 363, 229. [Google Scholar] [CrossRef]

	



D’Angelo, E.; Casali, S. Seeking a unified framework for cerebellar function and dysfunction: From circuit operations to cognition. Front. Neural Circuits 2012, 6, 116. [Google Scholar] [CrossRef]

	



Giza, J.; Urbanski, M.J.; Prestori, F.; Bandyopadhyay, B.; Yam, A.; Friedrich, V.; Kelley, K.; D’Angelo, E.; Goldfarb, M. Behavioral and cerebellar transmission deficits in mice lacking the autism-linked gene islet brain-2. J. Neurosci. 2010, 30, 14805–14816. [Google Scholar] [CrossRef] [PubMed]

	



Hoche, F.; Guell, X.; Vangel, M.G.; Sherman, J.C.; Schmahmann, J.D. The cerebellar cognitive affective/Schmahmann syndrome scale. Brain 2018, 141, 248–270. [Google Scholar] [CrossRef]

	



Schmahmann, J.D. The cerebellum and cognition. Neurosci. Lett. 2019, 688, 62–75. [Google Scholar] [CrossRef] [PubMed]

	



Soda, T.; Mapelli, L.; Locatelli, F.; Botta, L.; Goldfarb, M.; Prestori, F.; D’Angelo, E. Hyperexcitability and Hyperplasticity Disrupt Cerebellar Signal Transfer in the IB2 KO Mouse Model of Autism. J. Neurosci. 2019, 39, 2383–2397. [Google Scholar] [CrossRef]

	



Slugocka, A.; Wiaderkiewicz, J.; Barski, J.J. Genetic Targeting in Cerebellar Purkinje Cells: An Update. Cerebellum 2017, 16, 191–202. [Google Scholar] [CrossRef]

	



Zhang, X.M.; Ng, A.H.; Tanner, J.A.; Wu, W.T.; Copeland, N.G.; Jenkins, N.A.; Huang, J.D. Highly restricted expression of Cre recombinase in cerebellar Purkinje cells. Genesis 2004, 40, 45–51. [Google Scholar] [CrossRef]

	



Ingram, M.; Wozniak, E.A.L.; Duvick, L.; Yang, R.; Bergmann, P.; Carson, R.; O’Callaghan, B.; Zoghbi, H.Y.; Henzler, C.; Orr, H.T. Cerebellar Transcriptome Profiles of ATXN1 Transgenic Mice Reveal SCA1 Disease Progression and Protection Pathways. Neuron 2016, 89, 1194–1207. [Google Scholar] [CrossRef] [PubMed]

	



Celio, M.R.; Baier, W.; Scharer, L.; Gregersen, H.J.; de Viragh, P.A.; Norman, A.W. Monoclonal antibodies directed against the calcium binding protein Calbindin D-28k. Cell Calcium 1990, 11, 599–602. [Google Scholar] [CrossRef]

	



Sequier, J.M.; Hunziker, W.; Andressen, C.; Celio, M.R. Calbindin D-28k Protein and mRNA Localization in the Rat Brain. Eur. J. Neurosci. 1990, 2, 1118–1126. [Google Scholar] [CrossRef] [PubMed]

	



Salero, E.; Hatten, M.E. Differentiation of ES cells into cerebellar neurons. Proc. Natl. Acad. Sci. USA 2007, 104, 2997–3002. [Google Scholar] [CrossRef]

	



Su, H.L.; Muguruma, K.; Matsuo-Takasaki, M.; Kengaku, M.; Watanabe, K.; Sasai, Y. Generation of cerebellar neuron precursors from embryonic stem cells. Dev. Biol. 2006, 290, 287–296. [Google Scholar] [CrossRef]

	



Alexander, C.J.; Hammer, J.A. An Improved Method for Differentiating Mouse Embryonic Stem Cells into Cerebellar Purkinje Neurons. Cerebellum 2019, 18, 406–421. [Google Scholar] [CrossRef]

	



Tam, W.Y.; Cheung, K.K. Phenotypic characteristics of commonly used inbred mouse strains. J. Mol. Med. 2020, 98, 1215–1234. [Google Scholar] [CrossRef] [PubMed]

	



Sidman, R.L.; Lane, P.W.; Dickie, M.M. Staggerer, a new mutation in the mouse affecting the cerebellum. Science 1962, 137, 610–612. [Google Scholar] [CrossRef]

	



Vogel, M.W.; Caston, J.; Yuzaki, M.; Mariani, J. The Lurcher mouse: Fresh insights from an old mutant. Brain Res. 2007, 1140, 4–18. [Google Scholar] [CrossRef]

	



Phillips, R.J.S. “Lurcher”, a new gene in linkage group XI of the house mouse. J. Genet. 1960, 57, 35–42. [Google Scholar] [CrossRef]

	



Hamilton, B.A.; Frankel, W.N.; Kerrebrock, A.W.; Hawkins, T.L.; FitzHugh, W.; Kusumi, K.; Russell, L.B.; Mueller, K.L.; van Berkel, V.; Birren, B.W.; et al. Disruption of the nuclear hormone receptor RORalpha in staggerer mice. Nature 1996, 379, 736–739. [Google Scholar] [CrossRef] [PubMed]

	



Zuo, J.; De Jager, P.L.; Takahashi, K.A.; Jiang, W.; Linden, D.J.; Heintz, N. Neurodegeneration in Lurcher mice caused by mutation in delta2 glutamate receptor gene. Nature 1997, 388, 769–773. [Google Scholar] [CrossRef]

	



Selimi, F.; Lohof, A.M.; Heitz, S.; Lalouette, A.; Jarvis, C.I.; Bailly, Y.; Mariani, J. Lurcher GRID2-induced death and depolarization can be dissociated in cerebellar Purkinje cells. Neuron 2003, 37, 813–819. [Google Scholar] [CrossRef]

	



Araki, K.; Meguro, H.; Kushiya, E.; Takayama, C.; Inoue, Y.; Mishina, M. Selective expression of the glutamate receptor channel delta 2 subunit in cerebellar Purkinje cells. Biochem. Biophys. Res. Commun. 1993, 197, 1267–1276. [Google Scholar] [CrossRef] [PubMed]

	



Ichikawa, R.; Sakimura, K.; Watanabe, M. GluD2 Endows Parallel Fiber-Purkinje Cell Synapses with a High Regenerative Capacity. J. Neurosci. 2016, 36, 4846–4858. [Google Scholar] [CrossRef]

	



Stottmann, R.W.; Moran, J.L.; Turbe-Doan, A.; Driver, E.; Kelley, M.; Beier, D.R. Focusing forward genetics: A tripartite ENU screen for neurodevelopmental mutations in the mouse. Genetics 2011, 188, 615–624. [Google Scholar] [CrossRef]

	



Ding, S.; Wu, X.; Li, G.; Han, M.; Zhuang, Y.; Xu, T. Efficient transposition of the piggyBac (PB) transposon in mammalian cells and mice. Cell 2005, 122, 473–483. [Google Scholar] [CrossRef] [PubMed]

	



Skarnes, W.C.; Auerbach, B.A.; Joyner, A.L. A Gene Trap Approach in Mouse Embryonic Stem-Cells—The Lacz Reporter Is Activated by Splicing, Reflects Endogenous Gene-Expression, and Is Mutagenic in Mice. Genes Dev. 1992, 6, 903–918. [Google Scholar] [CrossRef] [PubMed]

	



Dupuy, A.J.; Akagi, K.; Largaespada, D.A.; Copeland, N.G.; Jenkins, N.A. Mammalian mutagenesis using a highly mobile somatic Sleeping Beauty transposon system. Nature 2005, 436, 221–226. [Google Scholar] [CrossRef] [PubMed]

	



Nolan, P.M.; Peters, J.; Strivens, M.; Rogers, D.; Hagan, J.; Spurr, N.; Gray, I.C.; Vizor, L.; Brooker, D.; Whitehill, E.; et al. A systematic, genome-wide, phenotype-driven mutagenesis programme for gene function studies in the mouse. Nat. Genet. 2000, 25, 440–443. [Google Scholar] [CrossRef]

	



Oliver, P.L.; Davies, K.E. New insights into behaviour using mouse ENU mutagenesis. Hum. Mol. Genet. 2012, 21, R72–R81. [Google Scholar] [CrossRef]

	



Xie, G.; Harrison, J.; Clapcote, S.J.; Huang, Y.; Zhang, J.Y.; Wang, L.Y.; Roder, J.C. A new Kv1.2 channelopathy underlying cerebellar ataxia. J. Biol. Chem. 2010, 285, 32160–32173. [Google Scholar] [CrossRef]

	



Robbins, C.A.; Tempel, B.L. Kv1.1 and Kv1.2: Similar channels, different seizure models. Epilepsia 2012, 53, 134–141. [Google Scholar] [CrossRef]

	



McNamara, N.M.C.; Averill, S.; Wilkin, G.P.; Dolly, J.O.; Priestley, J.V. Ultrastructural localization of a voltage-gated K+ channel alpha subunit (K(v)1.2) in the rat cerebellum. Eur. J. Neurosci. 1996, 8, 688–699. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Kunkel, D.D.; Martin, T.M.; Schwartzkroin, P.A.; Tempel, B.L. Heteromultimeric K+ Channels in Terminal and Juxtaparanodal Regions of Neurons. Nature 1993, 365, 75–79. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Kunkel, D.D.; Schwartzkroin, P.A.; Tempel, B.L. Localization of Kv1.1 and Kv1.2, two K channel proteins, to synaptic terminals, somata, and dendrites in the mouse brain. J. Neurosci. 1994, 14, 4588–4599. [Google Scholar] [CrossRef]

	



Isaacs, A.M.; Oliver, P.L.; Jones, E.L.; Jeans, A.; Potter, A.; Hovik, B.H.; Nolan, P.M.; Vizor, L.; Glenister, P.; Simon, A.K.; et al. A mutation in Af4 is predicted to cause cerebellar ataxia and cataracts in the robotic mouse. J. Neurosci. 2003, 23, 1631–1637. [Google Scholar] [CrossRef]

	



Isnard, P.; Core, N.; Naquet, P.; Djabali, M. Altered lymphoid development in mice deficient for the mAF4 proto-oncogene. Blood 2000, 96, 705–710. [Google Scholar] [CrossRef] [PubMed]

	



Bitoun, E.; Finelli, M.J.; Oliver, P.L.; Lee, S.; Davies, K.E. AF4 Is a Critical Regulator of the IGF-1 Signaling Pathway during Purkinje Cell Development. J. Neurosci. 2009, 29, 15366–15374. [Google Scholar] [CrossRef]

	



Shima, Y.; Sugino, K.; Hempel, C.M.; Shima, M.; Taneja, P.; Bullis, J.B.; Mehta, S.; Lois, C.; Nelson, S.B. A Mammalian enhancer trap resource for discovering and manipulating neuronal cell types. eLife 2016, 5, e13503. [Google Scholar] [CrossRef]

	



Gurumurthy, C.B.; Grati, M.; Ohtsuka, M.; Schilit, S.L.P.; Quadros, R.M.; Liu, X.Z. CRISPR: A versatile tool for both forward and reverse genetics research. Hum. Genet. 2016, 135, 971–976. [Google Scholar] [CrossRef]

	



Shalem, O.; Sanjana, N.E.; Zhang, F. High-throughput functional genomics using CRISPR-Cas9. Nat. Rev. Genet. 2015, 16, 299–311. [Google Scholar] [CrossRef] [PubMed]

	



Naeem, M.; Majeed, S.; Hoque, M.Z.; Ahmad, I. Latest Developed Strategies to Minimize the Off-Target Effects in CRISPR-Cas-Mediated Genome Editing. Cells 2020, 9, 1608. [Google Scholar] [CrossRef] [PubMed]

	



Bae, T.; Hur, J.W.; Kim, D.; Hur, J.K. Recent trends in CRISPR-Cas system: Genome, epigenome, and transcriptome editing and CRISPR delivery systems. Genes Genom. 2019, 41, 871–877. [Google Scholar] [CrossRef]

	



Thomas, K.R.; Capecchi, M.R. Site-directed mutagenesis by gene targeting in mouse embryo-derived stem cells. Cell 1987, 51, 503–512. [Google Scholar] [CrossRef]

	



Zhao, Y.; Kwan, K.M.; Mailloux, C.M.; Lee, W.K.; Grinberg, A.; Wurst, W.; Behringer, R.R.; Westphal, H. LIM-homeodomain proteins Lhx1 and Lhx5, and their cofactor Ldb1, control Purkinje cell differentiation in the developing cerebellum. Proc. Natl. Acad. Sci. USA 2007, 104, 13182–13186. [Google Scholar] [CrossRef]

	



Shawlot, W.; Behringer, R.R. Requirement for Lim1 in head-organizer function. Nature 1995, 374, 425–430. [Google Scholar] [CrossRef]

	



Zhao, Y.; Sheng, H.Z.; Amini, R.; Grinberg, A.; Lee, E.; Huang, S.; Taira, M.; Westphal, H. Control of hippocampal morphogenesis and neuronal differentiation by the LIM homeobox gene Lhx5. Science 1999, 284, 1155–1158. [Google Scholar] [CrossRef]

	



Kwan, K.M. Conditional alleles in mice: Practical considerations for tissue-specific knockouts. Genesis 2002, 32, 49–62. [Google Scholar] [CrossRef]

	



Lui, N.C.; Tam, W.Y.; Gao, C.; Huang, J.D.; Wang, C.C.; Jiang, L.; Yung, W.H.; Kwan, K.M. Lhx1/5 control dendritogenesis and spine morphogenesis of Purkinje cells via regulation of Espin. Nat. Commun. 2017, 8, 15079. [Google Scholar] [CrossRef]

	



Madisen, L.; Zwingman, T.A.; Sunkin, S.M.; Oh, S.W.; Zariwala, H.A.; Gu, H.; Ng, L.L.; Palmiter, R.D.; Hawrylycz, M.J.; Jones, A.R.; et al. A robust and high-throughput Cre reporting and characterization system for the whole mouse brain. Nat. Neurosci. 2010, 13, 133–140. [Google Scholar] [CrossRef] [PubMed]

	



Nordquist, D.T.; Kozak, C.A.; Orr, H.T. cDNA cloning and characterization of three genes uniquely expressed in cerebellum by Purkinje neurons. J. Neurosci. 1988, 8, 4780–4789. [Google Scholar] [CrossRef]

	



Rong, Y.Q.; Wang, T.Y.; Morgan, J.I. Identification of candidate Purkinje cell-specific markers by gene expression profiling in wild-type and pcd(3J) mice. Mol. Brain Res. 2004, 132, 128–145. [Google Scholar] [CrossRef] [PubMed]

	



Schuller, U.; Kho, A.T.; Zhao, Q.; Ma, Q.F.; Rowitch, D.H. Cerebellar “transcriptome” reveals cell-type and stage-specific expression during postnatal development and tumorigenesis. Mol. Cell Neurosci. 2006, 33, 247–259. [Google Scholar] [CrossRef]

	



Chen, X.R.; Heck, N.; Lohof, A.M.; Rochefort, C.; Morel, M.P.; Wehrle, R.; Doulazmi, M.; Marty, S.; Cannaya, V.; Avci, H.X.; et al. Mature Purkinje cells require the retinoic acid-related orphan receptor-alpha (RORalpha) to maintain climbing fiber mono-innervation and other adult characteristics. J. Neurosci. 2013, 33, 9546–9562. [Google Scholar] [CrossRef]

	



Ino, H. Immunohistochemical characterization of the orphan nuclear receptor ROR alpha in the mouse nervous system. J. Histochem. Cytochem. 2004, 52, 311–323. [Google Scholar] [CrossRef]

	



Jones, A.R.; Overly, C.C.; Sunkin, S.M. The Allen Brain Atlas: 5 years and beyond. Nat. Rev. Neurosci. 2009, 10, 821–828. [Google Scholar] [CrossRef]

	



Sunkin, S.M.; Ng, L.; Lau, C.; Dolbeare, T.; Gilbert, T.L.; Thompson, C.L.; Hawrylycz, M.; Dang, C. Allen Brain Atlas: An integrated spatio-temporal portal for exploring the central nervous system. Nucleic Acids Res. 2013, 41, D996–D1008. [Google Scholar] [CrossRef] [PubMed]

	



Morales, D.; Hatten, M.E. Molecular markers of neuronal progenitors in the embryonic cerebellar anlage. J. Neurosci. 2006, 26, 12226–12236. [Google Scholar] [CrossRef]

	



Gong, S.; Zheng, C.; Doughty, M.L.; Losos, K.; Didkovsky, N.; Schambra, U.B.; Nowak, N.J.; Joyner, A.; Leblanc, G.; Hatten, M.E.; et al. A gene expression atlas of the central nervous system based on bacterial artificial chromosomes. Nature 2003, 425, 917–925. [Google Scholar] [CrossRef] [PubMed]

	



Condie, B.G. The untapped potential of the GENSAT mice-A valuable resource for developmental biology. Genesis 2016, 54, 245–256. [Google Scholar] [CrossRef] [PubMed]

	



Gerfen, C.R.; Paletzki, R.; Heintz, N. GENSAT BAC cre-recombinase driver lines to study the functional organization of cerebral cortical and basal ganglia circuits. Neuron 2013, 80, 1368–1383. [Google Scholar] [CrossRef]

	



Demchuk, A.M.; Dube, S.T.; Mesina, L.; McNaughton, B.L. Limitations of the GENSAT Egr1-EGFP transgenic mouse strain for neural circuit activity mapping. Neurosci. Lett. 2020, 732, 135072. [Google Scholar] [CrossRef]

	



Sjostedt, E.; Zhong, W.; Fagerberg, L.; Karlsson, M.; Mitsios, N.; Adori, C.; Oksvold, P.; Edfors, F.; Limiszewska, A.; Hikmet, F.; et al. An atlas of the protein-coding genes in the human, pig, and mouse brain. Science 2020, 367. [Google Scholar] [CrossRef]

	



Thul, P.J.; Lindskog, C. The human protein atlas: A spatial map of the human proteome. Protein Sci. 2018, 27, 233–244. [Google Scholar] [CrossRef]

	



Bevilacqua, C.; Ducos, B. Laser microdissection: A powerful tool for genomics at cell level. Mol. Aspects Med. 2018, 59, 5–27. [Google Scholar] [CrossRef] [PubMed]

	



Kerman, I.A.; Buck, B.J.; Evans, S.J.; Akil, H.; Watson, S.J. Combining laser capture microdissection with quantitative real-time PCR: Effects of tissue manipulation on RNA quality and gene expression. J. Neurosci. Methods 2006, 153, 71–85. [Google Scholar] [CrossRef] [PubMed]

	



Pieczora, L.; Stracke, L.; Vorgerd, M.; Hahn, S.; Theiss, C.; Theis, V. Unveiling of miRNA Expression Patterns in Purkinje Cells During Development. Cerebellum 2017, 16, 376–387. [Google Scholar] [CrossRef]

	



Haldipur, P.; Aldinger, K.A.; Bernardo, S.; Deng, M.; Timms, A.E.; Overman, L.M.; Winter, C.; Lisgo, S.N.; Razavi, F.; Silvestri, E.; et al. Spatiotemporal expansion of primary progenitor zones in the developing human cerebellum. Science 2019, 366, 454–460. [Google Scholar] [CrossRef]

	



Davis, S.; Scott, C.; Ansorge, O.; Fischer, R. Development of a Sensitive, Scalable Method for Spatial, Cell-Type-Resolved Proteomics of the Human Brain. J. Proteome Res. 2019, 18, 1787–1795. [Google Scholar] [CrossRef]

	



Zhang, P.G.Y.; Yeung, J.; Gupta, I.; Ramirez, M.; Ha, T.; Swanson, D.J.; Nagao-Sato, S.; Itoh, M.; Kawaji, H.; Lassmann, T.; et al. Discovery of Transcription Factors Novel to Mouse Cerebellar Granule Cell Development Through Laser-Capture Microdissection. Cerebellum 2018, 17, 308–325. [Google Scholar] [CrossRef]

	



Aguado, C.; Colon, J.; Ciruela, F.; Schlaudraff, F.; Cabanero, M.J.; Perry, C.; Watanabe, M.; Liss, B.; Wickman, K.; Lujan, R. Cell type-specific subunit composition of G protein-gated potassium channels in the cerebellum. J. Neurochem. 2008, 105, 497–511. [Google Scholar] [CrossRef] [PubMed]

	



Von Ahlfen, S.; Missel, A.; Bendrat, K.; Schlumpberger, M. Determinants of RNA quality from FFPE samples. PLoS ONE 2007, 2, e1261. [Google Scholar] [CrossRef]

	



Carter, R.A.; Bihannic, L.; Rosencrance, C.; Hadley, J.L.; Tong, Y.; Phoenix, T.N.; Natarajan, S.; Easton, J.; Northcott, P.A.; Gawad, C. A Single-Cell Transcriptional Atlas of the Developing Murine Cerebellum. Curr. Biol. 2018, 28, 2910–2920. [Google Scholar] [CrossRef] [PubMed]

	



Peng, J.; Sheng, A.L.; Xiao, Q.; Shen, L.; Ju, X.C.; Zhang, M.; He, S.T.; Wu, C.; Luo, Z.G. Single-cell transcriptomes reveal molecular specializations of neuronal cell types in the developing cerebellum. J. Mol. Cell Biol. 2019, 11, 636–648. [Google Scholar] [CrossRef]

	



Gupta, I.; Collier, P.G.; Haase, B.; Mahfouz, A.; Joglekar, A.; Floyd, T.; Koopmans, F.; Barres, B.; Smit, A.B.; Sloan, S.A.; et al. Single-cell isoform RNA sequencing characterizes isoforms in thousands of cerebellar cells. Nat. Biotechnol. 2018, 1197–1202. [Google Scholar] [CrossRef] [PubMed]

	



Ha, T.J.; Zhang, P.G.Y.; Robert, R.; Yeung, J.; Swanson, D.J.; Mathelier, A.; Wasserman, W.W.; Im, S.; Itoh, M.; Kawaji, H.; et al. Identification of novel cerebellar developmental transcriptional regulators with motif activity analysis. BMC Genom. 2019, 20, 718. [Google Scholar] [CrossRef]








[image: Ijms 22 01850 g001 550] 





Figure 1. Cytoarchitecture and neuronal circuitry of the mouse cerebellar cortex. Dendrites of Purkinje cells (PCs) form synaptic connections with the parallel fibers of granule cells (GCs) within the molecular layer. PCs relay the signals from GCs and other interneurons and send the final output to the deep cerebellar nuclei. Mossy fibers and climbing fibers are the major afferents from outside the cerebellum. Interneurons are located in different layers of the cerebellar cortex: stellate cells and basket cells in the molecular layer; PCs and candelabrum cells in the Purkinje cell layer; and GCs, unipolar brush cells, globular cells, and Lugaro cells in the granular layer. For further details and additional references, please refer to [15,16]. 
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Table 1. Examples of cerebellar neuronal markers and the methodologies in which the markers were identified.
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	Methodology
	Neuronal Type and Specific Marker
	References





	Forward and reverse

genetics
	Purkinje cell: Grid2, Pcp2

Basket cell: Kcna2
	[29,30,42,52,53,54,55,56]



	Global screening

(in situ hybridization)
	Purkinje cell: Esrrb, Nr2f2, Foxp2, Foxp4

Granule cell: Zic1, Neurod1, Etv1, Nfia
	[74]



	Laser-capture microdissection
	Stellate cell: GIRK3
	[92]



	Single-cell transcriptome
	Purkinje cell: Adcy1, Itpka, Csdc2

Granule cell: Cntn2, Tubb3
	[95]
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