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SUMMARY

During development of the cerebellum, Sonic hedgehog granule cell differentiation. Our studies indicate that the
(SHH) is expressed in migrating and settled Purkinje pathway in granule cell precursors responsible for the
neurons and is directly responsible for proliferation of conversion of a proliferative SHH-mediated response to a
granule cell precursors in the external germinal layer. We  differentiation signal depends on CREB. Vitronectin
have previously demonstrated that SHH interacts with stimulates phosphorylation of cyclic-AMP responsive
vitronectin in the differentiation of spinal motor neurons.  element-binding protein (CREB), and over-expression of
Here, we analysed whether similar interactions between CREB is sufficient to induce granule cell differentiation in
SHH and extracellular matrix glycoproteins regulate the presence of SHH. Taken together, these data suggest
subsequent steps of granule cell development. Laminins that granule neuron differentiation is regulated by the
and their integrin receptor subunit a6 accumulate in the vitronectin-induced phosphorylation of CREB, a critical
outer most external germinal layer where proliferation of  event that terminates SHH-mediated proliferation and
granule cell precursors is maximal. Consistent with this permits the differentiation program to proceed in these
expression pattern, laminin significantly increases SHH- cells.

induced proliferation in primary cultures of cerebellar

granule cells. Vitronectin and its integrin receptor subunits Key words: Chick, Rat, Embryo, Cerebellum, Proliferation

av are expressed in the inner part of the external germinal  pigerentiation, Purkinje neuron, Granule neuron, Extracellular
layer where QranU|e_ C?” precursors exit the C?” .CyC|e and  matrix glycoproteins, Laminin, Vitronectin, Cyclic AMP responsive
commence differentiation. In cultures, vitronectin is able to  element-binding protein (CREB), phosphorylated-CREB (P-CREB),
overcome SHH-induced proliferation, thus allowing CREB-binding-protein (CBP)

INTRODUCTION separate from the adjacent neuroepithelium, cross the lip, and
migrate up onto the surface of the anlage. The thin layer of
The cerebellum comprises the deep cerebellar nuclei, the whipeoliferating cells, which spreads across the roof of the anlage,
matter, and the three-layered cerebellar cortex. It develops called the external germinal layer (EGL; reviewed by Hatten
primarily from the metencephalon, although lineage studieand Heinzt, 1995; Hatten, 1999). The EGL transiently exists
have shown that a wedge of cells from the more anterian the surface of the cerebellar anlage and contains many
mesencephalic vesicle moves caudally to contribute to theitotically active cells (Altman and Bayer, 1997; Ramon y
developing cerebellar anlage (Hallonet and LeDouarin, 1993 ajal, 1889; Ramén y Cajal, 1911). After clonal expansion in
Martinez and Alvarado-Mallart, 1989). The cerebellar cortexthe superficial EGL, granule cells migrate through the field of
is formed from two distinct proliferative zones: a typical differentiating Purkinje cells and set forth three layers; an outer
ventricular zone (VZ) and a displaced germinal zone, thenolecular layer (ML) of granule cell axons and Purkinje cell
external germinal layer (EGL). Neurogenesis of the principatlendrites, a layer of Purkinje cells (PcL), and an inner layer of
output neurons of the cerebellar cortex, the Purkinje cellgranule cells (IGL).
occurs within the typical ventricular zone during the early Recent studies have provided insights into the molecular
phases of cerebellar development. The early migration of theature of the signals directing the subsequent steps of
Purkinje cell and the cessation of migration to form the firsterebellum development. The initial positional restriction
cell layer set up the framework for the cerebellar cortexestablishing the cerebellar territory depends on patterning
Concomitantly, precursors of granule cells appear in an area signals that control regional identity along the anteroposterior
the neuroepithelium just dorsal to the zone where Purkinje cellsxis of the neural tube, such as the expression of the engrailed
are generated. This zone, called the rhombic lip, constitutes tiEN) homeodomain protein and the PAX2/5/8 proteins (for
dorsal ridge of the cerebellar territory. Cells within this domairreviews see Lumsden and Krumlauf, 1996; Joyner, 1996).
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Further signals secreted from the isthmus, such as Wn@QREB phosphorylation, which provides the signal to terminate

(McMahon and Bradley, 1990; Thomas and Capecchi, 199@HH-induced proliferation, thereby allowing differentiation to

and FGF8 (Crossley et al., 1996) are also required for thgroceed in this cell population.

establishment of the cerebellar territory. Subsequently, dorsal

midline-derived BMP signals seem to act on a regionalized

cerebellum domain to induce the generation of granule neurgqpATERIALS AND METHODS

progenitors that migrate from the rhombic lip to populate the

EGL (Alder et al., 1999). Furthermore, the secreted proteichick and rat embryos

Sonic hedgehog (SHH) within the EGL and from the adjacenfyhite Leghorn chick eggs were incubated at 38.5°C in an atmosphere

Purkinje neurons acts as a potent mitogenic signal to expamél 70% humidity. Embryos were staged as described previously

the granule cell progenitor population (Dahmane and Ruiz (Hamburger and Hamilton, 1951). Wistar albino rats from our inbred

Altaba, 1999; Wallace 1999; Wechsler-Reya and Scott, 1999%olony were kept under standard housing, feeding and lighting

Subsequent steps of granule cell differentiation require exfionditions (22°C, 12 hours light-12 hours dark). The day of birth was

from the cell cycle, induction of differentiation, and migration taken as day 0 of postnatal life (P0). All experiments were performed

through the Purkinje cell layer, events that occur within & accordance with the National Institutes of Health Guide for the Care

SHH-rich environment. Therefore, termination of granule celf"d USe of Laboratory Animals (NIH Publication No. 85-23).

proliferation is probably not due to reduced exposure to SHHintibodies and chemicals

rather it likely results from conversion of a proliferative apti-vitronectin antiserum was generated and tested as described

response to one that directs differentiation of these cells.  previously (Martinez-Morales et al., 1997). The monoclonal
SHH signals through its receptor Patched (Ptc), an eleveantibodies 5E1, directed against N-SHH, anti-TAG1 and anti-bromo-

pass transmembrane receptor. Under basal conditions, Rieoxyuridine (BrdU) were all obtained from the Developmental

associates with and sequesters the activity of Smoothené&tudies Hybridoma Bank (lowa). The monoclonal antibody against a

(Smo), a G-protein associated receptor-like protein (fopniqueB-tubulin (Tuj-1) was obtained from MEDPASS S.a.r.l. (Grand

reviews see Ingham, 1998 and Ruiz i Altaba, 1999). |rpuché de Luxembourg) and usedl to identify postmitotic neurons. The

response to the binding of SHH, Ptc releases Smo which th&puse monoclonal anti-calbindin-D (28K), the polyclonal anti-

activates a Goisubunit to inhibit cAMP production within the aminin directed against the basement membrane of mouse sarcoma

- - (EHS) and the monoclonal anti-fibronectin directed against human
cell (Hammerschimdt and McMahon, 1998). The GLI fam'l.yplasmr:l fibronectin, were all purchased from Sigma. The rabbit

of zinc f|.nger transcription factors (CUbItU$ interruptus, Q, Npolyclonal anti-GFAP (AB1980) was purchased from Chemicon. The
Drosophila) act at the last known step in the SHH signalrapbit polyclonal anti-phosphohistone 3 (P-H3) was purchased from
transduction pathway. Within the SHH receiving cell, GLI/Ci upstate Biochemicals. Phospho-specific antibodies that recognize the
proteins are regulated in the cytoplasm through multiplectivated forms of MAPK (phospho-Ta9%/Tyr204 of p44/42 MAPK)
distinct molecular mechanisms. The cyclic AMP-dependen@and CREB (phospho-Séf of CREB) were purchased from NEB.
protein kinase (PKA) acts as a common negative regulatdihe monoclonal antibody against human integnifs3 (mAb1976)
such that GLI/Ci repressor forms in vertebrates and flies aias purchased from Chemicon. The antimonoclonal antibody was
generated by PKA-mediated phosphorylation and processirfy 96nerous gift from Dr C. Martinez. The anti-cpt6 purified

LI o lyclonal antibody was a gift from Dr I. de Curtis (de Curtis and
byl the prgtfl?épme:[. Cton(;/efrsely, 't?]h'tb't'on Oft Pﬁf‘ aCtIVIIty Reichardt, 1993). The autocleaved 19 kDa amino-terminal fragment
releases I activated forms that move 10 the NUCIeUSt racombinant Sonic hedgehog (SHH) used in this study was a gift

where, acting together with co-factors such as the CREBgom Biogen Inc. Basic FGF/FGF2 was purchased from Boehringer,
binding-protein (CBP), they activate target genes (Ingham;Gr4 and FGF8 were obtained from R & D Systems.
1998; Ruiz i Altaba, 1999).

Extracellular matrix (ECM) glycoproteins constitute critical In situ hybridisation and immunohistochemistry
components of cerebellelar development as signals from thebkesitu hybridisation was performed on $én vibratome sections
factors direct the migration and differentiation of certainaccording to the method of Wilkinson (Wilkinson, 1992). CtSckic
regional cell populations (reviewed by Hatten, 1999). ThéedgehodSHH) probe has been described previously (Rlddlelet al.,
integrin heterodimers are the principal cell-surface receptor f 0%:3'8302?;' “E&”;f;:\gz(\'(ﬁ'\é)raﬁ’égbgt ";f‘s 1d9e§;570)nbli;j/bﬁé/is’\gﬁgénsvza;s
the ECM proteins (rewewed. by Howe et al., 1998).' We hfav evealed by alkaline phosphatase-coupled anti-digoxigenin Fab
previously described a direct protein-protein interactiory

e . agments (Boehringer Mannheim). Immunohistochemistry was
between SHH and the ECM protein vitronectin (VN) (Pons anderformed on free-floating vibratome sections (5@) jbased on

Marti, 2000). Based on these earlier observations, our curregtandard procedures. After single or double staining, sections were
study tests the hypothesis that ECM glycoproteins downmounted and photographed in a Leica DMR compound microscope.
regulate the response of granule cell precursors to SHH activitz, _

thereby promoting their differentiation to granule neuronsPlate coating

Here we demonstrate that ECM glycoproteins differentiallyTissue culture dishes or glass coverslips were incubated for 4 hours
regulate the SHH-mediated proliferation of granule celf? 20 MM borate buffer, pH 8.4 containing lg/ml of poly-L-Lys
precursors. Furthermore, we demonstrate that in the preser{ﬁé"ﬂ 90-120 kDa) (GIBCO, BRL). Subsequently, they were washed

. . . . ree times in water, air dried and stored at 4°C until needed.
of SHH, laminin (LN) and VN differentially medlate_ th_e Extracellular matrix glycoproteins laminin (LN), fibronectin (FN) and

phosphorylation of cyclic AMP responsive element-binding, i J\otin (VN) were incubated (1@ml) on PLL pre- :
) ) . pre-coated dishes
protein (CREB); cells cultured on LN and treated with SHHq, 4355 coverslips. LN and FN were purchased from GIBCO, BRL.

contain much lower levels of phosphorylated CREB than thosgat serum VN was purified as described by Kitagaki-Ogawa et al.
grown on VN and exposed to SHH. These observations suggggitagaki-Ogawa et al., 1990). Just before platting the cells, solutions
that granule neuron differentiation is mediated by VN-inducedvere aspirated and plates washed once in PBS.
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Culture of granule cells removed by centrifugation and the protein content of the supernatants
Cerebellar cultures were performed using a modification of thétandardised at 2 mg/ml. Cell cultures were directly lyseckiS80S
procedure described by Meyer-Franke et al. (Meyer-Franke et al9ading buffer (10% glycerol, 2% SDS, 100 mM DTT and 60 mM
1995). Chemicals and incubation times were optimised to proceddis-HCl pH 6.8) and the DNA disrupted by sonication. Samples were
simultaneously four P6 rat cerebella. Cerebella were aseptical§eparated by SDS-PAGE gel electrophoresis and transferred to
removed, washed once in Earl's balanced salt solution (EBSS’ltrOCEllUlOSE membranes; blocked with 8% non fat dry milk in TTBS
(GIBCO, BRL), cut into small pieces (1 mm) and transferred to a 5¢150 mM NaCl; 0.05 Tween 20 and 20 mM Tris-HCI pH 7.4) and
ml screw cap tube. Tissue fragments were allowed to settle, the excd¥§bed with the different antibodies. The blots were developed using
EBSS aspirated and 4 ml of EBSS containing 100 U/ml of DNAseénti-rabbit coupled peroxidase plus the ECL system (Amersham).
(Worthington, Lake Wood N.J.), 1 mM CaGind 1 mM MgC# were Quan_tlflcatlons were performed using a Molecular Dynamics
added and gently mixed with tissue fragments. Finally, 100 U oPensitometer.

papain (Worthington) that was pre-activated for 30 minutes at 37"% - .

in 1 ml of activation buffer (EBSS containing 5 mM L-Cys, 2 mMm >tatistical analysis o

EDTA and 0.067 mMB-mercaptoethanol) was added, the air in theQuantitative data were express as means.e.m. Significant
tube was displaced with 95%2®% CQ and incubated for 90 differences among groups were tested by two-way ANOVA followed
minutes on a shaking platform at 37°C. At the end of this period, thBY the Tukey’s test.

tube was vortexed at low speed for 1 minute and undigested fragments

were allowed to settle, the supernatant was transferred to a fresh 15

ml screw cup tube and centrifuged at 800 rpm for 5 minutes. Th SULTS

supernatant was aspirated and the pellet resuspended in 3 ml of EB E

containing 3 mg of ovomucoid protease inhibitor (Worthington), . . . .

layered onto an albumin cushion consisting of 5 ml of EBSS>ONIC hedgehog and vitronectin are expressed in

containing ovomucoid protease inhibitor and ovoalbuminthe developing cerebellum

(Worthington) at 10 mg/ml each and centrifuged at 800 rpm for Sonic hedgehog (SHH) is expressed in migrating and settled
minutes. The resulting pellet was resuspe_ndgq in neurobasal meo!ilmmrkinje neurons (Pc) (Fig. 1B,C) (see also Dahmane and Ruiz
(GIBCO, BRL), and the cell number and viability was assessed usinga|taba, 1999; Traiffort et al., 1999; Wallace, 1999; Wechsler-
an hemocytometer. The typical yield from this protocol rangeReya and Scott, 1999) and is directly responsible for
between 12 and 15 million cells per cerebellum and cell viability i, qjieration of granule cell precursors in the external germinal

higher than 90%. Cells were plated at 100,000 celfittmeurobasal R .
medium supplemented with B27 (GIBCO, BRL) containing 20 mMIayer (EGL) (Dahmane and Ruiz i Altaba, 1999; Wallace,

KCIl, and they were then maintained in a humidified incubator at 37°é999; Wec_hsler-R_eya and SCOt.t’ 1999)' Sin(_:e we have recently
in 5% CQ. This culture medium has been optimized to support€ported biochemical and functional interactions between SHH

neuronal survival and minimize glial proliferation; more than 95%and vitronectin (VN) in patterning of the neural tube (Pons and
of the cells display neuronal markers after 48 hours in culture. Fouvlarti, 2000), we analysed whether VN is also expressed in
hours prior to fixation, cultures were treated with 50 ng/mithe developing cerebellum as a prerequisite for a functional
bromodeoxyuridine (BrdU) and then fixed in 4% paraformaldehydeinteraction between these two molecules in this process. To
study VN expression during cerebellar development, we first

. . . ) _ prepared total extracts from chick cerebella at various stages
The coding region of wild-type CREB and the dominant negativ

mutant CREB (CREB B3-A) (Gonzalez and Montminy, 1989) were f (lambryonlc development.l AS revefaltlal-d bbe\IlleStern blot
subcloned from RSV-CREB into PCDNA 3.1 (Invitrogen) using the2N2lysis, VN was present in lysates of all cerebella (Fig. 1A),
polymerase chain reaction with the proof reading DNA polymeras&tigrating as a single band of 70 kDa. This single band
Pfu (GIBCO, BRL). The PCDNAacZ construct used as a control was epresents the 70 kDa serum form of vitronectin (S-VN;
purchased from Invitrogen. The vector expressing EGFP used fdartinez-Morales et al., 1995). Interestingly, the two

DNA constructs

assess transfection efficiency was from Clontech. proteolytic forms of chick yolk vitronectin (Y-VN; Nagano et
_ al., 1992) that we have reported in early neural tube, notochord
Transfection of granule cell precursors and floorplate do not appear during development of the

After 24 hours in culture, granular cell preparations were transfectegerebellum (Fig. 1A; Pons and Marti, 2000).

using FUGENEG reagent (Roche). Briefly, P6 granular cells platted Using in situ hybridisation, we next compared the precise

onto PLL/LN coated coverslips were grown in neurobasal-B27 ; : - :
containing 3 @/ml of N-SHH for 24 hours. For the transfection, 50 expression pattern of VN with that of SHH. Vibratome sections

ul of neurobasal medium containing®of FUGENE plus 0.5g of of chick E12 cerebellum revealed the expression of Shh mRNA

DNA vectors coding for CREB, CREBI&-A or B-galactosidase and M Purkinje neurons (Fig. 1B,C, PcL); expression of VN protein
0.1ug of GFP (used as a transfection marker) were added to each wi{RS detected in close apposition to Pc, both in the most internal
of a 12-well culture dish. The cultures were allowed to grow for 48£GL (IEGL) and in the IGL (Fig. 1D). To determine which
hours in the same medium and then fixed in 4% paraformaldehydeells synthesize VN, we then analysed the expressiariNof

In a preliminary study to test these transfection conditions, wenRNA. VN mRNA was present in the deep cerebellar nuclei
determined that a ratio of 5:1 ensures a co-transfection index highghd in the cerebellar cortex (Fig. 1E). Double-labelling with
than 90%. Moreover, under these conditions, the concentration ghe anti-calbindin antibody to specifically stain Pc (Garcia-
FUGENE is extremely low and does not effect cell viability. Segura et al., 1984) revealed thdt mMRNA was expressed in
Western blotting a layer of cells just beneath the PcL (Fig. 1F), most likely
At embryonic days (E) 10, 12, 14 and 16, chick cerebella werkeCently differentiated granule neurons. Double-labelling with
collected in PBS and lysed in a buffer of 20 mM Tris (pH 7.5), 137#he anti-GFAP antibody to specifically stain glial cells
mM NaCl, 1 mM MgCs, 1 mM CaCh, 1% Nonidet P-40, 10% including Bergmann glia, revealed that thé&Xl mRNA was
glycerol, 10 jg/ml of aprotinin, 10ug/ml of leupeptin and 1 mM expressed in a layer just beneath GFAP expression (Fig. 1G),
phenylmethylsulfonyl fluoride (PMSF). Insoluble material wasruling out the possibility that Bergmann glial were synthesizing
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Fig. 1. Expression of Sonic hedgehog (SHH) —
vitronectin (VN) in the developing cerebellum.
(A) Western blot analysis of the expression of
VN in the chick cerebellum. Tissue extracts fr
embryos at various stages were fractionated |
SDS-PAGE and transferred onto nitrocellulos
membranes. Membranes were probed with
affinity-purified VN antibody, which identified ¢
70 kDa band corresponding to the full-length
serum vitronectin (S-VN). Proteolytically
processed forms of VN, migrating at 54 and 4
kDa, are present in the yolk vitronectin (Y-VN
but were not detected in the developing
cerebellum. (B-D) In situ hybridisation on
vibratome sections of E12 chick cerebellum w
a full-length SHH probe. (B) Low magnificatio
of E12 cerebellum revealing strong expressio
Shh mRNA in the Purkinje cell layer (PcL).
(C) High magnification showing expression of
Shhin the Purkinje cell bodies. (D) Double
staining demonstrating Shh messenger in the
bodies (blue staining) and VN protein (brown
staining) in close apposition to Pc, both in the
most internal EGL (IEGL) and in the IGL. —
(E-G) In situ hybridisation on vibratome sections

of E12 chick cerebellum with a full-length VN probe. (E) Low magnification of E12 cerebellum showing expredgiomBNA in the deep
cerebellar nuclei and in a layer of the cerebellar cortex. (F) Double staining shiMingssenger (blue staining) beneath the Pc bodies,
immunostained with anti-calbindin antibody (CalB) (brown staining). (G) Double staining sheWingessenger (blue staining) beneath the

Pc layer (PcL), immunostained with anti-GFAP antibody (brown staining) revealed the presence of Bergmann glial cells within the Pc layer.
(H-J) Expression of SHH and VN in the chick E14 cerebellar cortex. (H) In situ hybridisation showing the expreisionRINA in Purkinje
neurons. (I) Double immunostaining showing the expression of SHH (red staining) in Purkinje cell bodies and VN protein (green staining) in
the parallel fibres (at the molecular layer, ML), the internal part of the EGL (iIEGL), and in the IGL. (J) Double immunostaining detecting the
expression of calbindin (red staining) in the Purkinje cell somas and proximal part of the dendritic trees (arrows), and VN protein (green
staining) in the parallel fibres.

VN mRNA

Chick E14

VN. Interestingly, the expression of boBhh mRNA and precursors were plated onto different ECM glycoproteins:
protein was maintained in Pc at E14 (Fig. 1H,l), whereas thpoly-L-Lys (PLL), laminin (LN), fibronectin (FN) or
expression of VN was increased upon differentiation of granuleitronectin (VN). Cells were cultured for 72 hours in the
neurons (Fig. 11). Double immunostaining with the calbindinpresence or in the absence of purified N-SHH. Four hours
antibody revealed the expression of VN in growing paralleprior to fixation, cultures were pulsed with BrdU to label
fibres (Fig. 1J), as has been reported previously (Murase apdoliferating cells. Cells were then immunostained with anti-
Hayashi, 1998). Thus, these studies demonstrate that duriBgdU antibody and examined by phase-contrast microscopy
cerebellar development VN is expressed in the EGL and thig. 2). In untreated cultures (plated onto PLL, LN, FN or
IGL just below the SHH-containing Pc. The close structuraVN), only a small percentage of cells (0.6%) incorporate BrdU
proximity of these cell populations raised the possibility ofafter 3 days in culture, and there were no significant differences
an interaction between SHH and VN during cerebellunrelated to ECM (Fig. 2A-E). In contrast, all cultures treated

development. with N-SHH increased the percentage of BrdU-labelled cells
) . in a dose-dependent manner (Fig. 2A,F-1). Interestingly, the

Extracellular matrix glycoproteins regulate SHH- various matrix glycoproteins regulated N-SHH proliferating

induced proliferation of cerebellar cells in culture activity differentially. LN as a substrate glycoprotein

SHH induces a potent and long-lasting proliferative responsggnificantly increased BrdU-labelled cells (46% atdggnpi),
in granule cell precursors. To test whether SHH-induceavhereas both FN and VN produced fewer BrdU-labelled cells
proliferation could be modulated by VN, granule cell(19% and 17% respectively, atyg/ml) than PLL (25% at 3
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Fig. 2. Effects of N-SHH and extracellular matr
glycoproteins on the proliferation of granule ce
precursors. Cerebellar granule cells were cultt
for 3 days, in the absence or presence of purif
N-SHH. Cells were plated onto laminin- (LN),
poly-L-Lys- (PLL), fibronectin- (FN) or
vitronectin- (VN) coated glass coverslips. Four
hours prior to fixation, cultures were pulsed wi
50 ng/ml BrdU and finally immunostained with
anti-BrdU antibody. Analysis of each culture w
done by counting total cells stained with
Haematoxylin, and BrdU immunostained cells,
a minimum of 25 randomly selected microscoy
fields. (A) Statistical analysis of cultures treated
with different concentrations of N-SHH (0, 1, op@/ml), and plated onto LN (blue), PLL (yellow), FN (red) or VN (green) substrates. An
increase of BrdU-positive cells was noted in cultures treated wigiril of N-SHH (plated onto any substrate; LNt20%; PLL 19:0%;

FN 18+10%; VN 14.44%) as compared to cultures grown in the absence of N-SHH£Q)6% further increase in proliferation was seen in
cultures treated with 3giml of N-SHH. Furthermore, LN significantly increased the percentage of proliferatibh2%) as compared to

cultures grown onto PLL (#®%), whereas VN significantly decreased N-SHH induced proliferationf4%yas compared to PLL (18%).

(B-E) Granule cells grown for 3 days on each substrate (LN, PLL, FN, VN), in the absence of N-SHH, and immunostainedvdth. anti-

(F-I) Granule cells grown for 3 days on each substrate, in the presenpg/ailf N-SHH, and immunostained with anti-BrdU. Proliferating

cells form clones that are particularly visible on plates coated with LN. (J-M) Granule cells grown for 5 days on each substrate, in the presenc
of 3 pg/ml of N-SHH, and immunostained with the mitosis marker anti-P-H3. Cultures grown onto LN-coated dishes frequently reach
confluence.

VN coated | | FN coated ‘ l PLL coated I l LN coated

pg/ml; Fig. 2A). To confirm that these granule cell precursorglthough not reaching FK levels, and this inhibition does not
were indeed completing their cell cycle, we alsooccur in cultures plated on laminin (Fig. 3). In conclusion
immunostained treated cultures with the mitotic markef~GFs do not exert a synergistic effect with VN, nor do they
phospho-H3 (Fig. 2J-M). Although percentages of anti-P-H3ave a stronger effect on the inhibition of N-SHH-induced
immunostained cells were similar to those detected with Brdgroliferation than that of VN itself. We are aware that in our
labelling for each condition (quantification not shown), thehands FGFs and FK do not induce as strong inhibition of
total numbers are smaller since P-H3 is expressed within @oliferation as that reported by Wechsler-Reya and Scott
short time-frame during the cell cycle. Interestingly, cells(1999), however this discrepancy might be due to differences
plated onto LN and treated with @g/ml N-SHH reach in culture conditions and/or reagent sources.
confluence after 5-6 days in culture (Fig. 2J). We next asked whether this differential rate of proliferation
Since it has been reported (Wechsler-Reya and Scott, 1999)ght reflect changes in neural differentiation. To test whether
that bFGF and Forskolin (FK) can suppress the proliferativgranule cell precursor differentiation could be modulated by
response to N-SHH by 90% and 85% respectively, we neXCM, cells were again plated onto the different matrix
tested the effects of FK and three different FGFs; bFGF/FGFglycoproteins, cultured for 72 hours in the presence or in the
FGF4 and FGF8 on N-SHH induced proliferation of granuleabsence of N-SHH, and immunostained for the neural
cell precursors cultured on different substrates. Independent differentiation marker3-tubulin. In the absence of N-SHH,
the substrate, FK was the strongest inhibitor of N-SHH inducedN, FN and VN significantly increased the rate of neural
proliferation, consistent with a direct increase of intracelluladifferentiation (87%, 84% and 81%, respectively) as compared
cAMP levels and PKA activation (Fig. 3). FGF2 enhances Nwith PLL (66%; Fig. 4A-C). However, in the presence of N-
SHH proliferative effect, particularly in cultures plated onSHH (3 /ml), FN and VN increased the rate of neural
laminin. FGF4 slightly reduces proliferation in cultures plateddifferentiation (40% and 43%), whereas LN slightly reduced it
onto either PLL or LN, whereas it has no significant effect421%; Fig. 4A,D,E) compared with PLL (25%). Similar results
onto VN. Finally FGF8 causes the strongest inhibitionwere also obtained using TAG1 as an early granule neuron
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differentiation marker (Dahmane and Ruiz i Altaba, 1999differentially regulate SHH-induced proliferation of granule

Wechsler-Reya and Scott, 1999) (Fig. 4F-H). Together these gell precursors, and prompted us to further investigate their
vitro results demonstrate that ECM glycoproteins are able tsites of expression within the developing cerebellar cortex.

aoonn(”"“—

70000|"

Extracellular matrix glycoproteins and their integrin

receptors are differentially expressed in the

developing cerebellar cortex

Generation of the large pool of granule cell precursors takes
place in the outer most part of the external germinal layer
(oEGL), where proliferation is maximal. Developing granule
cell precursors then exit the cell cycle while they move to the
internal EGL (IEGL), extend axons and migrate inward past
the Purkinje cell layer (PcL) to their final destination, the
internal granular layer (IGL). Thus, maximal proliferation
e occurs in the oEGL, as we show here by immunostaining with

poly-L-lysine

vitronectin A
B

60000|
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Fig. 3. Modulation of N-SHH induced proliferation by FGFs and
Forskolin. Cerebellar granule precursors were cultured on three
different substrates; poly-L-lysine as control (yellow bars),
vitronectin (blue bars) or laminin (purple bars) in medium containing
no stimulus (control), N-SHH alone (&/ml), or N-SHH (3 jg/ml) 30|
plus FGF2 (10 nM), FGF4 (10 nM), FGF8 (10 nM) or Forskolin (FK 301
4 pg/ml). After 40 hours in culture, cells were pulsed with 10]
[3H]thymidine for 8 hours, harvested and analysed for incorporated o<t
radioactivity.
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Fig. 4. Effects of N-SHH and extracellular matrix glycoproteins on = 3

the differentiation of granule cell precursors in culture. Cerebellar [ B-Tubulin / DAPI * PLL vs LN, FN, VN (p<0.001)
granule cells were cultured for 3 days, in the absence or the presen = * PLL, LN vs FN, VN (p< 0.001)
of purified N-SHH. Cell were plated on poly-L-lysine- (PLL), l

laminin- (LN) fibronectin- (FN) or vitronectin- (VN) coated glass
coverslips. At the end of the culture period, cells were
immunostained with the neural differentiation marketsifulin or
TAGL. Analysis of each culture was done by comparing the total
number of cells stained with DAPI versus those staining positive for
B-tubulin in @ minimum of 25 randomly selected fields.

(A) Statistical analysis of cultures grown in the absence or in the
presence of N-SHH (3gdml) and plated onto LN, PLL, FN or VN
substrates. In the absence of N-SHH, all three ECM glycoproteins
significantly increase the percentages -fifulin-positive cell (LN
8746%; FN 816%; VN 84#11%) as compared to PLL (68%). In

the presence of N-SHH, both FN and VN significantly increase the
percentage of differentiated cells (4@ and 4311% respectively)
as compared to either PLL (28%) or LN (215%). (B-E) Granule
cells cultured for 3 days and immunostainedaubulin.

(B) Control culture grown on PLL in the absence of N-SHH.

(C) Culture grown on VN in the absence of N-SHH. (D) Culture
grown on LN in the presence of N-SHH, where the total number of
cell was significantly increased (blue nuclei), most of which do not
express the neural differentiation marketuBulin. (E) Culture

grown on VN in the presence of N-SHH where the total number of
cell was significantly increased (blue nuclei), with majority of cells
expressing the neural differentiation markeupulin. (F-G) Granule
cells cultured for 3 days and immunostained for TAG1. (F) A culture
grown on VN in the absence of N-SHH. (G) A culture grown on LN
in the presence of N-SHH, where the total number of cells is
significantly increased (blue nuclei) but most do not express the ear
neural differentiation marker TAG1. (H) A culture grown on VN in
the presence of N-SHH; the majority of these cells do express the
early neural differentiation marker TAG1.
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the mitosis marker phospho-H3 (P-H3) in a posti
day-6 rat cerebellum (Fig. 5A,B). The pattern
immunostaining with P-H3 is similar in a develop
chick cerebellum at E14 (data not shown). Distribt
of P-H3-labelled nuclei is similar to the accumula
of LNs in the outer-most EGL (see arrowheads in
5D); LNs are also expressed in the Purkinje cell b
and in the meninges (Fig. 5C,D). Concomitant with
from the cell cycle, P-H3-positive nuclei are aln
absent in the iIEGL (Fig. 5B). Interestingly, VN (F
51,J, see also Fig. 11,J) and low levels of FN (Fig. 5¢(
are both expressed in the iIEGL and surrounding tt
bodies.

The integrin heterodimers are the principal sur
receptor for the ECM glycoproteins. In addition
directly generating signals, integrins can modt
signalling responses to secreted growth fa
(reviewed by Howe et al., 1998). To provide suppa
our in vitro data, we next examined the localisatio
the appropriate integrin subunits within the develo
cerebellar cortex. Thus, using a polyclonal antit
againsta6, the integrin subunit that specifically bil
laminins (reviewed by Hynes, 1992), we detectec
expression of @ in the outermost EGL (Fig. 5E,F).
addition, using a monoclonal antibody against the
integrin subunit that specifically binds VN, we dete
expression of this receptor subunit in the internall
EGL as well as in the area surrounding the Pc b
and in the IGL (Fig. 5K,L). Furthermore, staining v
a monoclonal antibody against the integrin com
avp3, the main vitronectin signalling receptor, gave
same pattern of expression (not shown). These
support the idea that differentiating granule ¢
possess the appropriate integrins to respond to
mediated signals.

Vitronectin and laminin differentially regulate
phosphorylation of cyclic-AMP responsive
element-binding protein (CREB)

Recently, much research has been directed at eluci
the intracellular signalling cascades that govern
events of cell proliferation, survival and differential
during development. SHH has been reportec
stimulate proliferation through a decrease in ¢
AMP-dependent protein kinase (PKA) acti
(reviewed by Ruiz i Altaba, 1999). Activation of MAF
and CREB also occur during this process of neu
differentiation, although the precise role(s) of tt
pathways in the differentiation program is not \
understood (Cowley et al., 1994). Since both M/
and CREB are PKA targets, we investigated whe
either of these signalling components may contribt
the differential modulation of SHH signalling by |
and VN. We first evaluated the phosphorylation s
of CREB and MAPK in granule cells grown on a me
of either LN or VN for 48 hours in the presence
absence of N-SHH. Total cell lysates from grar
cell cultures were separated by SDS-PAGE anc
resulting nitrocellulose membranes were blc
sequentially with antibodies against phosphoryle
CREB (P-CREB) and phosphorylated-MAPK
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Fig. 5. Localisation of extracellular matrix glycoproteins and their integrin
receptors in the developing rat and chick cerebella. Vibratome sections of
postnatal day (P) 6 rat cerebellum and embryonic day (E) 14 chick
cerebellum were immunostained with several antibodies. (A-B) P6 rat
cerebellum stained for the mitosis marker phosphorylated histone3 (P-H3).
Dividing cells are mainly located at the outermost external germinal layer
(0EGL), whereas the internal EGL (iEGL) is devoid of dividing nuclei. The
sparse P-H3-stained nuclei within the Purkinje cell layer (PcL) and the
internal germinal layer (IGL) most likely are dividing glial cells. (C-D) P6 rat
cerebellum stained with a polyclonal anti-laminin antibody. (D) LNs are
expressed in the Pc bodies and in the oEGL (red arrowheads). (E-F) E14
chick cerebellum stained with a polyclonal anti-integrin subujtsinowing
expression in the Pc bodies and in the oEGL. (G-H) E14 chick cerebellum
stained with a polyclonal anti-FN antibody. FN is highly expressed in the
meninges and low levels of FN are also present in the iEGL. (I-J) E14 chick
cerebellum stained with a polyclonal anti-VN antibody. VN is totally absent
from the oEGL and is expressed in the iEGL, surrounding the Pc bodies
(white shadows) and in the IGL. (K,L) P6 rat cerebellum stained with a
monoclonal antav antibody. (L) The integrin dimerwis totally absent

from the oEGL but is expressed in the most internal iEGL, the growing
parallel fibres and surrounding the Pc bodies (red arrowheads point to

~ migrating granule cell precursors within the layer of higheegpression).
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A Fig. 6. Differential regulation of CREB phosphorylation by laminin
: and vitronectin. (A,B) The phosphorylation status of CREB and
[ Y aminin coated || Vitronectin coated | MAPK was e\_/a_luated by western _blotting (_)f cells cultured for 48
C Ton SR = iH R hours on laminin (LN) or vitronectin (VN), in the presence or the
w [ 1= 1 y absence of N-SHH. (A) Total cell lysates from granular cell cultures
were separated by SDS-PAGE and the resulting nitrocellulose

— — E—

I

| |

- membranes sequentially blotted with antibodies against
. phosphorylated-CREB (P-CREB) and phosphorylated-MAPK (P-
|& - —— MAPK). CREB phosphorylation directly induced by treating cultures
| = T — — — for 30 minutes with the PKA activator, dibutyril cCAMP (DBA), was

used as a positive control. (B) The quantification of three
independent experiments where results were similar to those in A.
(C-E) Differential expression of P-CREB in granular cells plated on
o _ _ LN or VN that were cultured in the presence or absence of N-SHH.
,5, Laminin Vitronectin Cultures were double-immunostained with anti P-CREB and the

neuronal markerfubulin. (C) In cultures plated on LN and treated
with N-SHH, only 13+2% of the cells show expression of P-CREB,
and these were fully differentiated cells bearing long processes
(arrows) and with elevated levels ofydulin. In these cultures
proliferating precursors typically expressing low levels -filgulin

and short processes did not contain detectable levels of P-CREB
(arrowheads). (D) In cultures plated on VN and treated with N-SHH,

up to 23.5+2.3% of cells showed expression of P-CREB, and these
were not restricted to fully differentiated cells (arrows), as P-CREB
was also present in cells that still show very low leve[3-fbulin
(arrowheads). (E) In cultures plated onto LN, treated with N-SHH
and stimulated for 30 minutes with DBA, up to 43+4.5% cells
showed expression of P-CREB. Elevated levels of P-CREB were
present in differentiated (arrows) and in non-differentiated
(arrowheads) cells. (F) E14 chick cerebellum vibratome section
immunostained with anti-P-CREB antibodies. Granular cells
(arrows) begin to express P-CREB during their migration throughout
the Pc layer (red arrowheads). Although an accumulation of P-
CREB-positive cells was detected just beneath the Purkinje cell
bodies, the number of positive cells was also relatively high in the
internal granular layer (IGL) (see inset).

-
=

LN coated+SHH

P-CREB levels (arb Units)

C SHH SHH C SHHSHH
+ +

DBA DBA

VN coated+SHH ‘ ‘

cells in the culture express detectable levels of P-CREB. Under
these culture conditions P-CREB expression was restricted to
fully differentiated cells bearing long processes, at least twice
as long as the cell soma, and showing elevated leves of
tubulin (see arrows in Fig. 6C). In contrast, proliferating
MAPK; Fig. 6A). Interestingly, treatment with N-SHH precursors typically not expressingtybulin (identified by
significantly decreased the levels of P-CREB only in culture®API staining, not shown) or showing low levelsfubulin
plated onto LN, whereas N-SHH did not alter the levels of Pand short processes, did not contain detectable levels of P-
CREB in cells grown on VN (Fig. 6A). However, when CREB CREB (arrowheads in Fig. 6C). Interestingly, in cultures grown
phosphorylation was directly induced by treatment of culturesn VN and treated with N-SHH (Fig. 6D), 23.5+2.3% of cells
(for 30 minutes) with the PKA activator, dibutyrii cAMP express P-CREB, and this expression was not restricted to
(DBA), no differences in CREB phosphorylation were detectedully-differentiated cells but P-CREB was also detected in
under either culture condition. It is also worth noting that, imeuroblast-type cells expressing low levelspetubulin (see
contrast to CREB phosphorylation, MAPK activity was notarrowheads in Fig. 6D). Finally, when LN-plated cultures were
affected by either N-SHH treatment or culture on the differentreated with N-SHH and stimulated with the PKA activator,
ECM substrates. These data demonstrate that LN but not VDIBA (Fig. 6E), 43.5+4.5% cells in these cultures express
reduces the levels of CREB phosphorylation within granulé®>-CREB, and elevated levels of P-CREB were observed in
cells. Moreover, our results suggest that the differential effectifferentiated (arrows in Fig. 6E) and non-differentiated
of LN and VN on CREB phosphorylation may represent thecells (arrowheads in Fig. 6E). These results reveal a close
signal by which these ECM proteins differentially modulate thecorrelation between P-CREB expression and the proliferation/
proliferation induced by N-SHH. differentiation status of granular neurons.

Based on these results, we next studied the in situ expressionThese in vitro results linking CREB phosphorylation with
of phospho-CREB in granular cell cultures plated on either LN¢ell differentiation prompted us to investigate the expression
or VN and cultured in the presence or absence of N-SHH (Figf P-CREB during cerebellum development. Vibratome
6C-E). Cultures were grown for 48 hours, fixed and doublesections of E14 chick cerebellum (Fig. 6F) and P6 rat
stained with anti-phospho-CREB and the neuronal mg¥ker cerebellum (not shown) were immunostained with anti-P-
tubulin. In cultures exposed to LN and N-SHH, only 13+2%CREB antibodies. We noted that granular cells begin to

LN coated+SHH+ DB.—\‘ [
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Fig. 7. CREB over-expression is sufficient to induce
granule cell differentiation. (A-F) One-day old granular
cell cultures plated on laminin and treated with N-SHH
were transfected with DNA vectors containing lacZ
(A,B), CREB (C,D) or CREB S133{E&,F) cDNA
expressing green fluorescent protein (GFP) was
included as transfection marker. After fixation, cultures were stained witB-arulin. (G) The percentage of differentiated cells (cells
showing processes longer than two cell bodies) among the GFP-expressing ones was evaluated in each transfection gragsiddvefrexpr
CREB increased the percentage of differentiated cells more than twofold when compared to the control group transfacEdraiith
27+1.5% to 60+4%). Epression of the dominant negative form of CREB reduced the percentage of differentiated cells to less than half
compared to control cells (from 2¥5% to 12.1+0.4 %).

express P-CREB during their migration through the Pc layestatus of CREB signalling is sufficient to decide between the
(PcL, arrow). Although, there was an accumulation of Pproliferation or differentiation of granular cells. Moreover,
CREB-positive cells just beneath the Purkinje cell bodies (rethese last results strongly support a model where SHH-
arrowheads), the number of positive cells was also relativeljnediated proliferation is regulated differentially by ECM
high in the IGL (see inset in Fig. 6F). In conclusion, thesenolecules through a modulation of CREB phosphorylation
results strongly implicate a role for P-CREB in the regulatiorstatus.

of granular cell differentiation.

CREB phosphorylation is sufficient to induce DISCUSSION

granule cell differentiation

Our initial studies suggested a close relationship between ti8onic hedgehog (SHH) is a potent signalling molecule
effects of LN and VN on N-SHH-induced proliferation signalsresponsible for a number of early patterning processes; it is
and the level of CREB phosphorylation. Therefore, we nexinvolved in the control of left-right asymmetry, dorsoventral
tested whether elevated levels of CREB were sufficient tpatterning of the central nervous system and the somites, and
induce granule neuron differentiation in vitro. To address thin patterning of the limb, as well as some aspects of
question, we assessed the effects of overexpressing CREBarganogenesis (reviewed by Hammerschmidt et al., 1997).
its dominant negative form CREE'3-A on N-SHH induced Most of SHH's early developmental roles involve the
proliferation (Fig. 7). Granular cell cultures plated onto LN andacquisition and regulation of cell fates. However under various
treated with N-SHH were transfected with DNA vectorsexperimental conditions, ectopic and long-lasting expression of
containing either lacZcontrol) (Fig. 7A,B), CRERFig. 7C,D)  Shh itself or components of the SHH signalling pathway
or the dominant negative form CREB3%A (Gonzales and resulted in over-proliferation of the target neural tissue
Montminy, 1989) (Fig. 7E,F). A cDNA expressing GFP was(Echelard et al., 1993; Epstein et al., 1996; Hynes et al., 1997,
also included as a transfection marker. Cells were then growklynes et al., 2000; Rowitch et al., 1999), suggesting that SHH
in the same conditions for two subsequent days, fixed anday play a role in regulating mitotic activity of the CNS. In
immunostained with the neuronal differentiation marker (3 fact, late in CNS development SHH functions to induce the
tubulin. The percentage of differentiated cells among thosproliferation of granule cell precursor (GCP) in the developing
expressing the control marker GFP was evaluated in eaderebellar cortex (Dahmane and Ruiz i Altaba, 1999; Wallace,
transfection group. Interestingly, overexpression of CREBL999; Wechsler-Reya and Scott, 1999). Subsequent steps in
increased the percentage of differentiated cells more thagranule cell differentiation require exit from the cell cycle,
twofold when compared to the control cultures transfected witinduction of differentiation and migration through the
lacZ (from 27+1.5% to 60+4%)lIn contrast, the expression Purkinje cell layer, all processes which occur within a
of the dominant negative form reduced the percentage @HH-rich environment. Therefore, termination of granule cell
differentiated cells to less than half as compared to contrgroliferation is probably not due to reduced exposure to SHH;
cultures (from 27%.5% to 12.1+0.4%Fig. 7G). These results rather it is likely to result from conversion of a proliferative
clearly demonstrate that, in the presence of N-SHH, thessponse into a signal for differentiation. Here, we demonstrate
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that the ECM glycoprotein vitronectin is able to down-regulateproliferation in the presence of N-SHH (Dahmane and Ruiz i
SHH-induced proliferation and thus, allow the differentiationAltaba, 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999).

of granule neurons. Our in vitro data reveal that N-SHH induced proliferation is

. . differentially modulated by ECM glycoproteins. In particular,
SHH interacts with components of the extracellular plating of cultures on LN significantly increased the rate of
matrix proliferation induced by N-SHH, as compared to control

Interactions between components of the extracellular matrigultures grown on poly-L-Lys and treated with the same
and signalling molecules are of growing interest forconcentration of N-SHH. In contrast, granule cell precursors
developmental biologist since they have been shown tgrown on VN displayed significantly decreased rates of SHH-
perform critical roles in morphogenesis and cell differentiationmediated proliferation and increased neural differentiation
Heparan sulphate proteoglycans have been proposed to adth respect to control cultures. To explore the in vivo
as co-receptors at the cell surface by promoting signallingelevance of these results, we then analysed the expression of
complexes for a variety of secreted proteins includingeCM glycoproteins and their integrin receptors in the
fibroblast growth factors (FGFs) and members of the Wntjeveloping cerebellar cortex.

transforming growth factor TGFP) and hedgehog (Hh) Using a polyclonal anti-LNs antibody, we demonstrate that
families (reviewed by Perrimon and Bernfield, 2000; SelleckLNs are expressed in Purkinje neurons as previously reported
2000). In particular, the heparan sulphate copolymerader laminin 2 by Powell et al. (Powell et al., 1998). LN
encoded byout-velu(ttv) affects the transport of Hh across theproteins and their integrin receptor subua were also
Drosophilawing imaginal disc (The et al., 1999). Interestingly, detected in the outermost part of the EGL. The presence of
ttv function is selective for Hh signalling, with FGF and Wg- LNs and their receptors in the outer EGL further supports the
dependent patterning being unaltered by lossttwfgene  hypothesis that these ECM proteins enhance SHH-mediated
function (Perrimon and Bernfield, 2000). Furthermore, weproliferation of granule cell precursors, and thus may facilitate
have previously shown a direct, protein-protein interactiorthe clonal expansion of the granule cell precursor pool.
between SHH and the ECM glycoprotein vitronectin, duringHowever, further investigation will be required to determine
the process of spinal motor neuron differentiation (Pons antthe precise form of LN present in the oEGL, the biochemical
Marti, 2000). Based on those results, we set forth in the currenature of the interactions between SHH and LNs in the
study to analyse putative interactions between SHH and VMNeveloping cerebellum, and the signalling cascades activated
during cerebellum development. by these interactions.

Western blot analysis revealed the presence of a 70 kDaWe have localised the expression of VN in the developing
form of VN in the developing cerebellum. This single bandcerebellar cortex to the layer where granule cells commence
corresponds to the full-length 70 kDa form of the seruntheir differentiation. Indeed, our in situ hybridisation studies
vitronectin (S-VN) also present in the developing chick retinastablish that VN mRNA is expressed in the recently
(Martinez-Morales et al., 1995). In early neural tube, notochordifferentiated granule neurons located just beneath the
and floorplate, VN is proteolitically processed to produce twdPurkinje cell layer. However, VN protein is secreted above the
fragments of 54 kDa and 45 kDa, as was previously describélrkinje cell layer. Expression of VN protein is thereafter
for the VN isolated from chick yolk (Nagano et al., 1992; Ponsnaintained in growing parallel fibres, the axons of granule
and Marti, 2000). The 45 kDa fragment lacks the heparinrreurons (Murase and Hayasi, 1998). Furthermore, we have
binding domain and the integrin-binding domain, RGD,localised the VN-specific integrin receptor (the aubunit
present in the non-processed VN glycoprotein. Duringalone or the dimemvp3; as reviewed by Hynes, 1992) in the
patterning of the neural tube, SHH and VN are expressed imost internal part of the EGL, providing evidence that
partially overlapping domains (Marti et al., 1995b; Pons andifferentiating granule neurons possess the mechanisms to
Marti, 2000) and N-SHH binds to the three forms of VNrespond to VN-mediated signals. Our results show that in
protein (70 kDa, 54 kDa, and 45 kDa), although it isculture FN exerts an activity similar to that observed for
preferentially associated with the 45 kDa form. ThisVN. Moreover, in the developing cerebellar cortex, the
association enhances the extent of N-SHH-induced motgrattern of FN expression is similar to that of VN, although
neuron differentiation and lead us to propose a model in whicEN is expressed at much lower levels. Since FN and VN
the 45 kDa VN is necessary for the proper presentation of Nstilise similar integrin receptor subunits (Hynes, 1992),
SHH to the differentiating motor neurons (Marti et al., 1995acompensation by FN activity may represent one of the reasons
Pons and Marti, 2000). why VN null mice do not display gross defects in CNS

Observations from the current study indicate that thdéormation (Zheng et al., 1995). It is possible that the only
biological activity exerted by SHH in the cerebellum is clearlyeffect of VN is binding and sequestration of N-SHH with a
different from the function of this ligand in the developingconsequent reduction in granule cell precursors proliferation.
neural tube. Furthermore, our results demonstrate that tdéowever, two observations argue against this hypothesis.
biochemical nature of the VN protein present in theFirstly, we have previously shown that N-SHH binds
developing cerebellum (the intact 70 kDa form) is alsopreferentially to the 45 kDa form of VN (Pons and Marti,
different from the forms of VN (the proteolytic fragments of 2000), which is not present in the developing cerebellum.
54 and 45 kDa) that interact with SHH in the developingSecondly, direct signalling of VN to granule precursors is
neural tube. Thus, based on these structural differences, wapported by the expression of the integrin subuanit
anticipated a totally different type of interaction, if any, duringTherefore we favour the hypothesis that VN-dependent
development of the cerebellum. Granule cell precursorsignalling, is able to terminate SHH-mediated proliferation
exhibit a very potent, long lasting and dose-dependerdgnd together with other secreted factors (Wechsler-Reya and
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