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SUMMARY
Hepatocyte Growth Factor  (HGF), also known as Scatter Factor (SF), is a pleiotropic growth factor that induces proliferation, survival, motility and morphogenesis (tubulogenesis) in different cell types. All these events are mediated by a single receptor, the Met tyrosine kinase. The biological activity of Met depends on the presence of two tyrosines (Y1349VHVNATY1356VNH) in the carboxy-terminal tail. Upon phosphorylation Y1349 and Y1356 act as a bidentate multidocking site for several adaptors and effectors, which in turn trigger an array of transductional pathways. In particular, tyrosine Y1356VNH binds the adaptor Grb2 and links the receptor with the Ras pathway.  Upon N(H mutation, the Met receptor loses the ability to recruit the Grb2 adaptor and Ras pathway activation is partly compromised.  

Several studies have shown that HGF acts as a neurotrophin in vitro and in vivo.  HGF is a survival factor and a chemoattractant for motor and sensory neurons, enhances survival and differentiation of sympathetic neuroblasts and promotes axonal outgrowth of sympathetic neurons. 

HGF and Met are co-expressed in several regions of the brain during development and in the adult. HGF prolongs survival of hippocampal neurons in vitro, and is a motogen for interneurons of the telecenphalon. In the cerebellum, HGF was found in Purkinje neurons, while c-Met transcripts were localized in granule neurons. Furthermore, HGF induces survival in cerebellar granule cells in culture. 

Development of the cerebellum occurs mainly in the postnatal period. The outermost layer, the external granule layer (EGL), contains dividing granule neuron precursors.  Postmitotic granule cells leave the EGL and migrate inward, through the layer of differentiating Purkinje cells  (PL),  to form the internal granule layer (IGL).  Analysis of cerebellar granule cells development has shown that EGL proliferation requires cell contact, is dependent on Purkinje cells and can be regulated by IGF-I, EGF and Shh. However, whereas the cellular interactions involved in cerebellar development are well characterized, the molecules involved are largely unknown.

In this work, based on their expression pattern, we investigated the hypothesis that HGF and Met could be involved in cerebellar development . We confirmed that Met is expressed in the cerebellum in the first few days of neonatal life. In particular we detected Met expression in proliferating cells of the EGL of cerebellum at P8.  Furthermore, to clarify  the role of HGF/Met in the cerebellar development, we produced a novel genetically modified mouse with a partial loss of Met function. This mouse is a ‘second generation knock-in’ which expresses a N(H mutation in the Y1356VNH sequence in the multidocking site of Met. The same mutation had been previously introduced in the mouse genome using a knock-in construct which caused retention of the Neo cassette in the recombinant Met locus. The resulting phenotype was perinatal lethal. In the ‘second generation knock-in’ the Neo gene was flanked by two lox-P sites to allow the possibility of removing the Neo cassette from the recombinant locus. The new Neo- mice (Metgrb2/grb2neo-) were viable and thus potentially useful to study the role of HGF/Met in postnatal cerebellar development. 

Our results show that the cerebellum of Metgrb2/grb2neo- mutant mice is smaller than that of controls and that its pattern of foliation is altered. These defects are associated with a reduction of the proliferative index of granule cells in the EGL. Biochemical studies on primary cultures of granule cells show that HGF-induced MAP-kinase activation is reduced in cerebellar granule cells obtained from Metgrb2/grb2neo- compared to controls  Finally, Metgrb2/grb2neo- mutant mice show balance impairment in a test for cerebellar function, such as  the thin rod horizontal stationary test. In conclusion, these data altogether indicate that HGF is indeed involved in mouse cerebellar development and that Met-mediated recruitment of Grb2 is necessary to promote full proliferation of granule cells precursors in the external granule layer of the cerebellum.

INTRODUCTION

1.1 CEREBELLUM
The cerebellum represents only 10% of the total brain volume but it contains more than half of all its neuron. The cerebellum is divided in several regions, each of which receives information from different portions of the brain and spinal cord, and projects to different motor systems. This indicates that the regions of the cerebellum perform similar operations but with different inputs.


The cerebellum acts as a coordination center, and influences the motor system by evaluating disparities between intention and action. By comparing sensory inputs from the periphery and information from the cortex the cerebellum fine-tunes movement and balance. Sensory information about movement and position of body parts is sent to some pre-cerebellar nuclei in the brainstem.  These nuclei communicate directly or indirectly with the Purkinje cells of the cerebellum.

1.1.1 Anatomy of the cerebellum 

The cerebellum occupies most of the posterior cranial fossa. It comprises the deep cerebellar nuclei (fastigial, interposed and dentate), the white matter and the three-layered cerebellar cortex. 


The peculiarity of the  surface of the cerebellum is the presence of many parallel convolutions called folia (.1 1). In the anterior region, the primary fissure, a deep transverse fissure, separates the anterior and posterior lobes, which together form the body of the cerebellum. In the caudal cerebellum, the postero-lateral fissure separates the body from the much smaller flocculonodular lobe. In all mammals each lobe is further subdivided into several lobules comprising a variable number of folia.


Two longitudinal furrows divide the cerebellum in three mediolateral regions, a central vermis and two lateral hemispheres.


The cortex of the flocculonodular lobe receives input directly from primary vestibular afferents and projects to the lateral vestibular nucleus. In higher vertebrates its function is limited to controlling balance and eye movements.


The vermis receives visual, auditory and vestibular inputs as well as somatic sensory inputs from the head and proximal parts of the body. It projects by way of the fastigial nucleus to cortical and brain stem regions that give rise to the medial descending system that controls proximal muscles of the body and limbs. The vermis governs posture and locomotion. The hemispheres are functionally divided in two parts: the intermediate part and the lateral part. Intermediate regions receive somatosensory inputs from the limbs. These regions project via the interposed nucleus to lateral corticospinal and rubrospinal systems and thus control the most distal muscles of the limbs and digits. The lateral part of the hemispheres receives inputs exclusively from the cerebral cortex. Its output is mediated by the dentate nucleus which projects to motor, premotor and prefrontal cortices.
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1.1.2 Cytoarchitecture 
The cerebellar cortex is organized in three layers and contains five different types of neurons. Its receives inputs from three kinds of extra-cerebellar afferents: the mossy fibres, the climbing fibres, both of which are excitatory, and the diffusely organized mono-aminergic and colinergic afferents (Figure 1.2).

The outermost layer of the cerebellar cortex, called molecular layer, is formed by the axons of granule cells and the dentrites of Purkinje cells. The axons of granule cells run parallel to the long axis of the folia and are called parallel fibres. The dentrites of Purkinje cells are oriented perpendicular to these axons. Among these fibres are dispersed the cells bodies of two types of inhibitory interneurons: the stellate and basket cells.  These cells are inhibitor GABA-ergic neurons that modulate the Purkinje cells output. 


The Purkinje cells layer is formed of a single layer of Purkinje cell bodies. Purkinje cells are large GABAergic neurons, and they are the only cells that project outside of the cerebellum.  Their myelinated axons project into the underlying white matter and terminate on neurons of the deep cerebellar or vestibular nuclei in the brainstem. The dentritic ramifications of Purkinje cells extend upward in the molecular layer. Parallel fibres terminate in the distal part of the dentritic tree, while the proximal part is innervated by multiple synapses from a single climbing fibre.


The innermost layer of the cerebellum, called granule layer, contains a vast number of  small granule cells and a few larger Golgi interneurons. Granule cells are glutamatergic neurons, and they are the most numerous elements in the cerebellar cortex. Axons of granule cells are unmyelinated and ascend in the molecular layer, where they bifurcate and terminate on dendrites of Purkinje cells and basket/stellate interneurons. Dendrites of several granule cells contact mossy-fibers terminals and Golgi cells in complex synapses called cerebellar glomeruli.  Golgi cells contain GABA and glycine and provide feedback inhibition to granule neurons. 


Palisades of Bergmann glia extend into the molecular layer, between the dendrites of Purkinje cells. Their cell bodies are located among the Purkinje neurons. Bergamm glia guides the Purkinje and granule cells from their origin in the ventricular zone and in the external granular layer, respectively, to their final position in the cortex of the cerebellum.


1.2 DEVELOPMENT OF THE CEREBELLUM


Development of the cerebellar system involves generation of the deep nuclei of the cerebellum and of the overlying cortex. The mammalian cerebellum consists of limited neuronal phenotypes, that arise from a region centered around the mid/hindbrain junction of the neural tube. It has been shown that cerebellar neurons arise from two well separated zones. The neuroepithelium of the ventricular zone in the metencephalon gives rise to the precursors of Purkinje neurons and to the neurons of the deep nuclei. Around embryonic day 13 (E13), precursor neurons became postmitotic and migrate radially to reach their final position within the cerebellum. Also inhibitor interneurons, basket and stellate cells, arise from the neuroephitelium, but in contrast to Purkinje cells continue to proliferate during migration (Schilling, 2000). In contrast, the granule neuron precursors arise from a zone called rhombic lip, located in a region of incomplete closure of the rhombencephalon dorsal neural tube (Alder et al. 1996). Around E13-E15 granule precursors originating from the rhombic lip migrate rostrally, to cover the surface of  the cerebellar anlage, where they form a secondary germinal zone called external granule layer (EGL). Between the first and the second postnatal week, rapid proliferation occurs in the outer EGL. Postmitotic granule neurons leave the EGL and migrate inwards to form the internal granule layer (IGL), where they complete their differentiation. During migration the granule neurons extend their axons in the direction of future movement, and subsequently perikaryal translocation of the nucleus occurs. Migrating neurons are guided by Bergmann radial glial fibers through the molecular layer and the Purkinje layer, before they reach the IGL. In the molecular layer the axons of granule neurons bifurcate, with typical T-shape, and they form the parallel fibers.       
1.2.1 Development of the cerebellar primordium

The cerebellum primordium derives entirely from rhombomere I of the hindbrain, with an anterior limit at the midbrain-hindbrain boundary and a posterior limit corresponding to the anterior boundary of Hox2a expression (Figure 1.3A) (Armstrong and Hawkes 2000). The embryonic cerebellum begins as little more than symmetric bulges into the early fourth ventricle: cerebellar hemispheres arise as mere buds from laminae on either side of the rhombencephalic midline, and the most rostral segment of the metencephalon produces outgrowths that form the first elements of the cerebellum. These lateral elements develop towards the midline and fuse in a rostral to caudal direction. As the primitive hemispheres come into contact with each other, they form first the superior and then the inferior vermis. The lateral elements from this fusion develop into the cerebellar hemispheres (Wang and Zoghbi, 2001).


Several genes are involved in cerebellar development. In the early stages of development,  the molecular signals released from the isthmus organizer, located just caudal to the junction of mesencephalon and metencephalon, are important for proper midbrain and cerebellar development. Two genes are particular important in the isthmus formation: Gbx2, expressed in the mesencephalon, and Otx2, expressed in the metencephalon. Gbx2-null mice lack the anterior hindbrain and display abnormal caudal expansion of posterior midbrain (Simeone, 2000). Otx2-null mice show morphological transformation of the caudal diencephalon and mesencephalon into an enlarged metencephalon (Simeone, 2000). Gbx2 and Otx2 also regulate FGF8 expression: Gbx2 up-regulates  FGF8, while Otx2 down-regulates it (1. 3B). Mutant mice with a reduced expression of FGF8 have a severe patterning defect in the mid/hind brain region, which ultimately affects the cerebellum (Meyers et al., 1998). FGF8 is a diffusable factor that is able to induce the expression of Wnt1 (Wingless homologue 1). Wnt1  regulates the expression of  En1 (Engrailed) which in turn controls the expression of FGF8, completing the feed-back regulatory loop (Simeone, 2000). In the Wnt1 mutant mouse the anterior lobe of the cerebellum is malformed (Wang and Zoghbi, 2001). In the En1 null mutant mouse, the cerebellum is reduced (Wurst et al., 1994) and in the En1/En2 double mutant the cerebellum is deleted. In the En2 null mutant mouse mediolateral foliation of the cerebellum is affected (Joyner 1996).  

1.2.2 Purkinje cells development

Purkinje, Golgi, stellate and basket cells arise from progenitors located in the subventricular zone on the roof of the fourth ventricle (Figure 1.4) (Goldowitz and Hamre, 1998). In the mouse, Purkinje cells precursors are generated between embryonic days 11-13. Postmitotic cells migrate out of germinal zone along the radial glial fibres to form a rudimentary zone overlying the germinative zone and provide a scaffold for the formation of the other layer of the cerebellar cortex, the internal granule layer (Figure 1.5). The timely arrest of migration is dependent on the reelin pathway. Different studies in mutant mice for the reelin gene or for gene encoding other molecules in its pathway, show a failure of layers formation in the cerebellar cortex. The role of Reelin may be that of arresting migration of Purkinje cell precursors. The immature Purkinje cells persist in a broad zone were they interact with ingrowing axons an await the arrival of the granule cells. In reelin mutant mice lamination of Purkinje cells fails, and neurons assume random orientations within the depth of the cerebellar cortex (Hatten, 1999). The cytoplasmic adaptator protein mDab1 is expressed in neurons and it has been shown that it is activated downstream of Reelin. In fact a natural mutant of mDab1 has a phenotype indistinguishable from reelin mutant mice (Sheldon et al. 1997).


 Recently it has been shown that VLDLR and ApoER2, two members of the low-density lipoprotein receptor family, are involved in the Reelin pathway, probably transmitting the extracellular Reelin signal to intracellular effectors like mDab1. Interestingly in double knockouts that lack both VLDLR and ApoERI cerebellar development is arrested, due to failure of Purkinje cells migration. This phenotype is indistinguishable from that of Reelin and mDab1 mutant mice (Trommsdorff et al., 1999).  


In late embryogenesis Purkinje cells are innervated by climbing fibres from the inferior olive. Extensive interactions occur between Purkinje cells and climbing fibres, and these interactions are important for correct development of Purkinje cells. Supernumerary climbing fibres are eliminated in several phases, at least one of which is activity- and NMDA receptor-dependent (Wang and Zoghbi, 2001).


During the final maturation phase, Purkinje cells develop an extensive dendritic arbor and synapse with granule neurons. Correct development of this phase depends on the signals released by granule cells. In fact the mutant mice without granule cells, like the Weaver mutant, the dendritic three of Purkinje cells is altered. One possible factor involved in these event is  Wnt3, which is expressed in Purkinje neurons. Wnt3 expression in turn depends on granule neurons (Salinas et al., 1994). 


Various growth factors are important in Purkinje neurons survival. NGF, NT3/4, BDNF and ciliary neurotrophic factor (CNTF) have all been shown to have a positive effect on Purkinje cells number in vitro (Larkfors et al., 1996). The correct number of Purkinje neurons is also controlled by apoptosis. In fact in transgenic mice over-expressing Bcl2, an anti-apoptotic factor, the number of Purkinje neurons is higher than in wild type littermates (Zanjani et al., 1996)

1.2.3 Granule cells development

While all other neurons of the cerebellum derive from the ventricular zone, the granule neurons derive from a different germinal neuroepithelium know as the rhombic lip.  The rombic lip is located in the dorsolateral portion of developing metencephalon, and it extends from the first rhombomere to the eighth (Figure 1.4). The rhombic lip is a source of progenitors cells, but it is also able to induce its fate through diffusable factors. Cells from ventral neural tube interspersed in the cell population of the rhombic lip, can adopt the fate of granule neurons. Granule cell precursors proliferate in the rhombic lip, they assume a unipolar morphology and they project a single process away from the rombic lip. The precursors start to migrate out of the rombic lip at E13, and spread over the roof of cerebellum in the external granule layer (EGL). In the EGL the precursors of granule neurons proliferate in the post natal period, and new neurons migrate inward, through the Purkinje layer, in the internal granule layer (IGL) (Figure 1.5).


Different genes are involved in the correct development of the rombic lip. Math1, a basic helix-loop-helix transcription factor, is expressed early on the rombic lip (E8-9) when cerebellar granule cell precursors appear. In the Math1 null mouse the cerebellum develops, but there is a loss of the external granule layer and of granule neurons. Other defects, like Purkinje disorganization and lack of foliation, are most likely secondary to the defect of granule development (Ben-Arie et al., 1997) 


The granule neuron precursor in the EGL express several markers, like Math1, Zipro, Zic1 and Zic2. While the role of Math1 at this later developmental stage is not know, both Zipro1 and Zic are involved in granule cells proliferation. Zipro1 is a zinc-finger DNA-binding protein that is expressed in granule cells during development and in the adult brain. Although the Zipro1 knock-out does not present obvious abnormalities in the cerebellum, overexpression of Zipro1 results in an increase of granule cell precursors proliferation and in an increase of number of granule neurons in the adult (Yang et al. 1999). 


The Zic genes encode zinc finger proteins and are expressed in the developing and mature brain. While the disruption of Zic1 causes a reduction of precursor granule cells with cerebellum malformation, reduction of expression of Zic2 does not affect the development of cerebellum. Interestingly, mice carrying a compound heterozygous mutation for Zic1 and Zic2 show a behavioral abnormalities with cerebellar malformation. In these double mutants granule cells proliferation is reduced and some genes controlling proliferation and differentiation are deregulated, like in the Zic1 knock-out mouse. These data suggest that both Zic1 and Zic2 are involved in cerebellum development (Aruga et al., 2002).


The proliferation of granule neuron precursors is regulated by some factors released from Purkinje neurons. In fact ablation or defect in Purkinje cells leads to a reduction of granule cells number. Sonic Hedgehog (Shh), a diffusable factor, is produced by Purkinje cells, while its receptor Patched (Ptc) is expressed in the EGL. Studies in vitro and in vivo have shown that Shh is able to promote proliferation of granule cell precursors and differentiation of Bergamm cells (Wechsler-Reya and Scott, 1999; Wallace 1999; Dahmane and Altaba, 1999). Other factors like epidermal growth factor (EGF), fibroblast (FGF) and Insulin-like growth factor (IGF-1) are also able to induce proliferation in the granule cell precursors (Gao et al., 1991; Tao et al., 1996; Ye et al., 1996; Lin and Bulleit, 1997).


 Interestingly stromal-cell-derived factor (SDF)-1a, a chemokine expressed in the pia matter, directly enhances the proliferative effects of Shh, without possessing any mitogenic activity by itself. In addition, SDF-1a induces chemoattraction of granule cells. The expression of SDF-1a in the pia matter and of its receptor in the EGL suggests that SDF-1a may play an inhibitory role in granule cells emigration from the EGL (Klein et al. 2001). The activity of  Shh may be regulated also by some extracellular matrix glycoproteins. In fact laminin significantly increases Shh-induced proliferation in primary cultures of cerebellum granule cells, whereas both fibronectin and vitronectin reduce Shh-induced proliferation and increase the rate of neural differentiation in culture. Consistent with this activity, laminin and its receptor integrin a6 are expressed in the outer most external germinal layer, where the proliferation of precursors of granule neurons occur. In contrast the vitronectin and its integrin receptor subunits aV are expressed in the inner part of the external granule layer, where the granule neuron precursors exit the cell cycle and commence differentiation (Pons et al., 2001).


Another factor which is important in the regulation of the balance between proliferation and differentiation is the receptor Notch2. In the cerebellum at P6, when granule neuron precursors  proliferation is near its peak, Notch2 mRNA is strongly expressed in the external granule layer. At P10, when the proliferative activity of granule neuron precursors is reduced, much less Notch2 expression is detected  in the cerebellum, and its expression disappears in adult cerebellum. Consistent with this time-course of expression, primary cerebellar cultures treated with Jagged1, a ligand for Notch2, incorporate much more 3H-thymidine than control cultures, indicating that Jagged1 is mitogenic for granule neuron precursors. Moreover overexpression of Notch2 inhibits the onset of neurite extension and the expression of some markers of differentiation. This indicates that Notch2 signaling may regulate the differentiation of granule neuron precursors. Interestingly both Notch2 and Shh are able to induce the expression of HES1, a transcriptional repressor that is able to antagonize the action of beta Helix-Loop-Helix factors required for the progression of neuronal differentiation (Solecki et al., 2001). 


Genes involved in cell cycle progression are also important in cerebellar granule neurons proliferation. Cyclin D2 is expressed during brain development in particular regions such as cerebellum. Cyclin D2 is detected in cerebellar granule neuron precursors only in the post natal period, when cells become competent to differentiate (Ross et al. 1996). In the cyclin D2 null mouse, the cerebellum is smaller and folia are relatively stunted compared with control littermates. This phenotype is consistent with an observed reduction in granule cells number due in part to a reduction of granule neuron precursors proliferation, and in part to an increase in cell death in the external granule layer. Moreover stellate interneurons are completely absent in the molecular layer in the cyclin D2 K.O. mice. Interestingly Golgi and Basket interneurons, that originate from the same precursor pool of  stellate cells, are not affected. This indicates that cyclin D2 is required in the cerebellum for proliferation of granule neurons and for differentiation of granule and stellate interneurons (Huard et al., 1999).


Granule neuron precursors migrate from the external granule layer into the internal granule layer. Cells in the deep external granule layer exit the cell cycle and are in a state of pre-migration. The shift from proliferating to postmitotic state might involve the accumulation of cell-cycle inhibitors. One inhibitor involved in this event is p27/kip1, a cyclin-dependent kinase inhibitor. In the developing cerebellum p27/kip1 is highly expressed in cells in the inner two-thirds of the external granule layer, while is weakly expressed in the superficial area, where granule neuron precursors proliferate. Postmitotic cells in the molecular layer and in the internal granule layer also express p27/kip21. In adult mice granule cells in the granule layer and Purkinje neurons express p27/kip21 strongly. Cerebella from p27/kip21 null mice are larger than those from wild type mice. Furthermore, in vitro experiments show that granule neuron precursors obtained from p27/kip21 deficient mice proliferate more than cells from wild type mice. These results suggest that p27/kip21 stops granule neuron precursors proliferation and promotes granule neuron precursors differentiation (Miyazawa et al., 2000).


As they reach the inner external granule layer, granule neuron precursors start to express NeuroD1, a basic helix-loop-helix transcription factor. NeuroD1 is important for the survival of granule neuron precursors in the inner external granule layer, in fact in NeuroD1 null mice there is an increase of apoptotic cells (Miyata et al., 1999).


Several other trophic factors such as BDNF, NT3, IGF-I have been shown to have an antiapoptotic effect, which is an important mechanism of controlling cell number during development. The neurotrophin BDNF (brain-derived neurotrophic factor) is highly expressed in the developing cerebellum in the Purkinje cells and in the white matter fibre tract, while its expression is low in the internal granule layer. In BDNF mutant mice both Purkinje neurons and granule neurons are affected. The dendritic arborization of Purkinje cells is abnormal and there is an increase of granule cells death. These defects are accompanied with a reduction of thickness of the various layers, and with an abnormal foliation of the cerebellum (Schwartz et al., 1997).


Another factor which promotes survival in granule cells is the insulin-like growth factor  (IGF-I). It has been shown that in postnatal rat cerebellum, Purkinje neurons produce IGF-I. In culture of postnatal mouse granule cells IGF-I has a potent effect in promoting granule neuron survival. Interestingly, in the same conditions, IGF-I stimulates the proliferation of granule cells precursors (Lin and Bulleit, 1997). Consistent with this, transgenic mice that expressed IGF-I at high level in the cerebellum show an increase in cerebellar growth, due to enhance of the number of both Purkinje and granule neurons. The increased number of granule cells is due in part to proliferation of granule cell progenitors (Ye et al., 1996). 


Cultured cerebellar granule neurons die by apoptosis when switched from a medium containing an elevated level of potassium to one with lower potassium. Death by lowering potassium can be prevented by IGF-I, and this anti-apoptotic effect is mediated by PI3K activation (D’Mello et al., 1997). The same survival effect is induced by HGF (Zhang et al., 2000)


 The next stage in the development of granule neuron precursors is the inward migration into the inner granule layer. In the inner part of the external granule layer, the premigratory zone, postmitotic neurons begin to expresses markers such as Tag-1 (Tubulin-associated glycoprotein 1) and the neuron-specific (-tubulin isotype class III (-tubulin (Wang and Zoghbi, 2001) . 


Several genes have been proposed to play a role in setting the stage for migration. Pax-6 (paired box homeotic gene 6) is expressed in all the external granule layer: in the outer proliferative zone and in the inner premigratory zone. In Pax-6/small eye mutant mice there is abnormal development of the cerebellum and foliation is absent. Moreover the premigratory zone is not organized and the post-mitotic cells are randomly scattered in the external granule layer. In cerebellar explant cultures, neurite formation is also altered in Pax6/small eye (Engelkamp et al., 1999).


Another factor involved in migration is tissue plasminogen activator (tPA), an extracellular serine protease. Expression of tPA is induced in postmitotic granule neurons, is maintained in migrating granule cells, and the level of tPA mRNA is down-regulated in the internal granule layer, where neurons complete their migration. In tPA null mice the more striking phenotype is an increased number of elongated migrating granule cells in the molecular layer, compared with their  control littermates. However, by the end of the granule cells migration period, the molecular layers of both mutant and wild type mice have similar cells numbers. This indicates that there is only a retardation in granule cells migration in the tPA null mice (Seeds et al., 1999).


During granule neurons migration, axons bifurcate and extend in the molecular layer to form parallel fibers. It has been shown that several genes are involved in the initial steps of granule cell axon extension. Contactin, a neural cell adhesion molecule, is expressed in postmitotic granule neurons. Contactin null mice shows a severe ataxic phenotype with reduction of cerebellar size, compared with the control littermates. Analysis of cerebellum of mutants mice, revealed a defect in the orientation of parallel fibers (Berglund et al., 1999). 


Another factor involved in parallel fiber formation is the serine/threonine kinase UNC51. Retroviral expression in immature granule cells of a dominant negative form of UNC51 results in inhibition of axon outgrowth both in vitro and in vivo (Tomoda et al., 1999).


The final stage of maturation of granule neurons occurs in the internal granule layer. At this point, granule neurons are expressing mature markers as GC5 and GABA receptors (Raetzman ans Siegel, 1999). Mossy fibres from the pre-cerebellar nuclei contact the granule neurons. This process is partly controlled by Wnt7a, which is released by granule neurons (Hall et al., 2000). At the same time, granule neurons extend connections to Golgi cells, a process controlled by contactin (Berglund et al., 1999)

1.3 HEPATOCYTE GROWTH FACTOR RECEPTOR FAMILY

The Hepatocyte Growth Factor (HGF) receptor family, also knows as Plasminogen Related Growth Factor Receptor Family (PRGRF), includes tyrosine kinases encoded by three proto-oncogenes: MET, RON and SEA. Met, the prototype of the family, is the receptor for HGF, while Ron  is the receptor for Macrophage Stimulatory Protein (MSP). The ligand for Sea has not yet been identified. Human MET and RON have been cloned, while the human homologue of chiken SEA, originally identified as the retroviral activated gene ENV-SEA, has yet not been isolated. Met, Ron and Sea  belong to a distinct subfamily of tyrosine kinase receptors as they share specific structural homologies and biochemical features. These include: heterodimeric (/( subunit structure arising by proteolytic processing of a common precursor; two neighboring tyrosine residues in the kinase domain, responsible for the regulation of the enzymatic activity upon autophosphorylation; a two-tyrosine docking site in the C-terminal tail that mediates high-affinity interaction with multiple SH2-containing signal transducers. Moreover, the members of this gene family share a unique functional feature: they mediate cell dissociation and motility (scattering), in addition to proliferation. 


Recently, the search for receptors homologous to Met and Ron lead to identification of a gene family called plexin. It codes for many transmembrane proteins, which contain a region of homology with the Met receptor in the  extracellular domain. 

1.3.1 The Hepatocyte Growth Factor/Scatter Factor

Hepatocyte Growth Factor (HGF) Scatter Factor (SF), a glycoprotein secreted by mesenchymal cells, is the ligand for the tyrosine kinase receptor Met (Bottaro et al, 19991; Vigna et al., 1994). HGF and SF were isolated independently as a growth factor promoting hepatocytes proliferation in vitro (Nakamura et al., 1986) and as a factor capable of inducing dissociation and motility events in epithelial cells (scattering) (Stoker et al., 1987; Gherardi et al., 1989). Biochemical purification and cDNA cloning have shown that the two molecules are indistinguishable (Naldini et al., 1991). 


HGF/SF is the prototype of a family of growth factors including at least one additional member: Macrophage Stimulating Protein (MSP) (Skeel et al., 1991; Yoshimura et al., 1993). Although MSP was isolated for its ability to stimulate macrophages, it is also capable of inducing multiple biological effects similar to those described for HGF. The structure of both HGF and MSP is similar to that of the blood protease plasminogen. These molecules are characterized by the presence of a multiple domains know as Kringles, a serine protease domain,  an hairpin loop domain, and an activation segment located between the kringle and the protease domain. Both HGF and MSP are devoid of proteolytic activity by replacement of two critical aminoacids in the catalytic domain (Figure 1.6).


Mature HGF is a heterodimer made of a heavy subunit ( of 62-kDa, and a light subunit ( of 32/34-kDa linked by a disulfid bond (Gohda et al., 1988; Gherardi et al., 1989). The (  chain of HGF contains a hairpin loop followed by four kringle domains, whereas the ( chain contain the serine protease-like domain. 



HGF is synthesized and secreted as a single inactive precursor (Hartmann et al., 1992; Lokker et al., 1992; Mizuno et al., 19992; Naldini et al., 1992). In the extracellular environment, a serine protease cleaves the precursor to induce a conformational change which turns it into a ligand capable of triggering activation of the Met receptor.  Four proteases are reported to activate HGF in vitro: urokinase-type (uPA) and tissue-type (tPA) plasminogen activators; a serine protease isolated from serum, homologous to coagulation factor XII and coagulation factor XII (Naldini et al., 1995; Trusolino et al., 1998).      

1.3.2 The tyrosine kinase receptor Met
The c-MET proto-oncogene encodes a receptor with tyrosine kinase activity. This protein is a 190kDA heterodimer, in wich an extracellular 50kDa ( chain is disulfide-linked to a transmembrane 145kDa ( chain (Giordano et al., 1988; Giordano et al., 1989). Several studies of biosynthesis and post-translation processing have shown that the ( and ( chains are encoded by the same gene. MET derives from a precursor of 170kDa that undergoes a proteolytic cleavage and N-glycosylation to generate the mature 190kDa (/( heterodimer (Giordano et al., 1989). The immature translational product is a single chain that is not exposed in the membrane. Disulfide bound formation between the two chains occurs prior to maturation and insertion into the plasma membrane in the post-Golgi compartment (Giordano et al., 1993). The ( chain is completely extracellular while the ( chain spans the plasma membrane and includes a cytoplasmic domain endowed with tyrosine kinase activity. The extracellular moiety of the ( chain contains a cisteine-rich motif called Met-related sequence (MRS) which is also present in the signalling molecules semaphorins and in their receptor plexins (Maestrini et al. 1996). 

The intracellular domain of Met contains a well-conserved tyrosine kinase catalytic domain, flanked by a juxtamembrane a and carboxy-terminal region (Figure 1.7). 

In the juxtamembrane domain are present a residue of serine 985 and a tyrosine 1003 that are two potential regulatory site. Ser985 is located in a sequence with an alpha-helical secondary structure and its phosphorylation is probably responsable for dissociating intracellular domains of two adjacent receptors, thus preventing their trans-phosphorylation (Gandino et al., 1990; Gandino et al., 1991; Gandino et al. 1994). Ser985 is located within the juxtamembrane domain of the HGF receptor and fits into a canonical consensus sequence for phosphorylation by protein kinase-C and Ca2+-Calmodulin kinase. Stimulation of protein kinase-C by TPA is followed by serine phosphorylation and concomitant decrease in the tyrosine kinase activity of Met (Gandino et al., 1990). An independent pathway has been shown to have the similar effect: this negative regulatory pathway is triggered by increase Ca2+ intracellular concentration and is mediated by a serine kinase with the biochemical properties of Ca2+-Calmodulin kinase III (Gandino et al., 1991). Mutation of Ser985 with an Ala residue by site directed mutagenesis, abolishes the inhibitory effect of both TPA and Ca2+ increase (Gandino et al., 1994) 

Tyr1003 is also involved in the negative regulation of Met. Previous studies have demonstrated that the replacement of Tyr1003 by a Phe residue leads to a partial gain of function of the Met receptor (Weidner et al., 1995). Recently it has been shown that this tyrosine provides a direct binding site for the c-Cbl TKB domain. Overexpression of c-Cbl promotes ubiquitination of the Met receptor. The substitution of Tyr1003 with Phe abrogates the recruitment of c-Cbl to the Met receptor and receptor ubiquitination, converting the receptor into a trasforming protein even in the absence of the ligand (Peschard et al., 2001). 

The catalytic domain carries the tyrosine kinase activity. In the MET receptor ATP binds to lysine 1110 located in the catalytic pocket of the tyrosine kinase domain. Mutation of this residue leads to a kinase-defective receptor (Crepaldi et al. 1994)

The major autophosphorylation sites of the HGF receptor are tyrosines 1234 and 1235 (Ferracini et al., 1991; Longati et al., 1994). This tyrosine doublet is also present at homologous location in the RON and sea proteins, which are two receptors belonging to the MET family (Ronsin et al., 1993; Huff et al., 1993). Tyr 1234 and 1235 are also conserved and phosphorylated in other tyrosine kinases, like the Insulin receptor (Tornqvist et al., 1987; Tornqvist et al., 1988). Different studies have shown that these two tyrosines, which are located in the activation loop, have a role in regulation the MET receptor activity. Mutation of a single tyrosine yields a receptor with reduced activity. When both tyrosines were mutated together the receptor completely lost its activity (Longati et al., 1994). These two sites are also the first tyrosines to be phosphorylated in response to ligand stimulation.

Upon ligand binding tyrosine kinase receptors dimerize and each monomer is transphosphorylated at multiple sites. In their C-terminal tails, Met, Ron and Sea, contain a conserved sequence including two tyrosines, which in Met is Y1349VHV-XXX-Y1356VNV, that provides a multi-docking site for SH2 binding proteins. While the majority of tyrosine kinase receptors use different phosphotyrosines to recruit distinct signal effectors, this sequence is able to recruit different signal transducers and adaptors like Grb2, PI3K, PLC, STAT3, Shc and Gab1 (Graziani et al., 1991; Graziani et al., 1993; Ponzetto et al., 1994; Pelicci et al., 1995; Weidner et al., 1996). Disruption of the multi-docking site abrogates Met function (Ponzetto et al., 1994).

1.3.3 Biological activities of HGF/Met
The interaction of HGF with its receptor Met, triggers the phosphorylation of the carboxyl-terminal multifunctional docking site which is followed by activation of several intracellular messengers which are thought to mediate its subsequent effects. The exact nature of the cellular reponse to HGF depends on the cell type.  HGF induces proliferation, motility (scattering), morphogenesis (tubulogenesis) and survival in different cell types (Tajima et al., 1992; Matsumoto and Nakamura, 1996).

HGF was originally identified in the serum of partially hepatectomized  rats as a potent mitogen for cultured rat adult hepatocytes (Gohda et al. 1988). Later on, HGF was shown to be mitogenic for various cell types such as epithelial cells, endothelial cells, some stromal cells and various carcinoma cells (Matsumoto and Nakamura, 1996).

Furthermore, HGF induces survival in hepatocytes. In fact pre-stimulation with HGF inhibited apoptosis induced by FasL and TNF(  in both adult and embryonic primary hepatocyte cultures (Kosai et al., 1998; A. Ieraci personal communication)

Another important effect of HGF is to induce scattering in epithelial cells. When cultures of canine kidney cells (MDCK) are treated with HGF, cell-cell junctions are disrupted and cells dissociate. This is a transient response because cells can re-form the original monolayer after HGF removal (Stoker et al., 1987; Gheradi et al., 1989).

HGF is also a potent morphogen. This activity was initially noted in MDCK cells  seeded in type I collagene. In the presence of HGF, these cells form a network of branching tubules (Montesano et al. 1991). Induction of similar branching tubules and gland-like structures occurs also in other epithelial cells, including cell lines derived from hepatic ducts and mammary gland (Soriano et al., 1995; Niranjan et al., 1995; Johnson et al., 1993).

In the nervous system, HGF is a survival factor for motor and sensory neurons (Ebens et al., 1997; Wong et al., 1997; Yamamoto et al., 1997; Maina et al., 1997). In addition, sensory and sympatetic neurons respond by an increase in the length of neurites outgrowth (Maina et al., 1997; Maina et al., 1998; Yang et al., 1998; Caton et al., 2000). Furthermore, HGF prolongs survival of embryonic hippocampal neurons in primary culture (Honda et al., 1995) and inhibits apoptosis in cerebellar granule neurons in vitro (Zhang et al., 2000). Recently it has been demonstrated that HGF is a novel mitogen for rat olfactory ensheating cells in vitro (Yan et al., 2001). 

HGF also has considerable angiogenic potential because of its positive effect on endothelial cell growth and motility (Rosent et al., 1990; Bussolino et al., 1992). Growth of new blood vessels has been induced by HGF in mouse subcutaneos tissue and rat cornea, and HGF is detectable at sites of neovascularization within human psoriatic plaques (Sommerset et al., 1997). 

A role for HGF and Met in development has been hypothesized from the studies on the expression of these genes in mouse embryogenesis. During mouse development, c-met mRNA is expressed in epithelial cells of various organs, while HGF mRNA is expressed in mesenchymal cells in close proximity to these epithelial cells (Sonnenberg et al., 1993). Inactivation of HGF or met genes in the mouse causes embryonal lethality around E15.5, with abnormal development of the placenta, liver and migratory muscles (Schimdt et al., 1995; Uehara et al., 1995; Bladt et al., 1995). Interestingly, mutation of the two tyrosines in the multidocking site in vivo led to a phenotype resembling that of HGF or met null mice (Maina et al., 1996).

The role of HGF as a potential factor in organ regeneration has been studied in several systems. Partial hepatectomy (or administartion of hepatotoxins such CCl4) increased the expression of HGF mRNA. Administration of HGF to experimental animals with liver injury strongly enhanced liver regeneration and suppressed onset of hepatic dysfunction (Ishiki et al., 1992). Expression of HGF is also rapidly  induced after injury in the kidney and lung. HGF enhances renal regeneration  and suppresses the onset of acute renal failure caused by renal toxins, renal ischemia or unilateral nephrectomy (Nagaike et al., 1991; Kawaida et al., 1994; Matsumoto and Nakamura, 1996). Furthermore, it has been shown that HGF has a protective effect against post-ischemic neuronal death in the hippocampus (Miyazawa et al., 1998). 

Because of its profound effects on cell growth, motility and angiogenesis, HGF is implicated in growth, invasion and metastasis of tumor cells. Met was originally identified as a transforming sequence activated by a chromosal rearrangement induced by a chemical carcinogen (Park et al., 1986). The resulting oncogene (Tpr-Met) is a hybrid between Tpr and Met. In Tpr-Met, the extracellular domain of Met is replaced by Tpr sequences, which provide two strong dimerization motifs. Dimerization causes constitutive activation of the Met kinase, which acquires transforming potential. 

A number of reports have indicated a role for the Met receptor in tumors. c-met is inappropriately expressed in diverse human and mouse tumors including melanomas, rhabdomyosarcomas, hepatomas and carcinomas of the breast (Di Renzo et al., 1992; Di Renzo 1995; Ferracini et al., 1995; Takayama et al., 1997). A direct relationship between Met and human cancer has been established by the identification of germline and somatic mutations in patients affected by Hereditary Papillary Renal Carcinoma (HPRC), Childhood Hepatocellular Carcinoma (CHC) and in head and neck squamous cell carcinoma lymph node metastases (Schmidt et al., 1997; Di Renzo et al., 2000; Di Renzo et al., 2000).
1.3.4 MET signal transduction

As discussed above, HGF is a pleiotropic factor that under different conditions may direct cells toward motility, proliferation, or morphogenesis. These activities are not mutually exclusive. Branching morphogenesis in a collagenen matrix involves motility, invasion, expression of extracellular and tubule formation. Accordingly, all these responses are mediated by activation of multiple signalling pathways. 


Tyrosine kinase receptor signaling is achieved by interaction with cytoplasmic molecules. Ligand-induced dimerization of the receptor, activation and auto-transphosphorylation on tyrosine residues located within the cytoplasmic domain and embedded in specific amino acid sequences. Upon phosphorylation, these tyrosines become docking sites for conserved structural modules known as “src homology 2” (SH2) domains (Pawson, 1995). SH2 domains are found in one or two copies in molecules involved in signal transduction such as p85 subunit of PI3-kinase, Ras GAP, PLC(, Src-related tyrosine kinase, the tyrosine phosphatase SHPTP2 and the Grb2 adaptor for SOS (Pawson, 1995). Different SH2 domains bind different sequences containing a phosphotyrosine residue: in these sequences, aminoacids in position +1, +2 and +3 (with respect to phosphotyrosine) are critical in determining the selectivity of interaction with the different SH2 domains (Cantley et al., 1991; Fantl et al., 1992; Rotin et al., 1992; Songyang et al., 1993; Pawson and Gish, 1993). Distinct phosphotyrosine residues have been identified in EGF, PDGF and CSF-1 receptor, responsible for binding either PI 3-kinase, Ras GAP, PLC( or pp60c-Src (Songyang et al., 1993). 


Unlike the docking sites identified in other tyrosine kinase receptors, in the HGF receptor a short bidentate sequence is alone responsible for mediating high affinity interactions with multiple SH2-containing cytoplasmic effectors. This sequence is located in the Met receptor C-terminal tail and contains two tyrosines that are phosphorylated upon HGF interaction (Ponzetto et al., 1994). The Met sequence Y1349VHVNATY1356VNV is able to interact with PI 3-kinase, PLC(, pp60c-Src, the Shc adaptor protein, STAT3, Cbl, Gab1 and the Grb2/SOS complex which mediates Ras activation (1.8)  (Graziani et al., 1991; Ponzetto et al., 1994; Ridley et al., 1995; Boccaccio et al., 1998; Weidner et al., 1996; Peschard et al., 2001). Comparison of the sequence YVH/NV with optimal binding motifs indicates that it represents a degenerate consensus potentially permissive for multiple SH2 domains and is therefore referred as the Met multifunctional docking site. Grb-2, which has a strong requirement for an asparagine in the +2 position, specifically interacts with the sequence YVNV.  It has been shown that the multifunctional docking site is also recognized by a novel phosphotyrosine-binding domain (MBD domain) found uniquely in Gab1, an IRS-like multiadaptor protein, which binds Met (Weidner et al., 1996).


Among the pathways activated by HGF/Met, the Ras/MAPK and PI3K cascades are the better characterized and play a major role. Activation of both PI3K and mitogen-activated protein kinase (MAPK) are required to protect cells from apoptosis (Xiao et al., 2001). Moreover, activation of the Ras pathway is required for HGF-induced scattering and proliferation (Hartmann et al., 1994; Ridley et al., 1995; Ponzetto et al., 1996). Activation of PI 3-kinase is also essential for cell scattering mediated by HGF (Royal and Park, 1995). However, only the concomitant activation of Ras and PI 3-kinase signaling pathway is able to mediate invasive growth and metastatis (Bardelli et al., 1998).


Mutation of asparagine1358 to histidine  (Y1356VNV( Y1356VHV) abrogates Grb2 association. Cells expressing this mutant receptor scattered but were unable to form branching tubules, indicating that a Grb2 binding site in the Met receptor is critical for the morphogenic response (Fournier et al., 1996). Furthermore, to efficiently promote transformation, Met required direct binding with Grb2 (Ponzetto et al., 1996).  


Gab1, a multiadaptor protein, also plays an important role in Met-mediated signaling. Following activation of Met, Gab1 becomes phosphorylated on tyrosine residues, providing binding sites for multiple proteins involved in signal transduction. Gab1 association with Met involves a proline-rich domain defined as the Met binding domain (MBD). Gab1 also associates with the Grb2 adapter protein which in turn can bind to the Met receptor. Thus Gab1 binding to Met may be direct or indirect (Bardelli et al., 1997). It has been shown that interaction of Met with Gab1 is essential to promote morphogenesis in epithelial cells. Furthermore, an interaction of Gab1 with SHP-2 is necessary to induce epithelial morphogenesis and for sustained  MAPK activation by the Met receptor (Maroun et al., 2000).


HGF receptor is able to induce STAT3 activation. STAT3 is a transcription factor that binds specific DNA promoter sequences inducing transcription of specific genes. Activation of STAT3 signaling pathway is not required for HGF-induced short-term responses, including cell motility and growth, but is an absolute requirement to trigger long-term differentiation such as morphogenesis (Boccaccio et al., 1998). 


Recently it has been shown that NF-(B is an effector of Met signaling. HGF activates  NF-(B through stimulation of its DNA binding activity and enhances its transcriptional activation. NF-(B activation downstream of Met is essential for HGF-mediated proliferation and tubulogenesis. Conversely, HGF-induced scatter and protection from apopotosis seem to occur independently from NF-(B (Müller et al., 2002).


The HGF receptor multifunctional docking site represents a variation from the common theme of sequence specificity in the recognition process between SH2 domains and phosphotyrosine residues in tyrosine kinase receptors. A number of factors concur to explain how such a docking site may work in determining the overall correct response to extracellular stimuli. Among these factors are differences in affinity, variations in local concentration of effectors, and in levels of receptor phosphorylation. At very low levels of receptor phosphorylation only the highest affinity interactions will occur and thus only some transductional pathways will be activated. As the number of phosphorylated receptors increases, formation of additional complexes involving molecules capable of binding with lower affinities may become possible. 


The Ron and Sea receptors are capable of eliciting the full spectrum of biological responses mediated by Met receptor. The overall aminoacid identity among the three members of this family is not high (31% between Met and Ron, 34% between Met and Sea). Interestingly, the carboxylterminal region involved in signal transduction is conserved. The multidocking site motif (Y-hydrophobic-X-hydrophobic-X3-Y-hydrophobic-N-hydrophobic) is present in all receptors, has been shown to be involved in their signal transduction (Iwama et al. 1996; Santoro et al., 1996) and represents the major feature of the Met receptor family. 

1.3.5 HGF/MET in embryogenesis
During embryogenesis, Met is expressed in specific epithelial cells, while the transcript for HGF is expressed in mesenchymal cells in close vicinity. This expression suggests a role for HGF and Met in morphogenesis and differentiation of a variety of organs (Sonnemberg et al., 1993). In particular expression of Met and HGF is detected in kidney, lung, tooth, nasal cavity, liver. In addition Met transcripts are found in neural, endothelial and muscle cells and transcripts for HGF in neural and muscle tissue (Sonnemberg et al., 1993).


Targeted disruption of either the HGF or met locus in mice confirmed the importance of HGF/Met signaling in development. Mice lacking either HGF or its receptor die during embryogenesis, with defects in placenta, liver and muscle (figure 1.9) (Uehara et al., 1995; Schmidt et al., 1995; Bladt et al., 1995).

Transcripts for both HGF and Met have been found in fetal liver, but the technique used did not identify the specific cell types involved (Sonnenberg et al., 1993). In HGF and Met null mutant embryos, the liver is present but is reduced in size with an increase in apoptotic cells. By E14.5 the fetal liver is under half normal weight and its normal architecture is disrupted. Furthermore, ES Met -/- cells cannot contribute to the adult liver chimaeric animals (Uehara et al., 1995; Schmidt et al., 1995; Bladt et al., 1995).


HGF and Met are essential for placenta development. In the HGF and Met knock-outs the placenta is smaller, paler and the labyrinth region is abnormal compared to controls. The labyrinth region consists of numerous fine embryonic vessels surrounded by trophoblast epithelial cells. The trophoblast cells within the placenta of the mutant embryos were significant depleted, limiting the size of the labyrinth region.  The allantoic cells produce HGF, and Met is expressed by labyrinthine trophoblast cells. This indicates that during placenta development mesenchymal cells of the allantois produce HGF, which acts as a paracrine  growth factor on the epithelialy labyrinthine trophoblast cells (Uehara et al., 1995; Schmidt et al., 1995). The labyrinth becomes essential for the support of the embryo late in gestation, when embryo is too large to be maintened by diffusion only. The absence of labyrinth is responsible, therefore, for the reduction in size of HGF or Met null embryos in late gestation. 


An important developmental function identified for Met and  HGF is a essential role in the formation of skeletal muscle that derives from long-range migrating precursor cells. Ablation of the HGF or Met gene results in complete absence of migratory muscles, whereas other muscle groups form normally. Met-deficient mouse embryos lack limb, diaphragm, tip of the tongue and body wall muscles (Bladt et al., 1996, Prunotto, unpublished data). Migrating progenitors for all these muscles are generated from the dermyotome by an ephitelial-mesenchymal transition. During development c-met is expressed in the dermyotome, particularly in the ventro-later edge. In wild type embryos, around E9.5, c-met expression can be also detected in the limb bud where precursor myoblast that migrating from the somite to the limb, and later, in the cells that have reached the limb (Bladt et al., 1995). At the same developmental stage mesenchymal cells in the limb are the major site of HGF expression (Bladt et al., 1995). In the HGF null embryos, c-met positive precursor myoblast cells do not migrate to the limb bud (Bladt et al., 1995). However the expression of c-met is detected in the dermyotome. This indicates that HGF and Met regulate the delamination and emigration of myogenic precursor cells from the dermyotome to the limb. The important role of HGF in to attracting myoblast precursors has also became apparent from the study of transgenic mice that overexpress HGF. These embryos produce HGF ectopically in the spinal cord and develop skeletal muscle in the leptomeninges of the toracic spinal cord, where normally muscle cells are not present (Takayama et al., 1996).


A mouse model expressing a Met receptor in which the two tyrosines of the multifunctional docking site have been replaced by phenylalanines (Y1349F, Y1356F) (Metd/d), displays a lethal phenotype overlapping with the HGF/Met null mice (Maina et al., 1996). This confirms in vivo the essential role of these two tyrosine in the Met-mediated response.

On the other hand, a signal transduction mutant mouse model carring a mutation that interferes with the ability of Met to bind Grb2 (Metgrb2/grb2), obtained by disrupting its optimal consensus (Y1356VNV( Y1356VHV), can reach birth, with a normal placenta and liver. Metgrb2/grb2 mice are easily identifiable at birth, because they are small, with hyperflexed forelimbs. However, they die several hours after birth, probably owing to respiratory failure, due to an underdeveloped diaphragm. Occasionally, a few  Metgrb2/grb2 mice survived for longer times: during the first week of postnatal growth, these animals did not increase in size like the controls, but with time they recovered in body size (Maina et al., 1996).  Furthermore, analysis of muscle in the Metgrb2/grb2  mice revealed that there was a decrease in proliferation of fetal myoblast with a reduction in secondary fibers (Maina et al., 1996)

Recently, in order to dissect the signalling mechanisms required for Met-mediated developmental events, specificity-switch mutants of Met were generated. Using the knock-in technique, the sequence of the Met multi-docking sites was converted into optimal sites for PI3K (Met2P) or Src (Met2S). The different phenotypes of these specificity-switch mutants clearly demonstrated that coupling Met to specific pathways results in distinct developmental events. In both Met2P/2P or Met2S/2S mutant mice the liver were reduced compared to control, similar to the most severe Metd/d mutants. The reduction of the liver was consistent with an observed increase of apoptotic cells at E12.5. Interestingly while in the Met2S/2S mutant mice the development of the placenta was normal, in the Met2P/2P mutant mice the placenta was paler and reduced, like the placenta of Metd/d mutants. 

Also HGF dependent proliferation is differently regulated in the Met signalling mutants: HGF induces an increase of  BrdU incorporation in Met2S/2S fetal myoblasts  in culture, and this effect is comparable to that seen in wild-type fetal mioblasts. Conversely, Met2P/2P fetal myoblasts failed to respond HGF, like Metd/d fetal myoblasts. However, in both Met2P/2P and Met2S/2S mutant mice there was a partial rescue of myoblast migration, insufficient to colonize the diaphragm, but sufficient to allow the development of selected muscle in the limb (Maina et al., 2001).

1.3.6 HGF/MET in the nervous system
A role for HGF and Met in the nervous system has been hypothesized from expression studies. Both HGF and Met are expressed during brain development, and their expression persists in the adult. (Honda et al., 1995 ; Thewke and Seeds, 1996; Achim et al., 1997; Thewke and Seeds, 1999).

During the development of the cerebral cortex, the expression of Met and HGF is detected around E14. Expression of HGF is evident in the proliferative zone, while the expression of c-met is observed in the cortical subplate and in the meninges. In the adult cortex the most prominent expression of HGF is observed in cortical layer IV in the anterior (motor) and layer V of the posterior (sensory) region of the cortex. c-met expression is detected in the layer IV at the anterior cortex, in the layer V beginning at the anterior cortex and in layer II-III in all of the cortex (Honda et al., 1995 ; Thewke and Seeds, 1996). 


Expression of both HGF and Met in the hippocampus could not be detected until shortly after birth. In the adult hippocampus HGF mRNA is expressed in CA2 and CA3 fields. Expression of  c-met mRNA is evident in the CA1 field. Weak expression is present in the dentate gyrus (Honda et al., 1995 ; Thewke and Seeds, 1996).


In the adult cerebellum, relatively intense expression of c-met is observed in the granule cell layer, whereas Purkinje cells and molecular layer are not labeled. HGF signal is seen in the Purkinje cells which have fiber connections with granule cells expressing c-met mRNA (Honda et al., 1995). 


HGF and Met are expressed both in neurons and in non-neuronal cells within the nervous system, including microglia and Schwann cells, for which HGF is a mitogen (Yamagata et al., 1995; Krasnoselsky et al. 1994). This indicates that HGF may play a role not only in neuronal development but also in neuronal-glial interactions.


 Different subpopulations of cells in the developing neural tubes express both met and HGF (Sonnemberg et al., 1993). It has been shown that HGF induces survival in a subpopulation of motor neurons during development. In cultures of purified embryonic rat motor neuron HGF promotes survival with an efficiency comparable to that of other factors like brain-derived neurotrophic factor (BDNF) or ciliary neurotrophic factor (CNTF) (Ebens et al., 1996; Yamamoto et al., 1997; Wong et al., 1997). Moreover, the expression of c-met in the embryonic rat spinal cord in coincidence with the peak period of natural occurring cell death in motor neurons, suggests a possible role for HGF in the regulation of this process. Interestingly c-met is expressed at high level in motor neurons from the limb-innervating brachial segment and the motor neurons show a more potent survival response to HGF than thoracic motor neurons (Yamamoto et al., 1997). Thus HGF secreted by the limb mesenchyme could selectively support the survival of motor neurons in the limb-innervating segment. Furthermore, when motor neurons in culture are stimulated with HGF and CNTF, thus produce a synergistic increase in motor neurons survival and differentiation (Wong et al., 1997).


In addition to its role as survival factor, HGF is also a limb-mesenchyme-derived chemoattractant for motor neurons. Not only HGF can induce neurite outgrowth, but the outgrowth induced by forelimb mesenchyme can be blocked by HGF-neutralizing antibodies, suggesting that HGF is a major component of the naturally occurring activity. Consistent with this idea, forelimbs derived from hgf mutant embryos are unable to induce neurite outgrowth (Ebens et al., 1996). Analysis of hgf and met mutant embryos reveals an obvious delay or defect in the convergence of spinal nerves to form the brachial plexus. Furthermore, axons emerging from the plexus to form distinct limb nerves, show a significant reduction in length, and certain nerves appear more affected than others (Ebens et al., 1996). Interestingly, Maina et al. have shown that whereas selective PI3K docking sites in Met are sufficient to promote outgrowth of motor axons, selective Src docking sites in Met are not sufficient to induce outgrowth of motor neurons. In fact in Met2S/2S embryos the pattern of limb nerves is defective and comparable to that of the more severe Metd/d mutants (Maina et al., 2001).


The HGF/Met system is also required for development of the sensory neurons from dorsal root ganglia (DRG). In vitro studies have shown that HGF cooperates with nerve growth factor (NGF) to enhance axonal outgrowth, survival and maturation of sensory neurons obtained from DRGs. Moreover, in the Metd/d mutant mice there is an increase  of apoptotic cells in the DRGs, as well as a reduction in the network of sensory fibers innervating the skin of the limb and torax (Maina et al., 1997). The action of HGF in the sensory neurons is not mediated by Grb2. In fact in Metgrb2/grb2 mice, a mutant incapable to recruit the Grb2 adaptor, the development of sensory nerves is not affected (Maina et al., 1997).


In the superior cervical ganglion sympathetic neurons, HGF induces multiple responses at different stages of development. Met and HGF are co-expressed in sympathetic neurons, both in vivo and in culture. This Met receptor is functional and is distributed on both neurite and cell bodies, and HGF is bioactive (Maina et al., 1998; Yang et al., 1998). In vitro experiments show that endogenously produced HGF increases the survival and differentiation, but not proliferation, of sympathetic neuroblasts. Consistent with these data in vitro, Metd/d mutant embryos  show enhanced apoptosis, and progressive reduction in the total number of sympathetic neurons (Maina et al., 1998). As with sensory neurons, in the presence of low levels of NGF, addition of HGF enhances sympathetic neuron axonal outgrowth, and also increases the number of neurite emerging from cell bodies. In contrast to sensory neurons, HGF fails to induce survival in postmitotic sympathetic neurons in presence of NGF (Maina et al., 1998; Yang et al., 1998).  Interestingly, HGF plus NGF increases neurite arbors of sympathetic neurons obtained from Met2P/2P embryos. In contrast, HGF did not significantly enhances the size of neurite arbors of sympathetic neurons from met2S/2S embryos (Maina et al, 2001), indicating that  Met signaling through PI3K is sufficient to induce neurite outgrowth of sympathetic neurons.

The actions of HGF and Met are not limited to the periphery nervous system, but there is evidence that the HGF-Met pair is involved in the development of central nervous system. Recently, it has been shown that HGF has a role as motogenic factor for interneurons in the cerebral cortex. HGF and Met are expressed in appropriate temporal and spatial patterns in both the ganglionic eminence and the cerebral wall to provide specific motogenic cues. HGF in the embryonic forebrain is biologically active and is able to induce scattering in MDCK cells. In addition, in sectioned forebrain explants, exogenous HGF disrupts normal cell migration from the ganglionic eminence. Interesting, in mice lacking urokinase-type plasminogen activator receptor (u-PAR), both expression of HGF and Met are downregulated. In this mouse there is abnormal migration of interneurons, with a reduction in calbindin-positive cells in the cerebral cortex and an increase of calbindin cells in the ventral telencephalon (Powell et al., 2001).  



  Different studies suggest that HGF functions also as a neurotrophic factor in the central nervous system. In cultured rat hippocampus, HGF is able to increase the survival of hippocampal neurons, in a dose-dependent manner (Honda et al., 1995; Korhonen et al., 2000). Interestingly, HGF enhances the number of calbindin D positive neurons, but does not significantly increase the number of neurons immunopositive for GABA in hippocampal cultures. However, HGF increases the neurite outgrowth in both calbindin D and GABA positive neurons in vitro. Consistent with these data, immunohistochemical studies have shown that Met and calbindin D colocalize in the dental gyrus (Korhonen et al., 2000).


HGF induces also survival in rat granule cells in culture. Dissociated cerebellar granule neurons are cultured in a medium containing 25mM potassium chloride. When the culture medium is changed at 5mM, cerebellar granule neurons undergo apoptosis. In presence of HGF this apoptotic event is potently prevented, and its protective effect is mediated by PI3K. In fact in presence of an inhibitor for PI3K, the anti-apoptoitc effect mediated by HGF is blocked, whereas HGF is stilable to promote survival in presence of a specific inhibitor for the MAPK pathway (Zhang et al., 2000).


Although analysis of hgf and met mutant mice have contributed to an understanding of HGF and Met functions during development of the nervous system, the early lethality of these mutants implies that hypomorphic or conditional mutagenesis will be required to uncover additional roles for HGF signaling in late development and in adult animals.

AIM OF THE WORK
HGF is a pleiotropic factor for different cell types that, according to in vitro and in vivo studies, appears to act also as a neurotrophin on motor and sensory neurons. The spatial and temporal expression of HGF and c-met  during development and in the adult suggest a role for this ligand-receptor pair also in the brain and cerebellum. During development of the cerebral cortex the expression of both HGF and c-met is evident from E14.  In the hippocampus expression of HGF and Met is detectable from shortly after birth. In adult cerebellum, relatively high expression of Met is detected in the granule cells layer, whereas HGF expression is observed in Purkinje neurons.  In vitro studies have shown that HGF is able to induce survival both in hippocampal and in cerebellar granule neurons. Recently, it has been demonstrated that HGF is able to induce migration of the interneurons of the cerebral cortex. 

Unfortunately, due to the early lethality of HGF/Met null mice, which die in mid-gestation, it has been impossible so far to study in vivo the function of the HGF/Met pair during late development of the nervous system and in adult life.

The aim of this work was to produce a hypomorphic Met mutant mouse representing a partial loss of Met function, which could be viable.  Such an animal could potentially be useful to clarify the questions left open about the possible role of HGF/Met in the development of the nervous system and in adult life. This genetically modified animal was designed to abrogate the binding site of the receptor for the Grb2 adaptor, to impair its signaling ability. This was achieved by introducing a N(H mutation in the Met carboxy-terminal tail sequence Y1356VNV. 

The mouse obtained was indeed viable in the homozygous state, and apparently normal. However, when we studied this model focussing our attention on the cerebellum, we found anatomical,  biochemical and behavioral evidence for a partial impairement in cerebellar development and function. 

RESULTS

3.1 Met receptor expression in the cerebellum

It has been shown that Met is expressed in adult cerebellum (Honda et al., 1995). To determine if Met could play a role in cerebellar development, which occurs mainly post-natally, we first examined the expression of Met in cerebellum of P8 mice by western blot and immunohistochemical analysis. 

Western blots were done on total protein extracts of cerebellum and liver extracts were used as a positive control for Met expression. Met was present both in the cerebellum and liver extracts as a band migrating at approx.145 kDa, (The Met ( chain) (Figure 3.1A).

 We next determined the sites of Met expression in cerebellum using  immunohistochemistry. Analysis of cerebellar sections obtained from P8 mice revealed that Met expression was localized in the EGL (Figure 3.1B). The specificity of the antibody was confirmed by absence of staining after pre-incubation of the anti-Met antibody with the cognate peptide (Figure 3.1C). To determine which cells synthesize Met, we compared its pattern of expression with that of PCNA, a proliferation marker. Double-labeling for Met and PCNA revealed that there was co-immuno-localization of the two proteins. This indicates that Met is expressed by proliferating cells in the EGL. 

We also examined Met expression in cerebellar granule cell cultures. Replicate cultures were also stained for NeuN, a marker for neurons, or for GFAP, a marker for glial cells, to assess purity of cultures. Met expression was detected both in the cell body and in the neurites (Figure 3.2A). The majority of the cells in culture were NeuN positive (Figure 3.2B), while only few cells were GFAP positive (Figure 3.2C), indicating that the cultures were enriched in granule neurons.

3.2 Generation of partial loss of function  Met mutant mice by site-directed mutagenesis
Having confirmed that Met is expressed by proliferating cells in post-natal  cerebellum at a stage critical for its development, we next aimed at obtaining a viable mouse mutant carrying a partial loss of Met function.  Such a model could represent a valid alternative to a cerebellar-specific Met knock-out. In previous work we have described a Met mutant mouse where an N(H substitution in the sequence Y1356VNV selectively disrupted the binding site for Grb2, one of the major Met effectors, linking the receptor with the Ras pathway (Maina et al., 1996). In the homozygous state these mice (Metgrb2/grb2) were unable to live more than a few hours after birth because of breathing difficulties, due to insufficient development of diaphragm muscles. However, a low number of Metgrb2/grb2 pups survived till adulthood, suggesting that the defect was border-line. We later realized that retention of the Neo cassette causes a slight reduction in the expression of the mutated Met receptor in some tissues.  We thus hypothesized that an increase in expression of the mutant Met protein could mitigate the phenotype of Metgrb2/grb2 mice     and yield viable homozygous progeny. To this aim we produced a novel construct for homologous recombination, similar to the old one (that is, with a mutation abrogating Grb2 binding),  but  with the possibility to remove the Neo cassette from the recombinant  locus. 

Briefly, the Y1356VNV( Y1356VHV point mutation was introduced into the multifunctional docking site of the Met receptor using the knock-in approach (Maina et al., 1996). To build the targeting vector, we inserted a mutated human MET c-DNA fragment (coding for the transmembrane and cytoplasmic domain of the receptor) as an in frame  cassette in a mouse genomic clone (Figure 3.3A). The cDNA was followed by 1.2 kb of  (-globin 3’-untraslated region (including the polyadenylation site) and by the Neo cassette. The cassette was flanked by LoxP sites to allow excision by crossing the mutant mice with the Cre Deleter strain (Schwenk et al., 1995). 

The protein resulting from the targeted allele consists of a murine extracellular domain fused to a human transmembrane and cytoplasmic domain bearing the N(H substitution. The hybrid receptor can thus interact optimally with the endogenous ligand. Previous work has shown that the presence of human sequences in the intracellular portion of the receptor is without conseguences (Maina et al., 1996).            

G418R-GancR double-selected embryonic stem (ES) cells were screened by polymerase chain reaction (PCR) and Southern blot analysis (Figure 3.3B). Recombinant ES cells were morula-aggregated to produce chimeric animals. Breeding of the chimerae gave the expected frequency of heterozygous progeny. These mice were then crossed with the Cre Deleter strain (129 genetic background) to allow excision of the Neo cassette. Mice without Neo gene were crossed with wild-type 129 mice, and heterozygous mutant Metgrb2 mice without the Cre Deleter gene were selected. 

Homozygous mutant mice with the loxed Neo cassette (Metgrb2/grb2neo+) have a phenotype similar to first generation Metgrb2/grb2 mutant mice: they are small, with forelimbs hyperflexed and they die a few hours after birth. However, after removal of the Neo gene, homozygous Metgrb2/grb2neo- were viable, apparently normal and didn’t present hyperflexed forelimbs. 

To compare the level of Met protein in the Metgrb2/grb2neo+ and Metgrb2/grb2neo- mutants total protein extracts of E13.5 homozygous embryos were analysed by western blot, using an antibody specific for the corboxy-terminus of human Met.  Figure 3.3C shows that level of Met receptor in the Metgrb2/grb2neo- embryos was increased, compared with that of the Metgrb2/grb2neo+ embryos. Thus, the more severe phenotype of Metgrb2/grb2neo+ mice probably is due to a combination of loss of Grb2 binding and reduced Met expression.

3.3 Abnormal foliation in cerebellum of Metgrb2/grb2neo- mutants


The appearance and organization of cerebellum in Metgrb2/grb2neo- mutant mice was compared with that of wild-type littermates at P23, when cerebellar development is completed. The cerebellum of Metgrb2/grb2neo- mice was significantly smaller than that of controls. Cerebellar weight was decreased by 20% in Metgrb2/grb2neo- mutant mice, while no statistically significant difference was found in brain weight (in the 129/f2 genetic background) (Figure 3.4). 


Analysis of paraffin sections of cerebellum revealed that Metgrb2/grb2neo- mutants display abnormalities in foliation, compared with their wild-type littermates. By P23, wild-type animals develop a mature foliation pattern within the vermis, with the characteristic folia separated by well defined fissures (Figure 3.5A-B). In our mutants  the fissures in the anterior portion of the cerebellum were normal in size, while defects were evident in the median and posterior portions of the cerebellum. The declival sulcus (dcl), within folium VI, and the intercrural fissure (itc), which normally separates folia VI and VII are reduced or absent in Metgrb2/grb2neo- mutants (Figure 3.5A-B). Furthermore, measurement of the secondary fissure (scd), which separates folia VIII and IX,  and of the postero-lateral (plt) fissure, which separates folia IX and X, revealed  only a small reduction. Quantitative analysis revealed that mutant animals at P23 exhibited a statistically significant decrease in depth of each of these fissures (Figure 3.5C). However the characteristic layers of the cerebellum with the appropriate cells types did form normally in the Metgrb2/ grb2neo- mutants (Figure 3.5A-B). 

3.4 Cerebellar granule cells proliferation is decreased in Metgrb2/grb2neo- mutant mice

During the early postnatal period cells in the EGL undergo extensive proliferation and  generate a large pool of granule cells precursors. To investigate if HGF affects proliferation of these cells, BrdU incorporation, a marker for DNA synthesis, was analysed both in vivo and in vitro.


BrdU was injected intraperitoneally in  P8 mice. 2 hours later mice were sacrificed by cervical dislocation. Cerebellum was dissected and prepared for histological analysis. The proliferative index in the EGL was determined by counting BrdU-positive cells versus total cells in sections of Metgrb2/grb2neo- and wild-type mice. Proliferation was about 20% reduced in the Metgrb2/grb2neo- mutant mice (Figure 3.6A). These data demonstrate that recruitment of Grb2 via Met has a role in controlling granule cells proliferation in the EGL.


To investigate possible defect in granule cell migration in Metgrb2/ grb2neo- mutant mice, we injected  BrdU in P7 mice and sacrificed the animals 48h later. Analysis of paraffin sections did not reveale an increase in the number of elongated migrating BrdU positive granule cells in the molecular layer, compared with their normal counterparts (Figure 3.6B-C). Furthermore, also at this time point (48h) a lower number of BrdU positive cells was present in the EGL of mutant mice compared with controls, confirming the reduction in proliferation of granule cell precursors in Metgrb2/grb2neo- mutant mice.


Several mitogens for granule cells have been identified in vitro including EGF, IGF-I and Shh (Gao et al., 1991; Lin and Bulleit, 1997; Wechsler-Reya and Scott, 1999) We then asked if the proliferative activity of HGF could be tested also in vitro on primary cultures of mouse cerebellar cells. Cells derived from P6 mice cerebella were incubated for 48 hours  with or without different amount of HGF (5-50ng/ml)  and then pulsed with BrdU. IGF-I was used as a positive control. Incorporation of BrdU was quantified by an ELISA colorimetric method. As shown in Figure 3.7, HGF was able to increase proliferation about 2-3 fold, while the effect of IGF-I  was more drastic . 
3.5        Apoptosis is unaffected in the cerebellum of  Metgrb2/ grb2neo- mutant mice


Previous data demonstrated that HGF is a survival factor for granule cells in vitro (Zhang et al., 2000). To assess if in Metgrb2/grb2neo- granule cells survival was impaired, parasagittal sections of P8 cerebella from Metgrb2/grb2neo- and wild-type mice were assayed with the TUNEL-staining method. Quantitative analysis of total cells death revealed no significant differences between mutant and control mice (Figure 3.8). This results  suggests that the a direct link of the Met receptor with Grb2 is not important for HGF- mediated granule cell survival.  This is in agreement with previous work which showed that the PI 3-kinase (rather than the MAP kinase) pathway is crucial for the HGF-mediated survival effect (Zhang et al., 2000).

3.6 HGF-induced Map-kinase activation is defective in cerebellar granule cells from Metgrb2/ grb2neo- mutant mice

The Grb2 adaptor binds to tyrosine kinase receptors with its SH2 domain and binds the Ras guanine nucleotide exchanger Sos via its SH3 domain. In this way it allows the receptors to activate Ras. It has been shown in transfected fibroblasts that uncoupling Met from Grb2 lowers the HGF-dependent Ras response, and that full activation of the Ras pathway is necessary to promote cells proliferation (Ponzetto et al., 1996; Fixman et al., 1996). 

To investigate if in cerebellar granule cells from Metgrb2/grb2neo- mice the Ras pathway is also altered, primary granule cell cultures from P6 mutant and wild-type mice were treated with HGF for several time intervals, and MAP-kinase phosphorylation was determined by western blot with phospho-MAP-kinase specific antibodies. As shown in Figure 3.9, in Metgrb2/grb2neo- granule cells HGF-induced MAP-Kinase phosphorylation is weaker compared with control cells. Furthermore, densitometric analysis of the blots revealed that in wild-type cerebellar cultures activation of Map-kinase is sustained for more than an hour, with a peak of activation after 15’ of stimulation.  Conversely, in granule cells obtained from Metgrb2/grb2neo- mutants MAPkinase activation was more transient, and the peak at 15’ after HGF stimulation was lower. This data confirm that, as seen in transfected cells (Ponzetto et al., 1996; Fixman et al., 1996) also in primary granule cell cultures abrogation of the Grb2 binding site in Met decreases  HGF-mediated Ras pathway activation.

3.7 Impaired cerebellar function in Metgrb2/grb2neo mutant mice

Metgrb2/grb2neo- mutants and wild-type littermates were indistinguishable, with respect to behaviour, when observed in their normal cage environment. However when tested in  the thin rod horizontal stationary test, mutant animals were severely impaired. In this  test mice were put on the rod and the time of permanence on it was measured. Three consecutive trials were performed for 5 days. We observed clear differences in the performance between wild-type and Metgrb2/grb2neo- mutants. Though the permanence average time  was reduced in Metgrb2/grb2neo- mutant mice the learning curve has a normal trend suggesting no major cerebellar learning defects (Figure 3.10).   

DISCUSSION

HGF and its receptor Met are expressed in the nervous system both during development and in the adult (Jung et al.,1994; Honda et al.,1995). HGF prolongs survival of hippocampal neurons in vitro (Honda et al., 1995),  is a survival factor and chemoattractant for motor and sensory neurons (Maina and Klein, 1999), enhances survival and differentiation of sympathetic neuroblasts (Maina et al., 1998), and promotes axonal outgrowth of sympathetic neurons (Maina et al, 1998; Yang et al., 1998).  Recently, it has been shown that HGF is a motogen for interneurons of the telencephalon (Powell et al., 2001). To date it has not been possible to study the role of HGF and its receptor Met  in the late development of the nervous system and its function in adult life, due to the early lethality of HGF/Met null mice, which die in mid-gestation.

In this study we confirm that Met is expressed in proliferating cells of the external  granule layer (EGL) of the cerebellum.  We show that primary cultures of granule cells respond to HGF with an increase in proliferation and we describe a cerebellar phenotype in a novel genetically modified mouse with a partial Met loss of function. This mouse is a ‘second generation knock-in’ which expresses a point mutated Met receptor unable to recruit the Grb2 adaptor (Metgrb2neo-). The same mutation had been previously introduced in the mouse genome using a knock-in construct which caused retention of the neo gene in the recombinant Met locus.  The resulting phenotype was perinatal lethal. In the new neo- version, the mutant is viable, and thus appropriate to study the role of HGF/Met in postnatal cerebellar development. Our results show that in Metgrb2/grb2neo- mutants the cerebellum is smaller and presents defects in foliation pattern. These abnormalities are associated with a reduction in primary neurogenesis, consisting in a 20-25% decrease in the BrdU labeling index of granule cell precursors in the EGL, with respect to wild type controls. Finally, the Metgrb2/grb2neo- mutants, when tested in the thin rod test, also show signs of balance impairment, indicating that in addition to the developmental abnormalities there is also a defect in cerebellar function.

Granule cells are generated in the external granule layer (EGL) of the cerebellum. In mice, cells in the EGL proliferate rapidly for 2-3 weeks after birth, generating a pool of granule cells precursors. Developing granule cell precursors exit from cell cycle, extend axons and migrate inward to their final destination: the internal granule layer (IGL) (Hatten and Heinz, 1995). It has been demonstrated that soluble factors released from Purkinje cells are required for granule cell precursors development. We have detected high levels of Met expression in the EGL at P8, when the peak of granule cells proliferation occurs. Honda et al., (1995) have shown that HGF is expressed by Purkinje cells in adult cerebellum. These data suggested that the HGF/Met pair could be involved in cerebellar development and most likely in the proliferative phase. To explore this idea, we produced a new viable Met mutant.

Previously, we have described a mutant mouse carrying a point mutation impairing Met signal transduction.  In this mouse (Metgrb2/grb2) an N(H mutation in the multidocking site of the Met receptor (Y1356NNV( Y1356NHV) disrupts the optimal binding motif for the Grb2 adapter, which is no longer recruited by the activated receptor. In the Metgrb2/grb2 mouse liver and placenta develop normally. In contrast, muscles derived for migratory precursors are affected, with a reduction of muscle mass of the limbs, diaphragm and tip of the tongue. Metgrb2/grb2 mice are born alive, but die after several hours probably because of respiratory failure (Maina et al., 1996). Homozygous mutant mice are easily identifiable at birth because are small and their forelimbs are hyperflexed. Interestingly, occasionally a few Metgrb2/grb2 animals survived till adulthood, suggesting that the effect of this mutation was borderline for survival. The targeting vector used for this ‘first generation’ Metgrb2/grb2 mice did not allow removal of the Neo cassette from the recombined genomic locus. Nowadays it is know that  Neo sequences de-stabilize mRNA transcripts, reducing expression of the corresponding protein. We have thus hypothesized that an increase of Met expression, obtained by removing the Neo gene, could be sufficient to rescue viability of the Metgrb2/grb2 mice. Thus we generated a new Metgrb2 mutant, where the Neo cassette was flanked by LoxP sites, to allow its excision by crossings with the Cre Deleter strain (Schwenk et al., 1995).  Before removing the Neo gene, homozygous Metgrb2/grb2neo+ mice show a phenotype completely overlapping with the Metgrb2/grb2 mutants previously described: only very few of them survived. However, when the Neo gene was excised, homozygous mutant mice (Metgrb2/grb2neo-) were born with the expected frequency and survived into adulthood. They were apparently normal and did not present the hyperflexed posture in their forelimbs. Analysis of Met protein expression by western blot revealed that in Metgrb2/grb2neo- embryos the level of Met protein was higher than in Metgrb2/grb2neo+embryos. This confirmed our hypothesis, and indicates that we should interpret the phenotype of the first generation Metgrb2/grb2 mice and of the new Metgrb2/grb2neo+ mice, as the result of the combination of the effects of the signaling mutation with that due to the reduction of the amount of the receptor. 

The cerebellum of Metgrb2/grb2neo- mice was smaller, with an abnormal pattern of foliation, compared to wild type littermates. The foliation defect was much more evident in the middle and posterior regions of the cerebellum. Quantitative analysis revealed that the observed reduction of fissures depth was statistically significant. 

In a transgenic mouse over-expressing Zipro1 or IGF-I, a direct relationship between excess foliation and iperproliferation of granule cells has been demonstrated (Ye et al., 1996; Yang et al., 1999).  In Cyclin D2 null mice a defect in cerebellar foliation was found to be associated with a decrease in granule cell precursors proliferation and with an increase in granule neurons apoptosis (Huard et al., 1999). Conversely, in BDNF mutant mice, abnormal foliation of the cerebellum appears to be essentially due to enhanced apoptosis of granule neurons (Schwartz et al., 1997).

 HGF induces both proliferation and survival in different cell types (Matsumoto and Nakamura, 1996; Birchmeier and Gherardi, 1998).  Thus we explored the possibility that  proliferation or apoptosis or both could be altered in the cerebellum of Metgrb2/grb2neo- mice. Our studies revealed that in these mutants abnormal foliation of the cerebellum is associated with a reduction of proliferation of granule cell precursors in the EGL. We counted the percentage of BrdU-incorporating cells versus total number of cells in the EGL at P8, and found that in Metgrb2/grb2neo- mice there was a 20-25% reduction compared to wild-type littermates. This result is consistent with previous work showing that recruitment of Grb2 by Met is necessary for full HGF-mediated cell proliferation (Fixman et al., 1996). Likewise, a direct link of Met with Grb2  is required to efficiently promote transformation (Ponzetto et al., 1996). This is further confirmed by the fact that in the more severe ‘first generation’ Metgrb2/grb2 mutant mice, there was a reduction of proliferation of fetal myoblasts (Maina et al., 1996). 

To confirm the data obtained in vivo, we specifically tested if the mitogenic activity of  HGF on granule cell precursors can be detected also in vitro. In our experiments, we showed that addition  of HGF to primary granule cell cultures causes a 2-3 fold increase in the number of BrdU-positive cells. Several factors, such as EGF, IGF-I and Shh can induce granule cells proliferation in vitro (Gao et al., 1991; Lin and Bulleit, 1997; Wechsler-Reya and Scott, 1999; Wallace, 1999; Dahmane and Altaba, 1999). According to the literature their proliferative activity increases according to the following order:  IGF-1( EGF( Shh (Lin and Bulleit, 1997; Wechsler-Reya and Scott, 1999; Wallace, 1999; Dahmane and Altaba, 1999). In our hands the effect of HGF was relatively small compared to that observed with IGF-I, that we used as positive control. Thus in vitro HGF appears to be a weak mitogen for granule cells. It is possible that the HGF effect could be more dramatic if used in combination with other growth factors. We tried combining it with IGF-1, without major effects.  In other systems, such as cultures of motoneurons or sensory neurons, it has been shown that HGF requires the presence of CNTF or NGF to promote efficient survival  (Maina et al., 1997: Yang et al., 1998). Furthermore, SDF-1( does not possess any mitogenic effects by itself, but is able to enhance the proliferative effect of Shh in granule cell cultures (Klein et al., 2001). Laminins also increase Shh-induced proliferation in primary cultures of cerebellar granule cells (Pons et al., 2001). Thus, we can hypothesize that probably HGF in vivo cooperates with other factors to efficiently promote proliferation. 

In our mutants altered cerebellar foliation seems not to be due to an increase in cell death, since quantification of apoptotic cells by TUNEL staining, did not reveal any difference in Metgrb2/grb2neo- versus wild-type mice. This is in keeping with a previous report, where it was shown that HGF-induced survival of granule neurons in vitro is dependent on the PI3-Kinase rather than on the MAP-kinase pathway (Zhang et al., 2000).

It has been proposed that HGF has a role as motogenic factor for the interneurons of the cerebral cortex. In fact in u-PAR (urokinase-type plasminogen activator receptor) null mice, which have a low level of Met and HGF expression, the migration of interneurons is altered (Powell et al., 2001). Interestingly, in tPA (tissue plasminogen activator) null mice there is a retardation in granule cells migration during cerebellar development (Seeds et al. 1999). Both u-PA and tPA are proteases which in vitro can carry out proteolytic cleavage of pro-HGF to the mature biologically active two-chains form. This suggest that the observed migration defects could be due to failure of activation  of the HGF/Met pair. However, in our mutant  Metgrb2/grb2neo- we did not observed any delay in granule cells migration. Analysis of sections of cerebellum from P9 Metgrb2/grb2neo- mice, injected 48 hours before sacrifice with BrdU, shows that the relative number of granule cells that have reached the internal granule layer is the same as in the wild-type. This result is consistent with previous work showing that MDCK cells expressing the same Met mutant are fully competent in the motility (scatter) response (Ponzetto et al., 1996). Furthermore, in the more severe first generation Metgrb2/grb2 mice myoblasts did migrate out of the somite into the limb bud, again indicating that also in these cells migration is not affected (Maina et al, 1996).

In our mutant Metgrb2/grb2neo-, Met is unable to recruit directly the Grb2 adaptor.  Grb2 binds tyrosine kinase receptors that in this way recruit the Ras exchanger Sos and thus activate the Ras/MAP-kinase pathway.  We provide biochemical evidence that, in primary granule cells cultures obtained from Metgrb2/grb2neo-mice, MAP-Kinase phosphorylation after HGF stimulation is weaker compared with the control.  Furthermore in cells from wild type mice HGF-induced MAP-Kinase activation is sustained for more that one hour, with a peak after 15’ of stimulation. Conversely, in granule cells obtained from Metgrb2/grb2neo- mice MAP-kinase activation was lower and more transient. This data are consistent with previously reports that have shown that a direct link of Grb2 with Met is necessary to fully activate the Ras pathway ( Besser et al.,      ; Fixmann et al., 1996). The decrease in MAPkinase activation and/or it transient quality may be responsible for the reduction of granule cell precursor proliferation observed in vivo.
Metgrb2/grb2neo- mutant mice were indistinguishable, with respect to behavior, from wild-type littermates when observed in the cage environment. We noticed that they had difficulties in complex exercises like swimming, while they did not present obvious defects in force tests such as rope climbing (data not shown). When tested in an exercise more specifically devised to assess cerebellar function such as the thin rod test, mutant animals showed a significant impairment in performance. All these data suggest an altered control of balance and complex movements in  Metgrb2/grb2neo- mutant mice. We cannot explain if these defects are a consequence of the observed alteration in cerebellar development or whether they indicate a role for HGF/Met in cerebellar function. More studies are necessary to clarify this aspect. However, preliminary results did not show any difference in LTD in slices of cerebellum from  Metgrb2/grb2neo- mutant mice versus wild-type mice (data not shown).

In conclusion our data, gathered from a new partial loss of function Met knock-in model, indicate that HGF is involved in post-natal development of the cerebellum in the mouse.  The HGF role seems to be that of promoting proliferation of granule cell precursors in the external granule layer of the cerebellum. The Met receptor mediates this effect via recruitment of Grb2, which is necessary to promote a full proliferative response. Conversely, a direct link of Met with Grb2 does not seem to be necessary to promote migration of granule cells in the IGL, or their survival. Obviously, we cannot conclude that HGF is not at all required in migration and/or survival of the granule cells, since our Met mutant was only a partial loss of function and retained the capacity to activate other transductional pathways in response to HGF.

 We observed a partial balance impairment in the viable Met signaling mutant.  Besides participating in its development, Met could also have a role in adult cerebellum contributing to its functional aspects. Our mouse model cannot allow us to discriminate whether this defect is related to the developmental abnormality or not.   The answer to this question awaits production of a cerebellar-specific inducible Met knock-out.

MATERIALS AND METHODS

6.1 Histological  analysis
Immunofluorescence and cytofluorescence
The cerebellum were remove from the mice, embedded in O.C.T. compound and fresh frozen rapidly in isopentano. Sagital sections were cut at -20°C and stored at -20°C. Sections (15(m) were fixed in Methanol for 10’ at –20°C followed by blocking in PBS+5% goat serum+ 0.1% tween. Primary antibodies were added in a dilution of 1:300 for anti-Met (Santa Cruz, rabbit polyclonal), and for anti-PCNA (Santa Cruz, mouse monoclonal) overnight at 4°C. After washing,  Cy3 (1:1200, Roche) secondary antirabbit antibody or FITC (1:50, Roche) secondary antimouse antibody was added for 1h at room temperature.

Cerebellar granule cell cultures were fixed in Methanol for 10’ at –20°C followed by blocking in PBS+5% fetal calf serum+5% BSA+0.1% tween. Primary antibodies were added in a dilution of 1:300 for anti-Met (Santa Cruz, rabbit polyclonal), for anti-NeuN and for GFAP (DAKO, rabbit plyclonal) overnight at 4°C. After washing,  Cy3 (1:200, Jackson) secondary antirabbit antibody or FITC (1:50, Roche) secondary antimouse antibody was added for 1h at room temperature.

Cresyl Violet staining

Brain of mice were dissected, fixed 48h at 4°C in PBS containig 4% paraformaldehyde, dehydrate and embedded in paraffin. The tissue sections were cut at 6-8 (m and stained with cresyl violet.

Brdu labelling in vivo
Bromodeoxyuridine (BrdU) was injected into P8 animals 2h before killing them. Animals were anesthetized and perfused transacardially with 4% paraforlmaldehyde. Brains were dissected and fixed in  4% paraforlmaldehyde at 4°C overnight, dehydrate, embedded in paraffin. Section (6-8 (m thick) were hydrated, after microwaved for 15 min in 10mM citrate buffer and treated with 2M HCl at room temperature for 1h. The sections were then incubate in blocking solution PBS+5% goat serum+5% sheep serum+0.5 triton for 30 min and after incubate with an anti-BrdU monoclonal antibody (diluted 1:50, Roche) for 2h, washed, incubated with biotinilated goat anti-mouse Ig (1:800, Roche) for 1h, washed again, and then incubated with peroxidase-conjugate streptavidin. Staining was visualised with DAB (Sigma). 

6.2 Generation of Met mutant mice

Targeting vector was made as describe in Maina et al., (1996). In the new targeting vector, the Neo cassette were flanked by LoxP sites for Cre-mediated removal in vivo. (Schwenk et al, 1995). 


Cell culture, electroporation of R1 ES cells, selection with G418 and GANCR, and blastocyst injectioin were essentially done as describe (Maina et al., 1996).


Pools of six individual G418R ES cell clones were tested for homologous recombination by PCR. The 5’ primer (5’-CATCAGAAGCTGACTCTAGAGG-3’) contain the XbaI cleavage site (underlined) and the last 14 bp corresponding to the polyadenylation site of the PGK1-neo cassette. The 3’ primer (5’-GAAATAGTCATGACGTCATCAGC-3’) correspondend to genomic sequence located 7 bp downstream of the 3’ end of the short arm of the targeting vector. For Southern analysis of genomic DN,ES cells were grown to confluency in 6 cm dishes, and the DNA was extracted following standar procrdures. DNA (20(g) was digested with NdeI, electrophoresed on 0.6% agarose gel, blotted, and hybridised with a 32P-labeled1.2 kb EcoRI-SapI DNA fragment derived from the phage genomic serquence located immediately upstream of the 5’ end of the targeting vector. 


Genotypes were identified by PCR analysis on DNA isolated from mice tail. The presence of the Neo cassette was assessed by PCR using primer 1 in the Neo cassette and primer 2 (see Figure vector). Mutants were genotyped using primer 3 and primer 4 to amplify a fragment in the C-terminal portion of the human Met cDNA. Mice were kept in F2 129 background.

6.3 Primary cell cultures
Dissociated cerebellar cell cultures

Cerebellar were removed from postnatal days 6 (P6) mice in ice-cold calcium- and magnesium-free PBS (CMF-PBS). The tissue was cleaned of meninges, cut in to small  pieces, and digested in 1X trypsin and 1 mg/ml Dnase in CMF-PBS.for 5 min. at RT. After centrifugation, the tissue was further triturated by repetitive passages through a small bore pipet in basal medium eagle (BME, Gibco) containing 0.5 mg/ml Dnase and 0.3% glucose.  The cell suspension obtain was filtrate, centrifuged and the pellet was resuspended in serum containing medium (BME supplemented  whit 10% fetal calf serum, 25mM KCl, 1g/l glucose, 2mM L-glutamine, 100U/ml penicil and100U/ml spreptomycin) or serum-free medium (BME supplemented whit 1g/l glucose). Cells were inoculate onto 96 multiwell or 35mm petri dish coated with poly-lysine. 

6.4 Biological assay
BrdU incorporation assay

Cerebellar cells isolated as described above were resuspended in serum-free medium and transferred to poly-d-lysine coated 96 well plates, at density of  75.000 cells/well. Stimuli were added immediatly, and cells were cultured for 46h. Cells were pulsed with BrdU 22h before the end of the culture period. The amount of BrdU incorporation was quantitated by Cell Proliferation Kit (Roche) according to manufacturer’s recommendations.

6.5 Biochemical assay
Western blot

  
P8 cerebellum were homogenized and lysed in the ice-cold RIPA buffer. Primary cerebellar granule cells were lysed in the ice-cold EB buffer. Protein concentration were determined by BioRad protein assay DC and equal amounts of protein were loaded onto 10% SDS gel for separation. The gel was transferred onto a PVDF membrane (Amersham) followed by blocking in 5% low fat milk. Membrane was incubated with anti-Met antibody (1:1000, polyclonal rabbit), with an anti-phosphoMAP-kinase (1:10000, monoclonal mouse) or with an anti-actin (1:5000, monoclonal mouse) overnight at 4°C. After washing, the filter was incubated with peroxidase-conjugated secondary anti-mouse or anti-rabbit antibody (1:4000, Amerham). After washing, signalling was revealed by ECL method (Amersham)  

6.6 Behavioral analysis
Thin rod test

The test was  performed on age- and sex-matched animals. The stationary horizontal thin rod test was performed as described in Airaksinen et al. 1997. In briefly the mice were placed onto a rod of 1.5 cm in diameter, at 60 cm of the floor. The time an animal spent on the rod was measured; animal staying for 60 sec were taken from the rod and recorded as 60 sec. Three trials for day for 5 consecutive days were performed.      
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Figure 1.1. The cerebellum is divided into anatomically distinct lobes
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Figure: Neurons of the cerebellum and their connections





The adult cerebellum cortex is organized in three layers and contains five types of neurons














