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Abstract:



Due to its continuing development after birth, the cerebellum represents a unique model for studying the postnatal orchestration of interneuron migration. The combination of fluorescent labeling and ex/in vivo imaging revealed a cellular highway network within cerebellar cortical layers (the external granular layer, the molecular layer, the Purkinje cell layer, and the internal granular layer). During the first two postnatal weeks, saltatory movements, transient stop phases, cell-cell interaction/contact, and degradation of the extracellular matrix mark out the route of cerebellar interneurons, notably granule cells and basket/stellate cells, to their final location. In addition, cortical-layer specific regulatory factors such as neuropeptides (pituitary adenylate cyclase-activating polypeptide (PACAP), somatostatin) or proteins (tissue-type plasminogen activator (tPA), insulin growth factor-1 (IGF-1)) have been shown to inhibit or stimulate the migratory process of interneurons. These factors show further complexity because somatostatin, PACAP, or tPA have opposite or no effect on interneuron migration depending on which layer or cell type they act upon. External factors originating from environmental conditions (light stimuli, pollutants), nutrients or drug of abuse (alcohol) also alter normal cell migration, leading to cerebellar disorders.
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1. Introduction


Over the last 100 years, the cerebellum has served as a model system to elucidate the cellular and molecular mechanisms underlying the development of the entire brain. In particular, several seminal studies initially used the developing cerebellum as a suitable model to elucidate the fundamental principles of neuronal migration. The concept of neuronal migration during brain development was first proposed for cerebellar granule cells. In the early 1900s, based on a study using developing cerebella with Golgi staining, Ramon y Cajal assumed that granule cells translocate from their birth place to their final destination, where they reside during their entire adult life, implying that the migration of immature neurons is essential for the formation of normal neuronal cytoarchitecture [1]. More than half a century later, the proof of the existence of neuronal migration in the developing brain was provided for the first time by a study using the developing cerebellum. In 1961, using developing mouse cerebella and tritiated thymidine, Miale and Sidman experimentally revealed the precise time-course of cerebellar granule cell migration [2]. Ten years later, the first discovery regarding the cellular mechanisms underlying neuronal migration was made from a study examining the migration of cerebellar granule cells. Using developing monkey cerebella and electron microscopy, Rakic established that migrating granule cells use the processes of Bergmann glia as a scaffold, leading to the radial glia hypothesis for neuronal migration [3]. Thereafter, many studies followed to search for the molecules which play a role in neuron–glia interaction. Among the studies, using cultured cerebellar neurons and an in vitro assay system for cell movement, Edmondson and Hatten revealed for the first time a critical role of cell adhesion molecules (astrotactin) in the glia-associated migration of immature neurons [4]. It has been subsequently demonstrated that the cellular and molecular mechanisms underlying the control of neuronal migration in the developing cerebellum can be generalized to the migration of many neurons in other brain regions, including the developing cerebrum, with few differences. The gathered knowledge illustrating the precise mechanisms of cerebellar development will in turn contribute to the development of therapeutic strategies aimed at curing brain disorders.




2. Postnatal Cerebellum


The cerebellum is a complex foliated structure with ten lobules and a species-specific number of sublobules (Figure 1A) [5]. During development, the cerebellar cortex is organized in four layers including the external granular layer (EGL), the molecular layer (ML), the Purkinje cell layer (PCL) and the internal granular layer (IGL) (Figure 1B) [6]. By the time of birth, the γ-aminobutyric acid (GABA)ergic Purkinje cells which are the only projection neurons in the cerebellar cortex occupy their final position in the PCL between the EGL and the IGL. However, monolayer arrangement of Purkinje cells is only completed at postnatal days 4–5 (P4–P5) in mice [7]. By the third postnatal week, the EGL disappears and the IGL becomes the granular layer (GL) after the completion of cerebellar development [8,9].


Figure 1. The cortex of the cerebellum: a unique model to study postnatal migration. (A) Complex foliated structure of the postnatal cerebellum with lobules (I–X) as shown in schematic sagittal section. IXa and IXb are sublobules of lobule IX. (B) Interneuron migration: from germinative zones to final location. dWM, deep white matter; pWM, prospective white matter; uRL, upper rhombic lip; EGL, external granular layer; ML, molecular layer; PCL, Purkinje cell layer; IGL, internal granular layer; Gi, Golgi cell; U, unipolar brush cell; G, granule cell; L, Lugaro cell; P, Purkinje cell; B, basket cell; S, stellate cell.
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Six different types of interneurons originating from two primary germinal zones—the upper rhombic lip (uRL) and the cerebellar plate ventricular zone (VZ)—are produced sequentially (Figure 2) [10]. Most interneuron precursors migrate out the uRL or the VZ to a secondary germinative zone i.e., the EGL, the prospective white matter (pWM) or the deep white matter (dWM) [10].


Figure 2. Characteristics of migrating interneurons in the postnatal cerebellum. dWM, deep white matter; pWM, prospective white matter; uRL, upper rhombic lip; EGL, external granular layer; ML, molecular layer; PCL, Purkinje cell layer; IGL, internal granular layer; VZ, ventricular zone; P20, postnatal day 20. * in mouse or rat.
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From these zones, they move to their final destination within the ML or in the IGL during the first three-postnatal weeks (Figure 1B and Figure 2). Two types of excitatory/glutamatergic interneurons—the granule cells (G) and the unipolar brush cells (U)—originate from the uRL. While granule cell precursors move to the EGL, unipolar brush cells migrate directly to the IGL through the white matter (Figure 1B). The majority of unipolar brush cells reach the IGL by P10 in mice [11]. In contrast, the last granule cells reach their final position in the IGL around P20 in mice (Figure 2) [11]. Four inhibitory/GABAergic interneurons—the stellate cells (S), the basket cells (B), the Golgi cells (Gi) and the Lugaro cells (L)—originate from the VZ (Figure 2) [11]. Golgi cells migrate from the dWM through the folial white matter to the IGL until P4 in mice. Basket and stellate cells migrate from the dWM through the folial white matter, the IGL and the PCL to their final destination in the ML until P16 in mice [9]. Lugaro cells migrate through the folial white matter to their final location at the top of the IGL by P5 [12]. The cerebellar cortex therefore represents a unique model for studying postnatal migration with centripetal migration of granule cells and centrifugal migration of unipolar brush cells, basket and stellate cells, Golgi cells, and Lugaro cells. During the first three postnatal weeks, the most numerous migrating interneurons are granule cells and basket/stellate cells with respective densities of 1124 ± 138 and 306 ± 79 cell/mm2 in rat P10 cerebellar slices [13]. In this review, we will describe, as a model system of neurodevelopment, the concomitant migration of granule and basket/stellate cells that have distinct embryological origins, opposite migration directions, and opposite effects on Purkinje cell activities during adulthood [14]. In particular, we will focus on ex vivo/in vivo real-time observations of the highway network of migration with saltatory movements, transient arrests or standby phases of interneurons. Then, we will review the multifactorial control of interneuron movements including the role of external factors and the putative disorders provoked by an alteration of the migration.




3. Complementary Imaging Approaches for Cell Migration Studies in the Postnatal Cerebellum


Interneuron migration has been studied during the last 25 years through fluorescent micro- or macroscopy for ex vivo or in vivo experiments [15]. Membrane or cytoplasm staining as well as fluorescent protein expression strategies were developed to track cell movements [15]. In particular, lipophilic membrane tracers such as long-chain dialkylcarbocyanines including 1,1′-dioctadecyl-3,3,3′3′-tetramethylindocarbocyanine perchlorate (DiI) were originally used in cerebellar slices to monitor granule cell migration in fine detail [16]. Then, cytosolic probes of the Cell Tracker™ family and cell-expressed fluorescent proteins increased the number of labelled cells and consequently the number of tracked granule cells or basket/stellate cells [13,17,18]. For their simplicity of manipulation, exogenous fluorescent probes were usually used for both ex vivo and in vivo studies [15,19,20] while monocolour genetic labelling of interneurons was only applied for tissue slices [18]. Contrary, the combination of several Cell Trackers™ or Brainbow transgenes [21,22] has never been used for multiplex labelling and may represent a new perspective to study cerebellar interneuron migration.



Several imaging systems including inverted widefield/confocal microscopy as well as upright confocal macroscopy have been used to study interneuron migration in tissue slices (Figure 3). In contrast to widefield microscopy, an increased signal-to-noise ratio and flexibility of dye excitation and detection are the main advantages of confocal approaches (Figure 3). Nowadays, supercontinuum lasers have been shown to provide a flexible excitation source for fluorescence imaging [23], and preservation of the biological sample/fluorochrome can also be improved by decreasing the laser power and by increasing the detection of emitted photons. A combination of vacuum-tube and semi-conductor technologies known as hybrid detectors has recently emerged and outperforms other sensors in most applications [24]. A recent alternative and original approach is confocal macroscopy that offers a large field of view and long working distance (Figure 3). Interestingly, an important number of labelled interneurons can be simultaneously observed in a cerebellar slice placed on the membrane of a Transwell™ insert [15]. The thickness of tissue slices (~200 µm) is fully consistent with the z-depth imaging of confocal approaches. In addition, several types of in vivo tracking of cerebellar interneurons have been successfully performed with inverted confocal microscopy (Figure 3) [20,25]. However, two-photon fluorescence microscopy may also offer several advantages over conventional imaging techniques since it facilitates deep tissue penetration and dramatically reduces the photobleaching of fluorophores (Figure 3) [26]. Although two-photon fluorescence microscopy has been performed on adult mouse cerebellum to investigate axon regeneration [27], it has never been used to study cerebellar interneuron migration in postnatal animals. Light-sheet microscopy is now considered an emerging imaging technology in the field of neurosciences with large scale neuronal recordings. Since transparency of the tissue is mandatory for successful imaging, a small but important number of studies have been performed in living tissue or animal models including larval zebrafish [28,29]. Recently, the zebrafish has emerged as a useful model organism for cerebellar studies, owing in part to the similarity of the cerebellar circuits in between zebrafish and mammals, and Upstream Activator Sequence (UAS) constructs have been used to generate fluorescent cerebellar cells [30]. In the future, adaptation of light-sheet microscopy combined with genetic manipulation of organisms to make tissues more transparent would allow new perspectives to study larger rodent brains [29].


Figure 3. Comparative analysis of imaging technologies used for ex vivo/in vivo interneuron migration studies in the postnatal cerebellum. †, weakly efficient; ††, moderately efficient; †††, highly efficient.
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4. Cellular Highway Networks within the First Two Postnatal Weeks of the Cerebellum


From multiple previous studies, it is now clear that granule cells and basket/stellate cells exhibit respectively centripetal and centrifugal migration over the same developmental period and in particular during the first two postnatal weeks [6,14].



With four major steps of migration, granule cells pass through all the cortical layers of the cerebellum. Firstly, granule cells migrate tangentially within the EGL and then change direction to migrate radially along the processes of Bergmann glial cells through the ML [31,32] (Figure 4A, blue). When entering the PCL, granule cells detach from glial cells and slow down [31]. Two hours later, granule cells resume their migration and cross the border between the PCL and the IGL. Within the IGL, granule cells migrate radially, independently of glial fibres, until they reach their final position at the bottom of the IGL [31] (Figure 4A, blue).


Figure 4. Illustration of the concomitant migration of granule and basket/stellate cells in the postnatal cerebellum through confocal macroscopy. (A) Tracking of centripetal migration (towards the bottom of the IGL) of granule cells (blue) and centrifugal migration (towards the top of ML) of basket/stellate cells (pink). (B) Saltatory movements of a granule cell (marked as # in (A)) in the ML. (C) Saltatory movements of a basket/stellate cell (marked as * in (A)) in the ML. EGL, external granular layer; ML, molecular layer; PCL, Purkinje cell layer; IGL, internal granular layer.
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Basket cells and stellate cells exhibit a centrifugal move during early postnatal development from the pWM to the ML [9,33]. During their migration in the ML, basket cells and stellate cells are generally identified as homogeneous immature interneurons because they are morphologically indistinguishable [18]. However, we cannot rule out the possibility that basket cells and stellate cells exhibit discrete differences in their speed and regulation of migration. In mice [18] and in rats [13], a large majority (80–90%) of basket/stellate cells display a radial migration, whereas only 10–20% of the cells migrate obliquely toward the top of the ML. Basket/stellate cells that display radial migration complete their migration in four phases [9,19,34,35,36]. During phase I, the cells migrate radially from the bottom to the top of the ML where they sojourn next to the EGL [37] (Figure 4A, pink). Then, the cells turn at the top of the ML and migrate tangentially (phase II) with occasional reversal of the direction of migration. At phase III, the cells turn and migrate radially within the ML at reduced speed. Finally, the cells turn at the middle of the ML and migrate tangentially at their slowest speed during the terminal phase IV [18].



Besides the characterization of each cell type profile, our understanding of the general orchestration of interneuron migration is very rudimentary and represents a challenging task. In particular, granule cells and basket/stellate cells have to follow long and complex migratory highways before reaching their final destination. Paradoxically, the starting point of granule cells in the EGL is very close to the ending point of basket/stellate cells in the ML, and, reciprocally, the starting point of basket/stellate cells in the pWM is also very close to the ending point of granule cells in the IGL (Figure 1). The prolonged migration of interneurons may provide a time for cells to form processes and networks in the different cerebellar cortical layers, for instance the formation of parallel fibers for granule cells [11]. Due to the opposite migration routes of granule cells and basket/stellate cells in the ML during the second postnatal week, simultaneous tracking was possible with the use of only a single fluorescent marker [13]. Therefore, simultaneous observation of granule cells and basket/stellate cells through confocal macroscopy is a starting point to study interneuron migratory highways (Figure 4A).



As a new concept in cerebellar interneuron migration, we have shown that basket and stellate cells intersect with granule cells, suggesting that they may share a common migratory rail [13]. Several studies have shown that granule cells migrate radially along the processes of Bergmann glial cells through the ML [38] but this is only speculative for basket/stellate cells, and future studies are required to clarify this point. Regarding basket/stellate cells, that migrate obliquely toward the top of the ML [13,18], it is very unlikely that they move along the processes of glial cells. Taken together, the data suggest that some basket/stellate cells may use different tracks with proper mechanisms and specific regulations to attain their final position in the ML. A potential novel research field is the possible existence of waves of interneuron migration i.e., coordinated movements of groups of granule cells within a lobule or between adjacent lobules. Whether the migration of the different types of interneurons is coordinated and possibly orchestrated by “band leaders” such as Purkinje cells may also be a fruitful hypothesis. Large field of view over long time-lapses used alongside future technological and labelling strategies, previously discussed in this review, will open new possibilities in the topic.



At a cellular level, the mechanisms of granule cell migration have been extensively studied and the saltatory movements resulting from the repetitive translocation of the nucleus and the organelles along the leading processes are clearly established in the EGL, the ML and the IGL [31,32,39] (Figure 4B). Similarly, basket/stellate cells reach the top of the ML with saltatory movements as described in mouse and rat postnatal cerebellar slices [13,18] (Figure 4C). Another consideration is the cell-cell contacts, and possible communications, that cerebellar interneurons might establish with congeneric cells or with other types of interneurons, neurons or glial cells during their long migratory route. The most described interaction is the contact of granule cells with Bergmann glial fibres during the migration in the ML [38]. In addition, along this cellular highway, granule cells also intersect with basket/stellate cells and some of them tend to slow down after crossing [4], suggesting that their interaction may affect granule cell migration. Interaction of granule cells and basket/stellate cells with Purkinje cell soma in the PCL has been poorly characterized so far, although the crossing of the PCL, in an opposite direction, is an obligatory step for both interneurons [6,18]. In fact, the situation is different for granule cells and basket/stellate cells. For example, when entering the PCL, granule cells detach from glial cells, slow down and stop their migration for an approximately two-hour period of time [31]. In contrast, basket/stellate cells coming from the IGL directly cross the PCL without any transient arrest phase [18]. Super-resolution approaches including STimulated Emission Depletion (STED) microscopy [40,41,42] and correlative microscopy [43] could now offer new possibilities to decipher the roles of cell–cell contacts between granule cells, basket/stellate cells, Purkinje cells, and Bergmann glial cells in key steps of cerebellar interneuron migration including the crossing of the PCL.




5. Transient Arrest Phase, Standby Phase and Final Stop Signal for Cerebellar Interneuron Migration


Transient arrest phases of various duration appear to be a frequent feature of neuronal migration in brain histogenesis [44]. During postnatal development of the cerebellum, the presence of pauses during interneuron migration is well established for granule cells and basket/stellate cells but their functional significance remains largely unknown.



Once the granule cell soma enters the PCL, its shape transforms abruptly from a vertically elongated spindle to a sphere [6]. These rounded somata slow their movement significantly, and stop completely in the PCL [6]. The transient stationary phase in the PCL is caused, at least in part, by the release of endogenous pituitary adenylate cyclase-activating polypeptide (PACAP) expressed in the soma and the dendrites of Purkinje cells as observed in mice and rats [13,17] (Figure 5).


Figure 5. Transient arrest phase, standby phase and stop signals for interneurons during migration in the postnatal cerebellar cortex. pWM, prospective white matter; EGL, external granular layer; ML, molecular layer; PCL, Purkinje cell layer; IGL, internal granular layer; Gi, Golgi cell; U, unipolar brush cell; G, granule cell; L, Lugaro cell; P, Purkinje cell; B, basket cell; S, stellate cell.
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After a prolonged stationary period with times ranging from 30 to 220 min, the granule cells in the PCL begin to re-extend their somata and leading processes [6]. Furthermore, during this transformation, granule cells gradually accelerate the rate of their migration and cross the border between the PCL and the IGL through a PACAP-induced tissue-type plasminogen activator (tPA) release that degrades the extracellular matrix [13]. The transient arrest phase of granule cells in the PCL could be necessary for initiation of a differentiation program and/or for a correct integration of granule cells in the IGL. In particular, the somatostatinergic system exerts a stimulatory effect on tangential granule cell migration in the EGL but somatostatin is the stop signal of granule cells in the IGL [45]. Therefore, PACAP could be responsible for the switch of the somatostatinergic control of granule cell migration.



At the end of the centrifugal radial migration, basket/stellate cells are still immature and stay next to the EGL for more than 16 hours (phase II) with fluctuations of cell movement including slow speed (2.4 µm/h) or reversal of direction. This “standby phase” of interneurons at the top of the ML might be regulated by netrin1 that is highly expressed in the EGL and that exerts a repulsive action on basket/stellate cells [46] (Figure 5). The meaning of the “standby phase” is not clearly determined but again the initiation of a differentiation program may be required for proper settling of basket/stellate cells within the ML. Another possibility is that basket/stellate cells remain temporarily at the top of the ML during the final establishment of parallel fibres of granule cells to which they will be ultimately connected [34]. After phase II, basket/stellate cells translocate through complex migratory routes to their final destination in the middle part of the ML [18,37]. In contrast to granule cells, there is no clear evidence for stop signal(s) of basket/stellate cell migration. The presence of PACAP in Purkinje cell dendrites and its differentiating effect on stellate morphology of astrocytes [47] suggest that this neuropeptide might be a potential candidate signal for the completion of basket/stellate cell migration.




6. Cortical-Layer-Specific Effects of Regulatory Factors during Interneuron Migration


A number of regulatory factors including neurotransmitters (glutamate), neuropeptides (somatostatin, PACAP), extracellular matrix-related proteins (matrix metalloproteinase-3 (MMP-3); tissue plasminogen activator (tPA); tenascin), glycoproteins (astrotactin), growth factors (brain-derived nerve factor (BDNF); neurotrophin-3 (NT-3); neuregulin; insulin growth factor-1 (IGF-1)), cytokines (stromal cell-derived factor-1α (SDF-1α)), glycosphingolipids (9-O-acetyl ganglioside3, 9-O-acetyl GD3) and phospholipids (platelet-activating factor (PAF)) have been identified over the last 25 years as they facilitate (in blue) or exert a direct stimulatory activity (in green) or a direct inhibitory effect (in red) on the migration of interneurons in different cortical layers of the postnatal cerebellum (Figure 6). Diverse and complementary methods have been used to investigate the effects of such factors by: (1) the inhibition of in situ expressed molecules or receptors by exogenous inhibitors, blockers or antagonists; (2) the silencing of genes in knock-out animals; and (3) the administration of exogenous synthetic or purified compounds with potential effect. In particular, the role of somatostatin [45], PACAP [13,17], tPA [13] and IGF-1 [25] on interneuron migration has been examined ex vivo or in vivo by real-time monitoring of the cell after inhibition of the endogenous molecule (Figure 6). Mainly by comparing the thickness of cerebellar cortical layers, the effects of MMP-2/3/9 [48,49,50], BDNF [51], SDF-1 [52], tPA [53] or astrotactin [54] have been evidenced in knock-out (KO) animals or after in vivo patch implantation for neurotrophin-3 [55] (Figure 6). The involvement of netrin-1 [46], tenascin [56], and 9-O-acetyl GD3 [57] in the regulation of interneuron movements has been proposed from cerebellar microexplants studies while the role of PAF [58] and neuregulin [59] was observed on cultured cells (Figure 6). Each strategy has limitations that need to be considered including bio-accessibility, toxicity, emerging regulation in KO animals or over-concentration (endogenous plus exogenous) of compounds, and receptor desensitization. Nevertheless, it appears that interneuron migration during postnatal development of the cerebellum is under a multi-factorial control indicating a complex orchestration with cortical-layer-specific effects of regulatory factors.


Figure 6. Multifactorial control of interneuron migration in the postnatal cerebellar cortex. Cortical-layer-specific effects of molecules that facilitate (in blue), stimulate (in green) or inhibit (in red) cell movements. pWM, prospective white matter; EGL, external granular layer; ML, molecular layer; PCL, Purkinje cell layer; IGL, internal granular layer; Gi, Golgi cell; U, unipolar brush cell; G, granule cell; L, Lugaro cell; P, Purkinje cell; B, basket cell; S, stellate cell; tPA, tissue-type plasminogen activator; PACAP: pituitary adenylate cyclase-activating polypeptide; NT-3, neurotrophin-3; MMP, matrix metalloproteinase; IGF-1, insulin growth factor-1; SDF-1α, stromal cell-derived factor-1α; BDNF, brain-derived nerve factor; PAF, platelet-activating factor.
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During postnatal development, things are not set in stone and the roles of regulatory factors depend not only on when and where they act but also on which type of targeted interneuron and through which subtype of receptor they induce intracellular responses. In this respect, the roles of somatostatin and PACAP are characteristic examples of the cortical-layer-specific effect of regulatory factors. Somatostatin is a neuropeptide with two bioactive forms, somatostatin-14 (SST-14) and somatostatin-28 (SST-28) [60,61]. Five somatostatin receptors (SSTRs) have been cloned and named SSTR1 to SSTR5 according to their order of identification [61]. Both SST-14 and SST-28 bind to all five SSTRs. During postnatal cerebellar development, SST-14 is present in Purkinje cells (ML and PCL), Golgi cells, and climbing fibres (IGL), while SST-28 is detected in Golgi cells and mossy fiber terminals (IGL) [45]. Three binding sites, including SSTR1, SSTR4, and mainly SSTR2 are expressed during cerebellar development [62]. Sstr1 mRNA is predominant at the end of gestation [62]. A transient high expression of the sstr2 gene is observed from P7 to P14 in the rat whereas sstr4 mRNA levels are generally low [62]. A SSTR2/SSTR5 antagonist (AC-178,335) significantly decreases the rate of granule cell migration in the EGL, slightly increases the rate in the ML and significantly increases the rate in the IGL [45]. Therefore, somatostatin accelerates the tangential movement of granule cells near the birthplace within the EGL, but significantly slows down radial movement and, in particular, acts as a stop signal within the IGL (Figure 6). These data suggest firstly a diffusion of somatostatin from its source possibly from the dendrites of Purkinje cells in the ML to reach granule cells in the EGL and secondly a switch of the somatostatin receptor/signalling system during the migration of granule cells to become a stop signal inducer in the IGL.



PACAP exists in two bioactive forms: PACAP38 and PACAP27 [63,64,65]. PACAP27 corresponds to the N-terminal 27-amino acid sequence of PACAP38 [63,64]. In the postnatal cerebellum of rodents, PACAP27/38 is expressed sporadically at the bottom of the ML in the dendrites of Purkinje cells, intensively in the somata of the Purkinje cells in the PCL, and throughout the IGL, most likely in the mossy fibre terminals [17,66,67]. Three PACAP receptors have been cloned, and termed pituitary adenylate cyclase activating polypeptide receptor 1 (PAC1), vasoactive intestinal peptide receptor 1 (VPAC1) and vasoactive intestinal peptide receptor 2 (VPAC2) [65]. In the early postnatal rat cerebellum, the expression levels of PAC1 receptors are two to three times higher than those of the VPAC1 receptors, and no VPAC2 receptors can be detected [68,69]. In the EGL, the density of PAC1 receptors is high from birth to P12, and markedly decreases from P12 to P25. In the ML and IGL, PAC1 receptors are first detected at P8. In the ML the density of PAC1 receptors rapidly decreases during the second and third postnatal weeks, and virtually disappears after P25. In the IGL the density of PAC1 receptors slightly decreases during the second and third postnatal weeks. VPAC1 receptors are only expressed at low level in the EGL during the first and second postnatal weeks of the rat cerebellum [69]. A PACAP receptor antagonist (PACAP6-38) accelerates granule cell migration in the PCL, but does not change their migration rate in the EGL, ML and IGL [13,17]. Therefore, despite the wide distribution of PACAP in the ML, the PCL and the IGL, and PACAP receptors in all cortical layers of the cerebellum, the inhibitory effect of PACAP on granule cells migration is restricted to the PCL (Figure 6).



Additional regulatory peptides controlling interneuron migration are likely to be discovered in the near future. For instance, the spatio-temporal expression of preproenkephalin [70] and preprogalanin [71] RNA in Purkinje cells of certain lobules during the first three postnatal weeks offers new perspectives in the understanding of differential development of the anterior and posterior cerebellar lobes.



Radial or tangential cell migration is systematically associated with the degradation of the extracellular matrix (EM) allowing interneurons to move within the different cerebellar cortical layers and to reach their final location. Several components of proteolytic cascades have been identified to play a role mainly in the migration of granule cells. tPA is an extracellular serine protease that converts the proenzyme plasminogen into the active protease plasmin, which in turn degrades EM components such as cell adhesion molecules or laminin [72,73]. In situ hybridization and immunohistochemical studies have revealed the presence of tPA mRNA and tPA-like immunoreactivity in the ML, the PCL, the IGL, and the white matter (WM) of the postnatal cerebellum [13,74,75]. In contrast, the EGL is virtually devoid of immunoreactive signals. In particular, tPA is detected in leading processes of migrating granule cells [76,77,78,79,80]. As a matter of fact, plasminogen mRNA is widely expressed in the cerebellar EGL, ML and IGL of newborn mice [79]. Time-lapse macroconfocal imaging indicates that plasminogen activator inhibitor-1 (PAI-1), an inhibitor of tPA, reduces the velocity of granule cell by 70% in the ML and by 27% in the PCL but has no effect in the IGL. The developing cerebellum of tPA-deficient mice also exhibits an increased number of granule cells in transit within the ML as a result of a decrease in migration speed [53]. In the ML, two types of basket/stellate cells have been identified according to their radial migration speed and were designated as slow (68%) and fast (32%) cells [13]. In the presence of PAI-1, 94% of basket/stellate cells exhibit a slow migration speed profile, indicating that endogenous tPA participates to the radial centrifugal migration of fast cells, whereas the migration of slow cells is not dependent on tPA. Therefore, endogenous tPA contributes to the glia-dependent radial migration of granule cells in the ML and to the glia-independent radial migration of granule cells in the PCL. tPA also facilitates centrifugal migration of fast basket/stellate cells in the ML (Figure 6).



Among the matrix metalloproteinase (MMP) family, MMP-2, MMP-3 and MMP-9 are detected in the postnatal cerebellum and appear to play a role in the migration of granule cells by degrading the EM [48,49,50]. Despite a wide distribution of MMP mRNAs or immunoreactive materials during the postnatal migratory phase of interneurons, these proteinases seem to regulate only the tangential migration of granule cells in the EGL [48,49,50]. (Figure 6). However, MMP-3 may act through different mechanisms in the EGL by degrading tenascin, but also SDF-1α and BDNF [50]. Therefore, the role of MMPs appears to be restricted to the EGL by facilitating granule cells to reach the ML.




7. Impact of Environmental Conditions, Pollutants, Nutrients, and Drug of Abuse on Interneuron Migration


In humans, the development of the cerebellum starts around the fourth week of the embryonic phase with the formation of the cerebellar primordium and lasts up to the first postnatal year [80]. By sharing both embryonic and postnatal phases of development, the cerebellum is therefore a very suitable model to study interneuron migration in animals that can be extrapolated to humans. During gestation or lactation, the cerebellum is susceptible to environmental stimuli (light, sound, temperature) [81,82,83], toxic compounds (MeHg, Pb) [84,85,86,87], nutritional deficiency (Zn, Cu) [88], drug consumption (alcohol, cocaine, amphetamine/methamphetamine, nicotine) [89], or medications (antidepressants, antipsychotics) [89], that may affect particularly the migration of cerebellar interneurons.



As previously described, the majority of cerebellar granule cells migrate after birth in both humans and mice [6,90]. Even though mice do not open their eyes until approximatively P12, it has been reported that light stimuli induce physiological changes before that time [91]. In vivo experiments indicate that tangential migration speed of granule cells in the EGL increases during the light phase and decreases during dark phase. In addition, cerebellar levels of IGF-1 are high during light phases and low during dark phases [20]. Furthermore, inhibition of IGF-1 receptors by picropodophyllin, a specific IGF-1 receptor inhibitor, during the light phase, decreases the speed of granule cell migration. In contrast, administration of exogenous IGF-1 during the dark phase, increases the rate of granule cell migration. Consequently, there are causal relationships between light-dark cycles, cerebellar IGF-1 levels and speed of granule cell migration [20]. Obviously, complementary studies are needed to determine whether similar effects of “light-stimulation” on neuronal migration could be applied to preterm and full-term human babies, but this may change and standardize the current approach of light exposure of infants at hospitals and homes.



Mercury-containing industrial wastes dumped in rivers and seas could result in the accumulation of methylmercury (MeHg) in fish. Consumption of MeHg-contaminated fish by women transfers MeHg to the foetus through the placenta or to developing infants via breastfeeding. The foetus behaves as a “mercury trap” and the concentration of MeHg in the fetal brain is at least twice that of the mother’s [92]. Known as foetal Minamata disease (FMD), brains of patients that have been exposed to MeHg during development present notably, but not exclusively, neuropathological characteristics in the cerebellum [93,94,95]. Ex vivo experiments have revealed that MeHg (20 µM) inhibits the migration of granule cells in the EGL, ML and IGL in a dose-dependent manner. MeHg decreases the speed of granule cell migration by reducing the occurrence of spontaneous Ca2+ spikes and stimulating the 3′,5′-cyclic adenosine monophosphate (cAMP) pathway [20]. Manipulating Ca2+ and/or cAMP signaling pathways by application of caffeine, Rp-Cyclic 3′,5′-hydrogen phosphorothioate adenosine triethylammonium salt (Rp-cAMPS) (a competitive cAMP antagonist) or IGF-1 significantly reduces the effects of MeHg on granule cell migration, suggesting a potential therapeutic strategy for infants with MeHg intoxication. Furthermore, it has been reported that, during brain development, lead (Pb) intoxication through urban pollution can also induce alterations of neurobehavioral outcomes under cerebellar control although the cellular mechanisms involved remain to be elucidated [88].



A wide variety of nutrients play an important role in neuronal development, but some of them, including proteins, iron, zinc, selenium, iodine, folate, vitamin A, choline and long-chain polyunsaturated fatty acids, appear to have greater effects during the late foetal and early postnatal life [88]. The cerebellum is particularly vulnerable to early postnatal undernutrition [96], although the underlying cellular mechanisms remain largely unknown. Zinc and copper deficiency appear to be a risk factor for the developing cerebellum with long-term effects on motor function, balance and coordination [97,98]. Although, to date, the question of whether zinc and copper affect interneuron migration remains to be examined, there are interesting clues. Indeed, zinc regulates the expression of the igf-1 gene [99], and a positive correlation exists between the expression of IGF-1 and cerebellar grey matter volume and mental development [100]. Collectively, these observations suggest that zinc deficiency affects interneuron migration maybe by reducing the IGF-1 levels, leading to the disrupted development of cerebellar cortical layers.



The effects of prenatal exposure to illegal drugs (cocaine, amphetamine/methamphetamine), legal drugs (nicotine, alcohol), and medications (antidepressant, antipsychotics, relaxing agents) on brain development are complex and dependent on the time, dose and route of drug administration. As far as we know, studies depicting the impact of drugs on the developing cerebellum only concern “foetal alcohol spectrum disorders” (FASDs) and “foetal alcohol syndrome” (FAS) [101]. Prolonged exposure to alcohol during gestation and lactation leads to a pattern of abnormal development in newborns, including cerebellar damage [102,103,104,105,106]. Alcohol exposure results in abnormal development of the postnatal cerebellum [107,108,109]. On cerebellar slices, ethanol reduces the speed of granule cell migration in the EGL, ML and IGL in a dose-dependent manner [110]. Furthermore, intraperitoneal injection of ethanol affects the direction of granule cell migration from tangential to radial at the EGL–ML border [111]. Ethanol reduces the frequency of spontaneous Ca2+ transients and 3′,5′-cyclic guanosine monophosphate (cGMP) levels, but increases cAMP levels in migrating granule cells [110,111]. Interestingly, experimental manipulations of Ca2+, cGMP and cAMP signalling significantly ameliorate the effects of ethanol on granule cell migration.




8. Conclusions


The cerebellum has reciprocal anatomical connections with the cortical motor, frontal, parietal and limbic areas, and is consequently involved in action, cognition, emotion, perception and interoception [80]. Several disorders have their origin in neurodevelopment, and a good understanding of cerebellar development is crucial to unravel the aetiology of different pathologies. Neurodevelopmental defects of the cerebellum have various origins such as stroke (preterm birth haemorrhage), genetic mutations or protein deficiency, pollutants, or drugs that can alter interneuron migration. In addition, there is a wide variety of cerebellum-linked disorders including autism spectrum disorders, neuropsychiatric illnesses (schizophrenia), encephalopathy, hypoplasia, cerebellar ataxia, FMD, FASDs, FAS, stuttering, diabetes or medulloblastoma [80,112,113] and emerging strategies with human induced pluropotent stem cells (hiPSCs) are now proposed for regenerative neurology [114]. How the cerebellum grows and develops, when cell populations have particular vulnerabilities, and how we identify the complications of pathological development, are crucial questions and fascinating research avenues. To date, the cellular and molecular mechanisms underlying the termination of interneuron migration are still largely unknown. There are six types of cerebellar interneurons that migrate during the first three postnatal weeks. Most studies conducted so far, concern granule cells and basket/stellate cells that are quite different by their origin, final destination and role, but share common routes and characteristics of migration and possibly interact. In particular, they both migrate late during the process of development and have the longest ways to go from their own germinative zone to their respective final destination. Interneurons are under multifactorial control with neuropeptides, growth factors, cytokines, glycoproteins, lipids that stimulate or inhibit their migration in a cortical-layer specific manner. In addition, proteolytic cascades degrade the extracellular matrix to facilitate the movement of interneurons. The general orchestration of interneuron migration during postnatal cerebellar development could possibly be driven by the only projection neurons, the Purkinje cells [5], that are first in place around P4 and that express a number of regulatory factors including somatostatin, PACAP, IGF-1, tPA, matrix metalloproteinases (MMPs), encephalin, and galanin. New technological developments to fluorescently label and image the whole (living) cerebellum are certainly needed to achieve, in the future, a full comprehensive understanding of interneuron migration.







Acknowledgments


This work was supported by Inserm, IRIB, Normandie Univ, IBiSA, the Normandy Region, UNIROUEN, the European Regional Development Fund (ERDF—PACT-CBS).




Author Contributions


L.G., H.K. and H.V. wrote the review. M.B. helped in preparing Section 6 and prepared Figure 6 and references list. A.L. prepared Figure 4 and references list. D.S. helped in preparing Figure 3. Y.K. and D.V. helped revising the text.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	1. 
Ramón y Cajal, S. Cervelet, cerveau moyen, rétine, couche optique, corps strié, écorce cérébrale générale et régionale, grand sympathique. In Histologie du Système Nerveux de L’homme et des Vertébrés, 1st ed.; Azoulay, L., Ed.; Maloine A.: Paris, France, 1911; Volume 2. [Google Scholar]

	2. 
Miale, I.L.; Sidman, R.L. An autoradiographic analysis of histogenesis in the mouse cerebellum. Exp. Neurol. 1961, 4, 277–296. [Google Scholar] [CrossRef]

	3. 
Rakic, P. Neuron-glia relationship during granule cell migration in developing cerebellar cortex. A Golgi and electonmicroscopic study in Macacus rhesus. J. Comp. Neurol. 1971, 141, 283–312. [Google Scholar] [CrossRef] [PubMed]

	4. 
Edmondson, J.C.; Hatten, M.E. Glial-guided granule neuron migration in vitro: A high-resolution time-lapse video microscopic study. J. Neurosci. 1987, 78, 1928–1934. [Google Scholar]

	5. 
Sillitoe, R.V.; Joyner, A.L. Morphology, molecular codes, and circuitry produce the three-dimensional complexity of the cerebellum. Annu. Rev. Cell. Dev. Biol. 2007, 23, 549–577. [Google Scholar] [CrossRef] [PubMed]

	6. 
Komuro, H.; Yacubova, E. Recent advances in cerebellar granule cell migration. Cell. Mol. Life Sci. 2003, 60, 1084–1098. [Google Scholar] [CrossRef] [PubMed]

	7. 
Yuasa, S.; Kawamura, K.; Ono, K.; Yamakuni, T.; Takahashi, Y. Development and migration of Purkinje cells in the mouse cerebellar primordium. Anat. Embryol. 1991, 184, 195–212. [Google Scholar] [CrossRef] [PubMed]

	8. 
Maricich, S.M.; Herrup, K. Pax-2 expression defines a subset of GABAergic interneurons and their precursors in the developing murine cerebellum. J. Neurobiol. 1999, 41, 281–294. [Google Scholar] [CrossRef]

	9. 
Zhang, L.; Goldman, J.E. Developmental fates and migratory pathways of dividing progenitors in the postnatal rat cerebellum. J. Comp. Neurol. 1996, 370, 536–550. [Google Scholar] [CrossRef]

	10. 
Fahrion, J.K.; Komuro, Y.; Ohno, N.; Littner, Y.; Nelson, C.; Kumada, T.; Komuro, H. Cerebellar Patterning. In Comprehensive Developmental Neuroscience: Patterning and Cell Type Specification in the Developing CNS and PNS, 1st ed.; Rubenstein, J., Rakic, P., Eds.; Elsevier Inc.: Oxford, UK, 2013; Volume 1, pp. 211–225. [Google Scholar]

	11. 
Komuro, Y.; Kumada, T.; Ohno, N.; Foote, K.D.; Komuro, H. Migration in the Cerebellum. In Cellular Migration and Formation of Neuronal Connections, 1st ed.; Rubenstein, J., Rakic, P., Eds.; Elsevier Inc.: Oxford, UK, 2013; Volume 2, pp. 281–297. [Google Scholar]

	12. 
Hsu, Y.H.; Huang, H.Y.; Tsaur, M.L. Contrasting expression of Kv4.3, an A-type K+ channel, in migrating Purkinje cells and other post-migratory cerebellar neurons. Eur. J. Neurosci. 2003, 18, 601–612. [Google Scholar] [CrossRef] [PubMed]

	13. 
Raoult, E.; Bénard, M.; Komuro, H.; Lebon, A.; Vivien, D.; Fournier, A.; Vaudry, H.; Vaudry, D.; Galas, L. Cortical-layer-specific effects of PACAP and tPA on interneuron migration during post-natal development of the cerebellum. J. Neurochem. 2014, 130, 241–254. [Google Scholar] [CrossRef] [PubMed]

	14. 
Consalez, G.G.; Hawkes, R. The compartmental restriction of cerebellar interneurons. Front. Neural Circuits 2013, 6, 123. [Google Scholar] [CrossRef] [PubMed]

	15. 
Bénard, M.; Lebon, A.; Komuro, H.; Vaudry, D.; Galas, L. Ex vivo imaging of postnatal cerebellar granule cell migration using confocal macroscopy. J. Vis. Exp. 2015, e52810. [Google Scholar] [CrossRef] [PubMed]

	16. 
Komuro, H.; Rakic, P. Selective role of N-type calcium channels in neuronal migration. Science 1992, 257, 806–809. [Google Scholar] [CrossRef] [PubMed]

	17. 
Cameron, D.B.; Galas, L.; Jiang, Y.; Raoult, E.; Vaudry, D.; Komuro, H. Cerebellar cortical-layer-specific control of neuronal migration by pituitary adenylate cyclase-activating polypeptide. Neuroscience 2007, 146, 697–712. [Google Scholar] [CrossRef] [PubMed]

	18. 
Cameron, D.B.; Kasai, K.; Jiang, Y.; Hu, T.; Saeki, Y.; Komuro, H. Four distinct phases of basket/stellate cell migration after entering their final destination (the molecular layer) in the developing cerebellum. Dev. Biol. 2009, 332, 309–324. [Google Scholar] [CrossRef] [PubMed]

	19. 
Komuro, H.; Rakic, P. Modulation of neuronal migration by NMDA receptors. Science 1993, 260, 95–97. [Google Scholar] [CrossRef] [PubMed]

	20. 
Li, Y.; Komuro, Y.; Fahrion, J.K.; Hu, T.; Ohno, N.; Fenner, K.B.; Wooton, J.; Raoult, E.; Galas, L.; Vaudry, D.; Komuro, H. Light stimuli control neuronal migration by altering of insulin-like growth factor 1 (IGF-1) signaling. Proc. Natl. Acad. Sci. USA 2012, 109, 2630–2635. [Google Scholar] [CrossRef] [PubMed]

	21. 
Livet, J.; Weissman, T.A.; Kang, H.; Draft, R.W.; Lu, J.; Bennis, R.A.; Sanes, J.R.; Lichtman, J.W. Transgenic strategies for combinatorial expression of fluorescent proteins in the nervous system. Nature 2007, 450, 56–62. [Google Scholar] [CrossRef] [PubMed]

	22. 
Weissman, T.A.; Pan, Y.A. Brainbow: New resources and emerging biological applications for multicolor genetic labeling and analysis. Genetics 2015, 199, 293–306. [Google Scholar] [CrossRef] [PubMed]

	23. 
Webb, S.E.; Zanetti-Domingues, L.; Coles, B.C.; Rolfe, D.J.; Wareham, R.J.; Martin-Fernandez, M.L. Multicolour single molecule imaging on cells using a supercontinuum source. Biomed. Opt. Express 2012, 3, 400–406. [Google Scholar] [CrossRef] [PubMed]

	24. 
Borlinghaus, R.T.; Birk, H.; Schreiber, F. Detectors for sensitive detection: HyD. In Current Microscopy Contributions to Advances in Science and Technology, 1st ed.; Mendez-Vilas, A., Ed.; Formatex Research Center: Badajoz, Spain, 2012; Volume 2, pp. 818–825. [Google Scholar]

	25. 
Fahrion, J.K.; Komuro, Y.; Li, Y.; Ohno, N.; Littner, Y.; Raoult, E.; Galas, L.; Vaudry, D.; Komuro, H. Rescue of neuronal migration deficits in a mouse model of fetal Minamata disease by increasing neuronal Ca2+ spike frequency. Proc. Natl. Acad. Sci. USA 2012, 109, 5057–5062. [Google Scholar] [CrossRef] [PubMed]

	26. 
So, P.T.; Dong, C.Y.; Masters, B.R.; Berland, K.M. Two-photon excitation fluorescence microscopy. Annu. Rev. Biomed. Eng. 2000, 2, 399–429. [Google Scholar] [CrossRef] [PubMed]

	27. 
Allegra Mascaro, A.L.; Sacconi, L.; Pavone, F.S. Laser nanosurgery of cerebellar axons in vivo. J. Vis. Exp. 2014, e51371. [Google Scholar]

	28. 
Ahrens, M.B.; Orger, M.B.; Robson, D.N.; Li, J.M.; Keller, P.J. Whole-brain functional imaging at cellular resolution using light-sheet microscopy. Nat. Methods 2013, 10, 413–420. [Google Scholar] [CrossRef] [PubMed]

	29. 
Keller, P.J.; Ahrens, M.B. Visualizing whole-brain activity and development at the single-cell level using light-sheet microscopy. Neuron 2015, 85, 462–483. [Google Scholar] [CrossRef] [PubMed]

	30. 
Heap, L.A.; Goh, C.C.; Kassahn, K.S.; Scott, E.K. Cerebellar output in zebrafish: An analysis of spatial patterns and topography in eurydendroid cell projections. Front. Neural Circuits 2013, 7, 53. [Google Scholar] [CrossRef] [PubMed]

	31. 
Komuro, H.; Rakic, P. Distinct modes of neuronal migration in different domains of developing cerebellar cortex. J. Neurosci. 1998, 18, 1478–1490. [Google Scholar] [PubMed]

	32. 
Komuro, H.; Yacubova, E.; Yacubova, E.; Rakic, P. Mode and tempo of tangential cell migration in the cerebellar external granular layer. J. Neurosci. 2001, 21, 527–540. [Google Scholar] [PubMed]

	33. 
Milosevic, A.; Goldman, J.E. Potential of progenitors from postnatal cerebellar neuroepithelium and white matter: Lineage specified vs. multipotent fate. Mol. Cell. Neurosci. 2004, 26, 342–353. [Google Scholar] [CrossRef] [PubMed]

	34. 
Rakic, P. Kinetics of proliferation and latency between final cell division and onset of differentiation of cerebellar stellate and basket neurons. J. Comp. Neurol. 1973, 147, 523–546. [Google Scholar] [CrossRef] [PubMed]

	35. 
Yamanaka, H.; Yanagawa, Y.; Obata, K. Development of stellate and basket cells and their apoptosis in mouse cerebellar cortex. Neurosci. Res. 2004, 50, 13–22. [Google Scholar] [CrossRef] [PubMed]

	36. 
Leto, K.; Carletti, B.; Williams, I.M.; Magrassi, L.; Rossi, F. Different types of cerebellar GABAergic interneurons originate from a common pool of multipotent progenitor cells. J. Neurosci. 2006, 26, 11682–11694. [Google Scholar] [CrossRef] [PubMed]

	37. 
Weisheit, G.; Gliem, M.; Endl, E.; Pfeffer, P.L.; Busslinger, M.; Schilling, K. Postnatal development of the murine cerebellar cortex: Formation and early dispersal of basket, stellate and Golgi neurons. Eur. J. Neurosci. 2006, 24, 466–478. [Google Scholar] [CrossRef] [PubMed]

	38. 
Xu, H.; Yang, Y.; Tang, X.; Zhao, M.; Liang, F.; Xu, P.; Hou, B.; Xing, Y.; Bao, X.; Fan, X. Bergmann glia function in granule cell migration during cerebellum development. Mol. Neurobiol. 2013, 47, 833–844. [Google Scholar] [CrossRef] [PubMed]

	39. 
Komuro, H.; Rakic, P. Dynamics of granule cell migration: A confocal microscopic study in acute cerebellar slice preparations. J. Neurosci. 1995, 15, 1110–1120. [Google Scholar] [PubMed]

	40. 
Bénard, M.; Schapman, D.; Lebon, A.; Monterroso, B.; Bellenger, M.; Le Foll, F.; Pasquier, J.; Vaudry, H.; Vaudry, D.; Galas, L. Structural and functional analysis of tunneling nanotubes (TnTs) using gCW STED and gconfocal approaches. Biol. Cell 2015, 107, 419–425. [Google Scholar] [CrossRef] [PubMed]

	41. 
Chéreau, R.; Tønnesen, J.; Nägerl, U.V. STED microscopy for nanoscale imaging in living brain slices. Methods 2015, 88, 57–66. [Google Scholar] [CrossRef] [PubMed]

	42. 
Chéreau, R.; Saraceno, G.E.; Angibaud, J.; Cattaert, D.; Nägerl, U.V. Superresolution imaging reveals activity-dependent plasticity of axon morphology linked to changes in action potential conduction velocity. Proc. Natl. Acad. Sci. USA 2017, 114, 1401–1406. [Google Scholar] [CrossRef] [PubMed]

	43. 
Allegra Mascaro, A.L.; Silvestri, L.; Sacconi, L.; Pavone, F.S. Towards a comprehensive understanding of brain machinery by correlative microscopy. J. Biomed. Opt. 2015, 20, 61105. [Google Scholar] [CrossRef] [PubMed]

	44. 
Noctor, S.C.; Martínez-Cerdeño, V.; Ivic, L.; Kriegstein, A.R. Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases. Nat. Neurosci. 2004, 7, 136–144. [Google Scholar] [CrossRef] [PubMed]

	45. 
Yacubova, E.; Komuro, H. Stage-specific control of neuronal migration by somatostatin. Nature 2002, 415, 77–81. [Google Scholar] [CrossRef] [PubMed]

	46. 
Alcántara, S.; Ruiz, M.; De Castro, F.; Soriano, E.; Sotelo, C. Netrin 1 acts as an attractive or as a repulsive cue for distinct migrating neurons during the development of the cerebellar system. Development 2000, 127, 1359–1372. [Google Scholar] [PubMed]

	47. 
Nishimoto, M.; Furuta, A.; Aoki, S.; Kudo, Y.; Miyakawa, H.; Wada, K. PACAP/PAC1 autocrine system promotes proliferation and astrogenesis in neural progenitor cells. Glia 2007, 55, 317–327. [Google Scholar] [CrossRef] [PubMed]

	48. 
Vaillant, C.; Meissirel, C.; Mutin, M.; Belin, M.F.; Lund, L.R.; Thomasset, N. MMP-9 deficiency affects axonal outgrowth, migration, and apoptosis in the developing cerebellum. Mol. Cell. Neurosci. 2003, 24, 395–408. [Google Scholar] [CrossRef]

	49. 
Ayoub, A.E.; Cai, T.Q.; Kaplan, R.A.; Luo, J. Developmental expression of matrix metalloproteinases 2 and 9 and their potential role in the histogenesis of the cerebellar cortex. J. Comp. Neurol. 2005, 481, 403–415. [Google Scholar] [CrossRef] [PubMed]

	50. 
Van Hove, I.; Verslegers, M.; Buyens, T.; Delorme, N.; Lemmens, K.; Stroobants, S.; Gantois, I.; D’Hooge, R.; Moons, L. An aberrant cerebellar development in mice lacking matrix metalloproteinase-3. Mol. Neurobiol. 2012, 45, 17–29. [Google Scholar] [CrossRef] [PubMed]

	51. 
Borghesani, P.R.; Peyrin, J.M.; Klein, R.; Rubin, J.; Carter, A.R.; Schwartz, P.M.; Luster, A.; Corfas, G.; Segal, R.A. BDNF stimulates migration of cerebellar granule cells. Development 2002, 129, 1435–1442. [Google Scholar] [PubMed]

	52. 
Ma, Q.; Jones, D.; Borghesani, P.R.; Segal, R.A.; Nagasawa, T.; Kishimoto, T.; Bronson, R.T.; Springer, T.A. Impaired B-lymphopoiesis, myelopoiesis, and derailed cerebellar neuron migration in CXCR4- and SDF-1-deficient mice. Proc. Natl. Acad. Sci. USA 1998, 95, 9448–9453. [Google Scholar] [CrossRef] [PubMed]

	53. 
Seeds, N.W.; Basham, M.E.; Haffke, S.P. Neuronal migration is retarded in mice lacking the tissue plasminogen activator gene. Proc. Natl. Acad. Sci. USA 1999, 96, 14118–14123. [Google Scholar] [CrossRef] [PubMed]

	54. 
Adams, N.C.; Tomoda, T.; Cooper, M.; Dietz, G.; Hatten, M.E. Mice that lack astrotactin have slowed neuronal migration. Development 2002, 129, 965–972. [Google Scholar] [PubMed]

	55. 
Doughty, M.L.; Lohof, A.; Campana, A.; Delhaye-Bouchaud, N.; Mariani, J. Neurotrophin-3 promotes cerebellar granule cell exit from the EGL. Eur. J. Neurosci. 1998, 10, 3007–3011. [Google Scholar] [CrossRef] [PubMed]

	56. 
Husmann, K.; Faissner, A.; Schachner, M. Tenascin promotes cerebellar granule cell migration and neurite outgrowth by different domains in the fibronectin type III repeats. J. Cell. Biol. 1992, 116, 1475–1486. [Google Scholar] [CrossRef] [PubMed]

	57. 
Santiago, M.F.; Berredo-Pinho, M.; Costa, M.R.; Gandra, M.; Cavalcante, L.A.; Mendez-Otero, R. Expression and function of ganglioside 9-O-acetyl GD3 in postmitotic granule cell development. Mol. Cell. Neurosci. 2001, 17, 488–499. [Google Scholar] [CrossRef] [PubMed]

	58. 
Bix, G.J.; Clark, G.D. Platelet-activating factor receptor stimulation disrupts neuronal migration in vitro. J. Neurosci. 1998, 18, 307–318. [Google Scholar] [PubMed]

	59. 
Rio, C.; Rieff, H.I.; Qi, P.; Khurana, T.S.; Corfas, G. Neuregulin and erbB receptors play a critical role in neuronal migration. Neuron 1997, 19, 39–50. [Google Scholar] [CrossRef]

	60. 
Patel, Y.C. Somatostatin and its receptor family. Front. Neuroendocrinol. 1999, 20, 157–198. [Google Scholar] [CrossRef] [PubMed]

	61. 
Tostivint, H.; Ocampo Daza, D.; Bergqvist, C.A.; Quan, F.B.; Bougerol, M.; Lihrmann, I.; Larhammar, D. Molecular evolution of GPCRs: Somatostatin/urotensin II receptors. J. Mol. Endocrinol. 2014, 52, T61–T86. [Google Scholar] [CrossRef] [PubMed]

	62. 
Thoss, V.S.; Duc, D.; Hoyer, D. Somatostatin receptors in the developing rat brain. Eur. J. Pharmacol. 1996, 297, 145–155. [Google Scholar] [CrossRef]

	63. 
Miyata, A.; Arimura, A.; Dahl, R.R.; Minamino, N.; Uehara, A.; Jiang, L.; Culler, M.D.; Coy, D.H. Isolation of a novel 38 residue-hypothalamic polypeptide which stimulates adenylate cyclase in pituitary cells. Biochem. Biophys. Res. Commun. 1989, 164, 567–574. [Google Scholar] [CrossRef]

	64. 
Miyata, A.; Jiang, L.; Dahl, R.D.; Kitada, C.; Kubo, K.; Fujino, M.; Minamino, N.; Arimura, A. Isolation of a neuropeptide corresponding to the N-terminal 27 residues of the pituitary adenylate cyclase activating polypeptide with 38 residues (PACAP38). Biochem. Biophys. Res. Commun. 1990, 170, 643–648. [Google Scholar] [CrossRef]

	65. 
Vaudry, D.; Gonzalez, B.J.; Basille, M.; Yon, L.; Fournier, A.; Vaudry, H. Pituitary adenylate cyclase-activating polypeptide and its receptors: From structure to functions. Pharmacol. Rev. 2000, 52, 269–324. [Google Scholar] [PubMed]

	66. 
Nielsen, H.S.; Hannibal, J.; Fahrenkrug, J. Expression of pituitary adenylate cyclase activating polypeptide (PACAP) in the postnatal and adult rat cerebellar cortex. NeuroReport 1998, 9, 2639–2642. [Google Scholar] [CrossRef] [PubMed]

	67. 
Hannibal, J. Pituitary adenylate cyclase-activating peptide in the rat central nervous system: An immunohistochemical and in situ hybridization study. J. Comp. Neurol. 2002, 453, 389–417. [Google Scholar] [CrossRef] [PubMed]

	68. 
Basille, M.; Gonzalez, B.J.; Fournier, A.; Vaudry, H. Ontogeny of pituitary adenylate cyclase-activating polypeptide (PACAP) receptors in the rat cerebellum: A quantitative autoradiographic study. Brain Res. Dev. Brain Res. 1994, 82, 81–89. [Google Scholar] [CrossRef]

	69. 
Basille, M.; Vaudry, D.; Coulouarn, Y.; Jegou, S.; Lihrmann, I.; Fournier, A.; Vaudry, H.; Gonzalez, B. Comparative distribution of pituitary adenylate cyclase-activating polypeptide (PACAP) binding sites and PACAP receptor mRNAs in the rat brain during development. J. Comp. Neurol. 2000, 425, 495–509. [Google Scholar] [CrossRef]

	70. 
Osborne, J.G.; Kindy, M.S.; Spruce, B.A.; Hauser, K.F. Ontogeny of proenkephalin mRNA and enkephalin peptide expression in the cerebellar cortex of the rat: Spatial and temporal patterns of expression follow maturational gradients in the external granular layer and in Purkinje cells. Brain Res. Dev. Brain Res. 1993, 76, 1–12. [Google Scholar] [CrossRef]

	71. 
Ryan, M.C.; Loiacono, R.E.; Gundlach, A.L. Galanin messenger RNA during postnatal development of the rat brain: Expression patterns in Purkinje cells differentiate anterior and posterior lobes of cerebellum. Neuroscience 1997, 78, 1113–1127. [Google Scholar] [CrossRef]

	72. 
García-Rocha, M.; Avila, J.; Armas-Portela, R. Tissue-type plasminogen activator (tPA) is the main plasminogen activator associated with isolated rat nerve growth cones. Neurosci. Lett. 1994, 180, 123–126. [Google Scholar] [CrossRef]

	73. 
Yepes, M.; Lawrence, D.A. Tissue-type plasminogen activator and neuroserpin: A well-balanced act in the nervous system. Trends Cardiovasc. Med. 2004, 14, 173–180. [Google Scholar] [CrossRef] [PubMed]

	74. 
Friedman, G.C.; Seeds, N.W. Tissue plasminogen activator mRNA expression in granule neurons coincides with their migration in the developing cerebellum. J. Comp. Neurol. 1995, 360, 658–670. [Google Scholar] [CrossRef] [PubMed]

	75. 
Ware, J.H.; DiBenedetto, A.J.; Pittman, R.N. Localization of tissue plasminogen activator mRNA in the developing rat cerebellum and effects of inhibiting tissue plasminogen activator on granule cell migration. J. Neurobiol. 1995, 28, 9–22. [Google Scholar] [CrossRef] [PubMed]

	76. 
Krystosek, A.; Seeds, N.W. Plasminogen activator release at the neuronal growth cone. Science 1981, 213, 1532–1534. [Google Scholar] [CrossRef] [PubMed]

	77. 
Krystosek, A.; Seeds, N.W. Plasminogen activator secretion by granule neurons in cultures of developing cerebellum. Proc. Natl. Acad. Sci. USA 1981, 78, 7810–7814. [Google Scholar] [CrossRef] [PubMed]

	78. 
Seeds, N.W.; Siconolfi, L.B.; Haffke, S.P. Neuronal extracellular proteases facilitate cell migration, axonal growth, and pathfinding. Cell Tissue Res. 1997, 290, 367–370. [Google Scholar] [CrossRef] [PubMed]

	79. 
Basham, M.E.; Seeds, N.W. Plasminogen expression in the neonatal and adult mouse brain. J. Neurochem. 2001, 77, 318–325. [Google Scholar] [CrossRef] [PubMed]

	80. 
Allin, M.P. Novel insights from quantitative imaging of the developing cerebellum. Semin. Fetal Neonatal Med. 2016, 21, 333–338. [Google Scholar] [CrossRef] [PubMed]

	81. 
Bakkum, B.W.; Benevento, L.A.; Cohen, R.S. Effects of light/dark- and dark-rearing on synaptic morphology in the superior colliculus and visual cortex of the postnatal and adult rat. J. Neurosci. Res. 1991, 28, 65–80. [Google Scholar] [CrossRef] [PubMed]

	82. 
Brooks, E.; Waters, E.; Farrington, L.; Canal, M.M. Differential hypothalamic tyrosine hydroxylase distribution and activation by light in adult mice reared under different light conditions during the suckling period. Brain Struct. Funct. 2011, 216, 357–370. [Google Scholar] [CrossRef] [PubMed]

	83. 
Dulcis, D.; Spitzer, N.C. Illumination controls differentiation of dopamine neurons regulating behaviour. Nature 2008, 456, 195–201. [Google Scholar] [CrossRef] [PubMed]

	84. 
Harada, M. Neuropsychiatric disturbances due to organic mercury poisoning during the prenatal period. Seishin Shinkeigaku Zasshi 1964, 66, 429–468. [Google Scholar] [PubMed]

	85. 
Snyder, R.D. Congenital mercury poisoning. N. Engl. J. Med. 1971, 284, 1014–1016. [Google Scholar] [CrossRef] [PubMed]

	86. 
Eto, K. Pathology of Minamata disease. Toxicol. Pathol. 1997, 25, 614–623. [Google Scholar] [CrossRef] [PubMed]

	87. 
Barkur, R.R.; Bairy, L.K. Histological study on hippocampus, amygdala and cerebellum following low lead exposure during prenatal and postnatal brain development in rats. Toxicol. Ind. Health 2016, 32, 1052–1063. [Google Scholar] [CrossRef] [PubMed]

	88. 
Georgieff, M.K. Nutrition and the developing brain: Nutrient priorities and measurement. Am. J. Clin. Nutr. 2007, 85, 614S–620S. [Google Scholar] [PubMed]

	89. 
Thompson, B.L.; Levitt, P.; Stanwood, G.D. Prenatal exposure to drugs: Effects on brain development and implications for policy and education. Nat. Rev. Neurosci. 2009, 10, 303–312. [Google Scholar] [CrossRef] [PubMed]

	90. 
Sidman, R.L.; Rakic, P. Neuronal migration, with special reference to developing human brain: A review. Brain Res. 1973, 62, 1–35. [Google Scholar] [CrossRef]

	91. 
Johnson, J.; Wu, V.; Donovan, M.; Majumdar, S.; Rentería, R.C.; Porco, T.; Van Gelder, R.N.; Copenhagen, D.R. Melanopsin-dependent light avoidance in neonatal mice. Proc. Natl. Acad. Sci. USA 2010, 107, 17374–17378. [Google Scholar] [CrossRef] [PubMed]

	92. 
Amin-Zaki, L.; Elhassani, S.; Majeed, M.A.; Clarkson, T.W.; Doherty, R.A.; Greenwood, M.R. Studies of infants postnatally exposed to methylmercury. J. Pediatr. 1974, 85, 81–84. [Google Scholar] [CrossRef]

	93. 
Matsumoto, H.; Koya, G.; Takeuchi, T. Fetal Minamata disease. A neuropathological study of two cases of intrauterine intoxication by a methyl mercury compound. J. Neuropathol. Exp. Neurol. 1965, 24, 563–574. [Google Scholar] [CrossRef] [PubMed]

	94. 
Eto, K.; Oyanagi, S.; Itai, Y.; Tokunaga, H.; Takizawa, Y.; Suda, I. A fetal type of Minamata disease. An autopsy case report with special reference to the nervous system. Mol. Chem. Neuropathol. 1992, 16, 171–186. [Google Scholar] [CrossRef] [PubMed]

	95. 
Cace, I.B.; Milardovic, A.; Prpic, I.; Krajina, R.; Petrovic, O.; Vukelic, P.; Spiric, Z.; Horvat, M.; Mazej, D.; Snoj, J. Relationship between the prenatal exposure to low-level of mercury and the size of a newborn’s cerebellum. Med. Hypotheses 2011, 76, 514–516. [Google Scholar] [CrossRef] [PubMed]

	96. 
Levitsky, D.A.; Strupp, B.J. Malnutrition and the brain: Changing concepts, changing concerns. J. Nutr. 1995, 125, 2212S–2220S. [Google Scholar] [PubMed]

	97. 
Golub, M.S.; Takeuchi, P.T.; Keen, C.L.; Gershwin, M.E.; Hendrickx, A.G.; Lonnerdal, B. Modulation of behavioral performance of prepubertal monkeys by moderate dietary zinc deprivation. Am. J. Clin. Nutr. 1994, 60, 238–243. [Google Scholar] [PubMed]

	98. 
Penland, J.G.; Prohaska, J.R. Abnormal motor function persists following recovery from perinatal copper deficiency in rats. J. Nutr. 2004, 134, 1984–1988. [Google Scholar] [PubMed]

	99. 
McNall, A.D.; Etherton, T.D.; Fosmire, G.J. The impaired growth induced by zinc deficiency in rats is associated with decreased expression of the hepatic insulin-like growth factor I and growth hormone receptor genes. J. Nutr. 1995, 125, 874–879. [Google Scholar] [PubMed]

	100. 
Keunen, K.; van Elburg, R.M.; van Bel, F.; Benders, M.J. Impact of nutrition on brain development and its neuroprotective implications following preterm birth. Pediatr. Res. 2015, 77, 148–155. [Google Scholar] [CrossRef] [PubMed]

	101. 
Jones, K.L.; Smith, D.W. Recognition of the fetal alcohol syndrome in early infancy. Lancet 1973, 302, 999–1001. [Google Scholar] [CrossRef]

	102. 
Little, R.E.; Anderson, K.W.; Ervin, C.H.; Worthington-Roberts, B.; Clarren, S.K. Maternal alcohol use during breast-feeding and infant mental and motor development at one year. N. Engl. J. Med. 1989, 321, 425–430. [Google Scholar] [CrossRef] [PubMed]

	103. 
Chiriboga, C.A. Fetal alcohol and drug effects. Neurologist 2003, 9, 267–279. [Google Scholar] [CrossRef] [PubMed]

	104. 
Lemoine, P.; Harousseau, H.; Borteyru, J.P.; Menuet, J.C. Children of alcoholic parents-observed anomalies: Discussion of 127 cases. Ther. Drug Monit. 2003, 25, 132–136. [Google Scholar] [CrossRef] [PubMed]

	105. 
Sokol, R.J.; Delaney-Black, V.; Nordstrom, B. Fetal alcohol spectrum disorder. JAMA 2003, 290, 2996–2999. [Google Scholar] [CrossRef] [PubMed]

	106. 
Manzardo, A.M.; Penick, E.C.; Knop, J.; Nickel, E.J.; Hall, S.; Jensen, P.; Gabrielli, W.F., Jr. Developmental differences in childhood motor coordination predict adult alcohol dependence: Proposed role for the cerebellum in alcoholism. Alcohol. Clin. Exp. Res. 2005, 29, 353–357. [Google Scholar] [CrossRef] [PubMed]

	107. 
Kornguth, S.E.; Rutledge, J.J.; Sunderland, E.; Siegel, F.; Carlson, I.; Smollens, J.; Juhl, U.; Young, B. Impeded cerebellar development and reduced serum thyroxine levels associated with fetal alcohol intoxication. Brain Res. 1979, 177, 347–360. [Google Scholar] [CrossRef]

	108. 
Sakata-Haga, H.; Sawada, K.; Hisano, S.; Fukui, Y. Abnormalities of cerebellar foliation in rats prenatally exposed to ethanol. Acta. Neuropathol. 2001, 102, 36–40. [Google Scholar] [PubMed]

	109. 
Dikranian, K.; Qin, Y.Q.; Labruyere, J.; Nemmers, B.; Olney, J.W. Ethanol-induced neuroapoptosis in the developing rodent cerebellum and related brain stem structures. Brain Res. Dev. Brain Res. 2005, 155, 1–13. [Google Scholar] [CrossRef] [PubMed]

	110. 
Kumada, T.; Lakshmana, M.K.; Komuro, H. Reversal of neuronal migration in a mouse model of fetal alcohol syndrome by controlling second-messenger signalings. J. Neurosci. 2006, 26, 742–756. [Google Scholar] [CrossRef] [PubMed]

	111. 
Kumada, T.; Komuro, Y.; Li, Y.; Hu, T.; Wang, Z.; Littner, Y.; Komuro, H. Inhibition of cerebellar granule cell turning by alcohol. Neuroscience 2010, 170, 1328–1344. [Google Scholar] [CrossRef] [PubMed]

	112. 
Bihannic, L.; Ayrault, O. Insights into cerebellar development and medulloblastoma. Bull. Cancer 2016, 103, 30–40. [Google Scholar] [CrossRef] [PubMed]

	113. 
Stoodley, C.J.; Limperopoulos, C. Structure-function relationships in the developing cerebellum: Evidence from early-life cerebellar injury and neurodevelopmental disorders. Semin. Fetal Neonatal Med. 2016, 21, 356–364. [Google Scholar] [CrossRef] [PubMed]

	114. 
Wiethoff, S.; Arber, C.; Li, A.; Wray, S.; Houlden, H.; Patani, R. Using human induced pluripotent stem cells to model cerebellar disease: Hope and hype. J. Neurogenet. 2015, 29, 95–102. [Google Scholar] [CrossRef] [PubMed]



















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  brainsci-07-00062


  
    		
      brainsci-07-00062
    


  




  





media/file8.jpg
B/S G

EGL
STANDBY -
phase L

Transient

pCL ARREST phase:

6L
stop

Signal






media/file11.png
B/S

G

Netrinl

NT-3, MMP-2,3,9
Somatostatin, IGF-1
SDF-1¢

tPA

ML

Glutamate, BDNF
tPA, PAF

Neuregulin,
Astrotactin, Tenascin
9-0O-acetyl GD3

PCL

tPA, PACAP

IGL

Somatostatin






media/file6.jpg
o

ADisance (um)

o m s 388

ADistance (um)

2

I

“ors

T

Bade I





media/file1.png
0®e
Q| [02.®
|| ® © =
m ®@ 0| 3
S I | e L2
S

A

anterior
A
posterior

\7AY

>

IXa

2" postnatal week





media/file10.jpg
B/S

G

Netrin1

EGL

T3, MMP-2,3,9
Somatostatin, IGF-1
SDF-1a

A

ML

Glutamate, BONF
tPA, PAF

Neuregulin,
Astrotactin, Tenascin
9-0-acetyl GD3

PCL

pa, PACAP

IGL

somatostatin






media/file7.png
W
m\m // w M
den

I I
o v
(V] y—
(wrl) @oueisigy

| L
o w ©

-

25 -

T T
0 o wn
pnid

20 -

(wrl) douessiqgy

O

Elapsed time (min)





media/file9.png
B/S G

X XXX XXxx
GL 00000 ® ®
XXX YN X X

STOP
Signal

STANDBY -
phase
STOP
Signal
:
: . Transient
PCL : ARREST phase
I
IGL
I
|
I






media/file5.png
Publications

Imagin Lateral Dye Dye T
gne . y. y Advantages | Limitations
technology resolution Excit. | Detect. , ,
Ex vivo]In vivo
. . *Contrast
Widefiel *Buyi
. defield 0.3 um T T rf::::g :2;; «Z-depth for Yes No
Microscopy g in vivo imaging
*Contrast *Photobleaching
C.onfocal 0.225 um +++ +++ *Ex vivo/In vivo *Z-depth for Yes Yes
Microscopy approches in vivo imaging
*Contrast
Large field of
view *Lateral resolution
el I TLERN B R (i I e O
*Cerebellar slices N VIvo Imaging
on membrane
insert
2-photon +Z-depth for *Buying and
. 0.35 um T+ T+ i viv Fi,m " running cost No No
Microscopy © IMaging *High laser power






media/file3.png
Primary Secondary Final Completion
Interneuron Role Germinative| Germinative . .. of
Destination T
Zone Zone Migration
Granule cell Excitatory/ uRL EGL IGL P20
Glutamatergic
Inhibitory/
Stellate cell GABAergic VZ pWM Top ML P16
Inhibitory/
Basket cell GABAergic VZ pWM Bottom ML P16
. Inhibitory/
Golgi cell GABAergic VZ pWM IGL P4
Unipolar brush Excltatory/. URL ) IGL P10
cell Glutamatergic
Lugaro cell Inhibitory/ vz dWM Top IGL P5

GABAergic






media/file4.jpg
Publications|

Imaging e D¥e | pdvantages | Limitations
technology |  resolution Detect, e
Wideield wongana | O e | e
Microscopy o3 e ' i runningcost | " f:ﬂ"’:_"m
contat | ohtabechios
i ozsum |t | rr | oo | roemmnr | ves [ ves
Microscopy phusi-bigll fico et
=
i
o " JO O Ny .
roso o e wnior | ves | o
Macroscopy come | e
et
 hoton | e
2photo 035um | o | e | e | v |
Microscopy owoimgne [, et






media/file0.jpg
2% postnatal week

A anterior B
T ocoeccceocee
EGL ] -
X XXX Xxxs)
posterior ML
W)
vi N
- pcL
G "
16L
Xa
-
b X

URL





media/file2.jpg
Primary | Secondary B Completion
A e Final
Interneuron Role Germinative| Germinative | o % | of
Zone Zone Migration*
Granule cell oscmsild uRL E6L 6L 20
Glutamatergic
Inhibitory/
Stellate cell ot 3 WM TopML P16
nhibitory/
Basket cell il v WM Bottom ML P16
ohibiory/
Golgicell ol v WM 6L pa
Unipolarbrush | factaton/
cell Glutamatergic e 2 L £20
Lugaro cell il v awm Top 6L 3

GABAergic






