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It has been shown previously that in the chick embryo the cell 
adhesion molecule BEN/SCl/DM-GRASP is expressed by neu- 
rons in the inferior olive (IO) and by their terminal axonal arbors 
in the cerebellar cortex, the climbing fibers (Pourquik et al., 
1992b). Here, new information on the expression of BEN during 
the formation of the olivocerebellar projection adds the impor- 
tant notion that BEN is also expressed by the cerebellar targets 
of inferior olivary axons, Purkinje cells (PCs) and deep nuclear 
neurons. This expression is transient, starting at E7-E8 and 
vanishing shortly after hatching. More importantly, BEN expres- 
sion is restricted to precise subsets of IO neurons and PCs. In 
the cerebellar cortex, BEN-immunoreactive (BEN-IR) structures 
are not found randomly but are distributed according to a 
reproducible pattern of parasagittal stripes. A maximum of 

four distinct sagittal stripes is found in each lobule, along the 
whole rostrocaudal extent of the cerebellum. Moreover, BEN- 
expressing stripes belong to two classes; one contains BEN-IR 
climbing fibers terminating on BEN-IR PCs and the other, more 
frequent class is solely composed of BEN-IR climbing fibers. 
Organotypic cultures of isolated cerebella have shown that the 
expression of BEN in the IO and in the cerebellum arise inde- 
pendently, probably because of an intrinsic developmental pro- 
gram. Thus, the cell adhesion molecule BEN meets all criteria 
for a recognition molecule involved in the formation of the 
olivocerebellar projection. 
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A major goal in developmental neurobiology is to determine the 
cellular and molecular mechanisms that give rise to the orderly 
pattern of neuronal connectivity. Most of our current understand- 
ing of these mechanisms has been obtained from studies on the 
retinotectal system (Baier and Bonhoeffer, 1992; Holt and Harris, 
1993), in which adjacent retinal ganglion cells project toward 
adjacent tectal neurons. Another system that could complement 
the study of the formation of projection maps is the olivocerebel- 
lar system. This projection is arranged into distinct cortical com- 
partments, forming adjacent parasagittal bands (the longitudinal 
organization of the cerebellum). Clusters of olivary neurons 
project into the sag&al bands, but nearby clusters do not project 
to adjacent bands. Thus, the projection is discontinuous, with 
sharp boundaries, and ordered with respect to the local origin of 
the olivary neurons (Azizi and Woodward, 1987; Buisseret- 
Delmas and Angaut, 1993). 

Studies on the development of the olivocerehellar system in 
rodents have revealed that, before the entry of olivary fibers into 
the cerebellar parenchyma, there is a simultaneous but indepen- 
dent parcellation of the cerebellar cortex and the inferior olive 
(IO). This compartmentation results from the transient expres- 
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sion of a unique combination of proteins by clusters of Purkinje 
cells (PCs) and IO neurons (Wassef and Sotelo, 1984; Wassef et 
al., 1985, 1992a; Sotelo and Wassef, 1991), implying the involve- 
ment of a genetic program (Oberdick et al., 1993). 

We have therefore suggested that the major mechanism in- 
volved in the formation of the olivocerebellar topography is the 
existence of matched positional or guidance cues between clusters 
of PCs and corresponding clusters of IO neurons (Sotelo and 
Wassef, 1991; Wassef et al., 1992a,b). This concept has its roots in 
the chemoaffinity hypothesis (Sperry, 1963). One further step 
toward the validation of our suggestion would be the demonstra- 
tion that cell surface molecules are expressed both on IO neurons 
and axons and on their cerebellar targets. 

The immunoglobulin-like cell adhesion molecule called BEN 
(Pourquik et al., 1990, 1992a,b), SC1 (Tanaka et al., 1991), or 
DM-GRASP @urns et al., 1991) has been shown recently to be 
expressed on IO neurons and axons in the chick embryo (Pour- 
qui6 et al., 1992a,b). Furthcrmorc, in the chick cerebellar system, 
BEN is the only known adhesion molecule restricted to the IO 
and expressed on climbing fibers (the terminal fields of IO axons) 
during their axonogcnesis and synaptogenesis (Pourqui6 et al., 
1992b). Thus, we decided to reexamine the spatio-temporal pat- 
tern of BEN expression in the developing chick olivocerebellar 
system. Through the analysis of BEN mRNA and protein expres- 
sion, we found that BEN is transiently expressed in a subpopula- 
tion of IO neurons, in a subset of PCs with a zonally restricted 
pattern, and in a subset of deep nuclear neurons. The formation 
of these compartments appears to be an intrinsic process, inde- 
pendent of any interaction between climbing fibers and PCs, 
suggesting that BEN is involved in the formation of the olivocer- 
ebellar projection. 
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MATERIALS AND METHODS 
Immunocytochemist~ and in situ hybridization 
Sample preparation. Fertile White Leghorn hens’ eggs were incubated at 
38°C and fixed at various stages (Hamburger and Hamilton, 1951) from 
embryonic day 6 (E6) to I d after hatching. Embryos were collected, 
staged, and perfused through the heart with a solution of 4% parafor- 
maldehyde (4% PF) in 0,12 M phosphate buffer, pH 7.2-7.4. The brains 
were dissected out and left overnight in the same fixative. 

For immunocytochemistry and radioactive in situ hybridization on 
cryostat sections, the brains were postfixed 2 d, cryoprotectcd, embedded 
in a solution of 7.5% gelatin containing 15% sucrose, and frozen at 
-60°C in isopentane. Serial sections (20-40 pm) were collected on 
gelatin-coated slides. For nonradioactive in situ hybridization, dissected 
brains were also postfixed overnight, embedded in a 30% albumin and 
0.5% gelatin solution, and sectioned (150-200 pm) with a vibratome. 
Slices were subsequently dehydrated in a graded methanol series (25,50, 
75, lOO%, diluted in PBS containing 0.1% Tween 20) and stored at -20°C 
until use. 

Immunucytochemistiy. Sections were rinsed twice in a PBS solution 
containing 0.25% Triton X-100 and incubated overnight at room temper- 
ature with (1) a mouse monoclonal anti-BEN antibody (1:30,000; see 
Pourquie et al., 1990) for single immunostaining; (2) a mixture of rabbit 
polyclonal anti-BEN antibody (1:300, kindly provided by Dr. E. Poller- 
berg; see Pollerberg and Mack, 1994) and a mouse monoclonal anti- 
calbindin-D,,, antibody (3:5000, provided by Dr. W. Hunziker; see Pinol 
et al,, 1990) for double-immunofluorescence staining; or (3) a mixture of 
the monoclonal BEN and rabbit polyclonal anti-calbindin antibody (I: 
10,000, gift of Dr. D. E. M. Lawson) (see Spencer et al., 1976) for the 
DAB and fluorescence double-immunostaining. 

For single immunostaining and DAB/fluorescence double-labeling, 
sections were rinsed, incubated for 1 hr in a biotinylated anti-mouse 
secondary antibody (1:200), and processed with the ABC solution (l:lOO, 
both purchased from Vector Laboratories, Burlingame, CA). Peroxidase 
was revealed using DAB as a chromogen. For DAB/fluorescence double- 
staining experiments, embryos were rinsed after the DAB reaction and 
then incubated 1 hr in an FITC-conjugated anti-rabbit antibody (l:lOO, 
Silenus, Hawthorne, Australia). 

For double-fluorescence immunolabeling, sections were incubated for 
1 hr with a biotinylated anti-rabbit antibody (1:200, Vector Laboratories) 
and then in a mixture of FITC-conjugated anti-rabbit antibody (l:lOO, 
Silenus) and Texas red-conjugated streptavidin (1: 150, Life Technologies, 
Gaithersburg, MD). Preparations were mounted with Eukitt or Mowiol 
(Calbiochem, Lucerne, Switzerland) for fluorescence immunostaining. 
Some sections were only Nissl-stained with cresyl violetlthionine. 

Nonradioactive in situ hybridization. A 1.5 kb SacZI-HpaII fragment, 
derived from the BEN cDNA corresponding to the extracellular portion 
of the molecule and cloned in a pGEM-32 vector, was used as a probe. 
This cDNA covers all Ig-like domains. The linearized plasmid was tran- 
scribed from the corresponding promoter with SP6 RNA polymerase to 
produce an antisense probe and with T7 RNA polymerase to produce a 
sense probe. The probes were synthesized with T7 or SP6 RNA poly- 
merases in the presence of 0.17 mM digoxigenin-UTP (Boehringer Mann- 
heim, Mannheim, Germany), 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, 
and c),33 mM UTP (Promega, Madison, WI) and were not hydrolyzed 
after synthesis, Hybridization was done after a protocol described previ- 
ously (see Bally-Cuif et al., 1993). 

Radioactive in situ hybridization. ‘SS-labeled antisense- and sense- 
cRNA probes were prepared using a Promega transcription kit, following 
the manufacturer’s instructions. Cryostat sections were fixed in 4% PF for 
15 min at room temperature (RT), rinsed twice in 2~ PBS and once in 
water, and placed into 0.25% acetic anhydride in 0.1 M triethanolamine 
for 10 min at RT. After acetylation, sections were rinsed in I X PBS, 
dehydrated in 30%, 50%, 70%, 85%, 95%, and 100% ethanol and air 
dried for 30 min. Sections were hybridized overnight at 58°C with 2.10’ 
cpm of “S-labeled probes in 40 ~1 of hybridization solution (50% form- 
amide, 0.3 M NaCl, 20 mM Tris HCl, pH 7.6, 5 mM EDTA, 10 mM 
NaH,PO,, 10% dextran sulfate, 1 X Denhardt’s, 10 mg/ml yeast tRNA). 
After one rinse in 2x SSC (RT, the next SSC washes containing 1 mM 
DTT) and two in 2x SSC (RT), sections were incubated 30 min in RNase 
A (20 mg/ml) at 37°C. Slides were washed with 2x SSC (10 min, RT), 1 X 

SSC (10 min, RT), 0.1 X SSC (30 min, RT, three times), and 0.5X SSC (10 
min, RT, twice) before dehydration in graded alcohols. SIidcs were 
dipped in Kodak NTB2 emulsion, exposed from 5 d to 2 weeks, devel- 

aped, 
blue. 

and mounted. Some sections were counterstained with toluidine 

Orgunotypic cukure of embryonic cerebela 
Brains from stage HH30 to HH35 chick embryos were quickly removed 
and placed into ice-cold Gey’s balanced salt solution with 5 mg/ml 
glucose. The cerebellar primordium was removed with small forceps and 
placed on the membrane of a 30 mm Millipore culture insert plate (pore 
size 0.4 pm; Millicell-CM, Millipore, Bedford, MA) in 100 mm culture 
dishes, at 37°C in a humidified atmosphere with 5% COZ (Stoppini et al., 
1991). The culture medium, changed every 2-3 d, consisted of basal 
medium (Eagle’s, 50%), HBSS (25%), 10 mM glutamine, 5 mg/ml glucose, 
and 25% (first week) or 15% (following days) horse serum. After various 
culture periods (between 4 and 40 d), cerebellar explants were fixed with 
4% PF (1 hr) and processed for immunocytochemistry as described 
above, In some cases, and before immunocytochemistry, fixed cerebellar 
explants were embedded in a mixture of 7.5% gelatin containing 15% 
sucrose and finally frozen at -50°C in isopentane. Sections (50 pm) were 
cut with a cryostat and placed on gelatin coated slides, 

DiI tracing 
Embryos between stages HH29 (E6) and HH39 (E13) were fixed with 4% 
PF. Crystals of DiI or 1 ,l-dilinoleyl-3,3,3’,3’-tetramethylindocarbocyaninc 
perchlorate (Fast-D& Molecular Probes, Eugene, OR) were inserted in the 
left or right side of the cerebellum (retrograde labeling) or in the medulla 
oblongata at the level of the IO (anterograde labeling). Fast-Dir has been 
shown to provide more rapid axonal tracing than DiI because of alteration of 
the alkyl tail (Friedland et al., 1995). Embryos were kept in 4% PF for 3-6 
weeks at 37OC. The brains were dissected out and cut with a vibratome 
(75-100 pm). 

Three-dimensional reconstructiuns and computerized plots 
For three-dimensional reconstructions, tissue sections were drawn with a 
camera lucida. The drawings were digitized with a WACOM graphic 
table, using the CANVAS 3.0.6 software (Deneba) and the 3~ TURBOREN- 
DER 6.0.6 software to create a three-dimensional orientable model of the 
tissue and translate it into a synthetic image. 

Computerized plots of tissue contours and of BEN and CaBP immuno- 
staining were acquired using the CARTO software (Alcatel-TITN-Answare). 

RESULTS 

Development of the olivocerebellar projection 
The time sequence in the development of the olivocerebellar 
projection was studied by injecting DiI or Fast-DiI into the cere- 
bellum or the IO of E&-E13 fixed embryos. 

Retrugrude atonal tracing 
From E9, when DiI/fast-DiI were injected into the cerebellum, 
many of the IO neurons were retrogradely labeled (Fig. L4,B). 
The projection was almost exclusively contralateral. The vestibu- 
lar system and other unidentified dorsal bulbar tracts were also 
labeled (not shown), No retrograde tracing of the IO was obtained 
before E9. 

Anterograde uxonal tracing 
As the injection sites were large and extended far beyond the IO, 
extracerebellar fibers such as spinocerebellar fibers (Okado et al., 
1987) may have been labeled besides the olivocerebellar axons. 
We therefore searched for DiI-labeled fibers within the PC plate, 
because of all the extracerebellar fibers, only those emerging from 
the IO neurons ended exclusively in the PC layer, By El& nu- 
merous labeled axons in the developing granular layer had their 
terminal tips within the PC layer (Fig. X,0). These fibers were 
thin, had irregular contours and terminated by small growth cones 
of a simple type (Fig. lC,O); these corresponded to the first 
climbing fibers reaching the PCs. 

Taken together, all of the axonal tracing data indicate that in 
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F&re 1. Axonal tracing experiments to determine the time of onset of the formation of the olivocerebellar projection. A, IO of an E9 embryo illustrating 
the retrogradely labeled neurons first observed after Fast-DiI injection in the contralateral cerebellar plate. The thick arrow points to the axonal bundle 
originated from the labeled neurons (arrowheads), just after their midline crossing (the stars mark the location of the floor plate). B, One day later (ElO), 
most of the contralateral IO neurons are retrogradely labeled (u~owheads), whereas only very few are labeled in the ipsilateral side (thin UVZWJS). The 
thick arrow and the stars mark, respectively, axons after the midline crossing and the floor plate as in A. C, El0 cerebellum after DiI application into the 
contralateral IO. Note D&labeled axons within the prospective white matter (wm) and IGL (igl). These axons reach the PC plate @p), where they exhibit 
a beaded appearance (urrowheuds), but they do not enter the EGL (egZ). D, Same cerebellum as in C but a higher magnification to illustrate afferent axons 
in the igZ and pp. Note that these axons bear numerous growth cones (arrowheads). The latter appear as simple buds, occasionally provided with short 
filopodia, suggesting that by El0 axonal growth is still very active. Magnification: A, 40X; B, 50X; C, 100x; D, 120x. 

chick embryos IO axons enter the cerebellum just before E9 but 
reach PCs at El0 only. 

BEN is transiently expressed by a subset of inferior 
olivary neurons 
We have used the nomenclature for the IO subdivisions in birds of 
Vogt-Nilsen (1954), who recognized two main lamellae, a large 
dorsal, one and a smaller ventral one, which can be further 
subdivided into seven parts (see Fig. 4). In birds as in mammals, 
IO neurons derive from the so called “rhombic lip” in the alar 
plate of the rhombencephalon (Harkmark, 1954). In the chick, 

these neurons are generated from the third to the fifth day of 
incubation (E3-E.5; Armstrong and Clarke, 1979) and migrate 
between E5 and E7 from the dorsal to the ventral aspect of the 
medulla through a process of superficial cell migration (Harkmark 
1954, 1956; Tan and Le Douarin, 1991). The dorsal lamella of the 
IO appears first at E6-E7 and the ventral one is evident by ES. 
Hence, the complete cytoarchitectony of the IO is well defined by 
approximately E%E9. 

We first detected neurons strongly expressing BEN mRNA in 
the region that contains the olivary primordium at E7 (Fig. 24) 
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Figure 2. BEN expression in coronal sections through the inferior olivary primordium of E7-E8 chick embryos. The vibratome sections in A (E7) and 
C (E8) have been hybridized with a digoxigenin-labeled BEN probe. B (E7.5) and D (E8) illustrate areas similar to A and C, respectively, which have been 
immunostained with anti-BEN antibodies. IO neurons (thick arnxvs) have finished their circumferential migration and have reached the floor plate, which 
is also labeled by BEN in its most medial portion (arrowheads in B and D). The hypoglossal nucleus (long arrow in A and B) and vagus nerves (x in B) 
also express BEN. Magnification: A, 50X; B, 45X; C, D, 70X. 

whereas BEN-IR neurons did not appear before E7.5-E8 (Fig. 
2.&D). From this stage on, the staining patterns for BEN proteins 
and BEN mRNA were identical in the IO (Fig. 2), but their 
intensity increased progressively and peaked at approximately 
E12-E13. In addition, the size of the IO also increased continu- 
ously between E7 and hatching (compare Figs. 2 and 3). 

To determine whether BEN is expressed by all IO neurons, we 
stained alternate sections with cresyl violet and BEN antibodies 
and compared these series of sections with those of a younger 
embryo processed with radioactive BEN riboprobes (see Fig. 3). 
This comparison revealed that a large portion of the IO does not 
express BEN: only the caudal part of the dorsal accessory olive 
(DAO) and the ventral portion of the medial accessory olive 
(MAO), both belonging to the dorsal lamella, were positive for 
BEN (see Figs. 3, 4). Moreover, BEN expression in these IO 
neurons was transient, disappearing by hatching. During the 
whole period of expression, BEN remained confined to the same 

subsets of neurons (compare Figs. 2C,D, 3AJ). BEN therefore 
appears to be a marker of IO biochemical heterogeneity. 

BEN expression in the developing cerebellum 
E7-El0 
In the chick embryo, PCs arise between the third and sixth day of 
development (Hanaway, 1967; Feirabend et al., 1985), and the 
external granular layer (EGL) is visible from E6. By E7-E8, the 
cerebellar lamella is still unlobulated and, in addition to an EGL, 
it consists of ventricular, mantle, and marginal zones (see refer- 
ences in Feirabend, 1990) (Fig. 5A). From E9-ElO, a multilayered 
PC plate as well as a molecular layer are recognizable (Fig. 5%D) 
and according to Feirabend (1990), deep cerebellar nuclei have 
reached their adult location and configuration. 

The earliest immunostaining with anti-BEN antibodies ap- 
peared by E7-E8 (Fig. 5A). From this stage to ElO, BEN expres- 
sion occurs mainly as two sagittally arranged stripes (one on each 
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Figure 3. Micrographs of coronal cryostat sections through the right IO of El2 (A-D) and El4 (E-L) chick embryos. In the left column, sections have 
been hybridized with a radioactive BEN probe, counterstained with toluidine blue, and photographed under bright-field illumination. Middle and right 
columns represent serial sections from an El4 embryo counterstained with cresyl violet-thionine (E-H) or immunostained with anti-BEN antibodies (1-L). 
Note the correspondence between BEN-immunoreactive and BEN mRNA-expressing IO subdivisions, and that BEN is only expressed in subsets of IO 
neurons. Magnification: A-E, 60X; F-O, 50X. 

cerebellar lamella) of strong immunostaining. These BEN- 
positive symmetrical stripes extended from the inner mantle zone 
to the developing PC plate, stopping abruptly under the EGL 
(Fig. SA,B,D). The structural elements expressing BEN-IR ap- 
peared as a dense meshwork, in which distinction between cell 
bodies and axons was virtually impossible. A faint diffuse BEN 
immunostaining also existed over broader areas of the cerebellar 
plate, in the presumptive white matter (Pourquie et al., 1992b). In 
addition, from ES.5 we found a BEN expression to occur in the 
deep nuclei. 

Using nonradioactive in situ hybridization on cerebellar slabs, 
we detected a low expression of BEN mRNA around E7 in the 
inner mantle zone (not shown). Furthermore, from E8.5 BEN 
mRNA was detected in the deep nuclei and in two stripes within 
the PC plate (Fig. 5C). 

Because our DiI axonal tracing experiments revealed that only 
a few axons of extracerebellar origin were present in the cerebel- 
lum before E9, and because the number and localization of the 
cortical stripes expressing BEN mRNA and BEN glycoprotein 
were identical (compare Fig. 5C,D), our observations suggested 
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Figure 4. Schematic representation of the BEN-positive IO compartments in the chick embyo. The same subdivisions are labeled from E9 to hatching. 
The ventral lamella and the dorsal and medial portions of the MAO never express BEN. DAO, Dorsal accessory olive; A&40, medial accessory olive. 

that in the E7-El0 chick cerebellum BEN-IR is essentially intrin- 
sic to the cerebellum and is likely to result from its expression by 
a subset of PCs and most of the deep nuclear neurons (see below 
and Discussion). 

Eli-El4 
During this period of intense cerebellar growth and development, 
there was a first stage (Eli, E12) in which BEN-IR and BEN 
mRNA expression increased continuously. In the deep nuclei, 
most of the neurons expressed both the messenger and the protein 
(Fig. 6A,C,D). In the cerebellar cortex, BEN expression was still 
confined to parasagittal stripes. They were now more numerous, 
and two classes of stripes could be identified (Fig. 6). Those of the 
first class were intensely stained and abutted the inner limit of the 
EGL and contained both BEN mRNA and BEN protein (Fig. 6). 
The second class of stripes were larger, moderately stained, and 
ended at the interface between the PC plate and the developing 
inner granular layer. This second class of stripes lacked BEN 
mRNA (Fig. M,D). 

The second stage of this period comprising El3 and El4 is 
characterized by the maximum expression of BEN glycoprotein. 
The two classes of stripes reported above were still present (Fig. 
7A,C,D). In first-class stripes (Fig. 7C), BEN staining was very 
dense, somewhat hiding the cellular elements labeled by the 
antibody. This staining filled almost entirely the PC and the 
nascent molecular layer, reaching the lower limit of the EGL. 
Despite the intense staining, the apical dendritic arbors of PCs 
were identified at the superficial limit of the stripe, corresponding 
to the narrow band of nascent molecular layer (Fig. 7C, inset). The 
remaining elements with high BEN-IR were confined to the PC 
layer, at this age approximately hvo to three cells deep. The 
difficulties in identifying PC bodies resulted from the simulta- 
neous immunostaining of PCs and their climbing fibers, which at 
this developmental stage were in their phase of pericellular nests 
(see below). In stripes of the second class (Fig. 7A,D), BEN-IR 
elements appeared as fibrous structures with much less staining 
density, demarcating a thinner band located between the IGL and 
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Figure 5. Early stages of BEN expression in the cerebellum.d, Coronal cryostat section of a hemicerebellum of an E7.5-E8 chick embryo immunostained 
with anti-BEN-antibodies. DitTusk staining is observed throughout the cerebellum, but one sagittal stripe of cortex is more strongly stained (between 
arrowheads). The staining stops abruntlv below the EGL (stars). B, Higher magnification of a BEN-immunonositive cerebellar strine. in an E9 cerebellum. 
The stars in B mark the EGL C anddillustrate the correspondencebehveen the BEN-immunopositive stiipes at El0 (arrow/red& in D) and the stripes 
expressing BEN mRNA at E9 (arrowheads in C). Deep nuclei (shoti arrow in C and D) also express both BEN mRNA and antigens. The white matter 
is faintly labeled. IV, Fourth ventricle. Magnification: A, 70X; B, 130X; C and D. 30X. 

the nascent molecular layer. In other words, these stripes occu- 
pied the cortical zone corresponding to the deeper half of the PC 
layer, as corroborated in double-labeled preparations, with anti- 
BEN and anti-calbindin antibodies (Fig. 7A,B). Calbindin is se- 
lectively expressed by PCs in the chick cerebellum (Rogers, 1989). 
Moreover, in these preparations, the BEN-IR fibrous elements 
resembled climbing fibers in their pericellular nest stage (Ramon 
y Cajal, 1890), wrapping PC bodies, particularly at their baso- 
lateral poles. The identification of climbing fibers in their pericel- 
lular nest stage was possible in coronal (Fig. 7A) and in sagittal 
sections (Fig. 70). 

Both classes of stripes were continued, deeper in the cerebellar 
parenchyma by dense fibrous plexuses that spread within the 
underlying inner granular layer and white matter, confirming the 
occurrence of climbing fibers in all the BEN-IR stripes. Here 
again comparison of sections processed for in situ hybridization or 
immunostaining (Fig. 7&F) confirmed that the stripes of the first 
class are the only ones to contain PCs expressing BEN mRNA. 
These PC stripes were found to be more numerous in the nodulus 
and uvula (Fig. 8.4), forming the vestibulo-cerebellum and were 
not present in all vermal lobules. At E14, when BEN expression 
reached its peak, there was a maximum of BEN-IR stripes, which 

covered approximately half of the vermal cortex. We selected this 
age to analyze three-dimensionally the distribution of BEN-IR 
stripes in the embryonic chick cerebellum, without distinguishing 
between the two categories of stripes (Fig. 8). BEN-IR stripes 
were seen to be restricted to the foliated cortex, were symmetrical, 
and had a simple pattern reproducible from individual to individ- 
ual. We identified four major BEN-IR stripes in the chick cere- 
bellum, called them CF (for climbing fiber, see below), and 
numbered them from 1 to 4, beginning at the midline (Fig. 8B). 
CFl and CF2 extend the entire length of the cerebellum, except in 
lobules I and II, where CF2 is absent, because it has probably 
joined to CFl. CFl, the widest stripe, is almost adjacent to the 
midline. CF3, the smallest stripe, is observed laterally to CF2 
exclusively in lobules X and IXc (only in their ventral portion), 
and in VI and IV. The last stripe, CF4, runs close to the border 
between foliated and nonfoliated cortices and can be followed 
throughout all the cerebellum, except in lobules IXa, b, VIII 
(ventrally), and I. 

El5 to adult 
From El4 onward BEN immunoreactivity and BEN mRNA ex- 
pression decreased rapidly in first class stripes, such as by El6 PCs 



Chgdotal et al. . BEN Expression in the Olivocerebellar System J. Neurosci., May 15, 1996, 76(10):3296-3310 3303 

Figure 6. Micrographs of coronal sections from cerebella of El1 (A, B), El15 (C), and El2 (0) chick embryos, immunostained or hybridized with BEN. 
A is a composite micrograph from two serial sections. The cerebellum has been hybridized with a radiaoctive-BEN probe (Zef portion of the micrograph, 
taken under dark-field illumination) or immunostained with anti-BEN antibodies (right portion). The deep nuclei (short arrow) and three lateral stripes 
in the Purkinje cell layer (arrowheads) express both BEN mRNA and BEN antigen. One more medial stripe (open arrow), which is also more diffuse, 
expresses only BEN antigen. B, Higher magnification of the small lateral stripes of cerebellar cortex, at Ell, immunostained with BEN. Note in the 
Purkinje plate, the labeled profiles resembling dendrites and fusiform cell bodies (arrowheads). C, Bright-field illumination of the cerebellum, of an E11.5 
embryo, hybridized with a radioactive BEN probe, and counterstained with toluidine blue. Three stripes in the PC layer (umwheacfs), as well as most deep 
nuclear neurons (arrows), are expressing BEN mRNA. D, Coronal sections of an El2 cerebellum, immunostained with anti-BEN antibodies. Two types 
of stripes are observed: some are thin, strongly labeled, and reach the external granular layer (arrowheads), whereas others have a more diffuse and fibrous 
appearance (arrows). The deep nuclei are also labeled (asterisk). Magnification: A, C, 40X; B, 145X; D, 35X. 

did not express BEN mRNA anymore. Nevertheless, BEN-IR In conclusion, by El6 the number and position of the BEN-IR 
fibers where still detected at El6 in first-class stripes, and their stripes was unchanged in comparison with previous stages, but 
morphology was similar to those of the BEN-IR fibers observed in first-class stripes were virtually indistinguishable from second- i 
second-class stripes. These BEN-IR fibers, although still sur- class stripes. In addition, the presence at El6 of BEN-IR climbing 
rounding the PC bodies, began to cover the proximal segment of fibers in stripes where BEN-expressing PCs were encountered 
the ascending stem dendrites (Fig. 9). Therefore, they were climb- earlier confirms that BEN is simultaneously expressed by climbing 
ing fibers in the transition between the “pericellular nest” and fibers and PCs in the BEN-IR first-class stripes. 
“capuchon” stages. In the following days, as reported previously by Pourquie et al. 
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Figure 7. Expression of BEN in the cerebellar cortex of El4 chick embryo. A and B illustrate, in a coronal section of a double-immunolabeled 
preparation, a stripe of the second class, BEN-IR climbing fibers are forming their characteristic pericellular nests (A) around the PC bodies (B), 
visualized with anti-calbindin antibodies. Note that despite the presence of apical dendrites in the PCs (arrows in B), the climbing fibers (arrowheads in 
A) remain confined around the PC bodies, particularly their basal poles. This lack of somato-dendritic translocation at El4 is corroborated in sagittal 
sections (D), in which the vast majority of BEN-IR climbing fibers do not enter the nascent molecular layer (ML). The micrograph in C illustrates the 
first category of stripes. The BEN immunostaining is much denser than in second-class stripes, filling almost completely the PC and nascent molecular 
layers, but stopping at the EGL (asterisk). Note that this staining occurs in the dendritic arbors of developing PCs (marked zone and its higher 
magnification at the inser), which still do not receive climbing-fiber innervation, because-as shown in A and D-this innervation is in its pericellular nest 
stage. In both types of stripes (A, C, D), many fibers are observed in the white matter (not shown) and developing IGL (stars). The urrowhead points to 
the border of the stripes. E, F, Coronal sections at the level of lobule X immunostained with anti-BEN antibodies (E) or hybridized with a BEN probe 
Q. In both instances, the staining follows a band-like pattern, but in E two kinds of bands are observed: some are lightly stained (arrowhead), whereas 
the others are more densely stained (arrows). The latter are localized at identical positions than the PCs’ stripes expressing BEN mRNA (first-class 
stripes). Magnification: A, B, D, 520X; C, 230X; inset, 650X; E, F, 90X. 
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F@trp 8. A, Schematic representation of camera lucida drawings of coronal sections of El4 chick embryo hybridized with a radioactive BEN probe. The 
dofted regiorzs correspond to the localization of PC stripes expressing BEN mRNA, in which BEN-IR climbing fibers also end. Note that they are not found 
in all lobules and are more numerous in the vestibulo-cerebellum. Vermal lobules are numbered with IV~W~ r~~me~/s. B, Three-dimensional 
reconstructions of the pattern of BEN-IR stripes in the cerebellum of an El4 chick embryo, in posterior and anterior views. 
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Figure 9. High magnification of a coronal section through the cerebellum of an El6 chick embryo double-immunostained with BEN (A, FITC) and CaBP 
(B, Texas red). BEN-IR climbing fibers (arrowheads in A) are at a transition between the pericellular nest and the capuchon. Purkinje cells (in B) are 
almost forming a monolayer and have developed dendritic trees. Magnification: A, B, 155X. 

(1992b), BEN expression further decreased in the cerebellum, 
although deep nuclei still expressed a low level of BEN mRNA by 
hatching. The cerebellum of the adult chick was completely un- 
labeled by BEN antibodies and BEN probe. 

BEN expression in organotypic cultures of 
embryonic cerebella 
Besides using the timing data obtained with axonal tracing meth- 
ods, we further used an in vitro approach to demonstrate that the 
expression of BEN by cerebellar neurons is independent of the 
influence of extracerebellar afferent fibers. 

Cerebellar anlagen were put into cultures before the arrival of 
IO axons (E6.5-E7), and maintained in vitro for 4-40 d (Fig. 
la). The explants followed their own development and evolved 
into a cerebellar structure, with a foliated peripheral cortex and a 
central mass containing the deep nuclear neurons. Figure lOB, 
taken from one of these explants immunostained by calbindin 
antibodies after 15 d in vitro, illustrates the location of PCs, their 
axons, and the deep cerebellar nuclei. After a week in vitro, 
BEN-IR neurons were always detected in the explants (Fig. 
lOC,E). These appeared to be clustered either at the periphery, 
corresponding to the cerebellar cortex, or deeply in the explant 
where they most probably belong to deep nuclear neurons. 
Double-labeling experiments combining BEN and calbindin anti- 
bodies were performed after several periods in vitro. Patches of 
calbindin/BEN double-labeled neurons, mainly located at the 
periphery of the explants, were systematically found (Fig. lOC-F). 
These observations provide evidence that PCs do express the 
BEN glycoprotein. Nevertheless, as observed in vivo, most of the 
calbindin-IR neurons-that is to say most PCs-were not immu- 
noreactive for BEN. 

Finally, we found that the expression of BEN by cerebellar 
neurons is transient; even though many calbindin-positive PCs still 
appeared in cerebellar explants after 30 d in vitro BEN-IR was not 
longer present (not shown). 

DISCUSSION 
To evaluate the presumptive role of BEN in the formation of the 
olivocerebellar projection, and to extend previously published 
results (Pourquie et al., 1992b), we have performed the study of 

the spatio-temporal distribution of BEN expression in the chick 
embryo using a combination of approaches: immunocytochemis- 
try, in situ hybridization and organotypic cultures. The obtained 
results have shown the following. 

First, in the IO, BEN expression begins as soon as E7, and 
therefore earlier than originally thought (Pourquie et al., 1992b). 
Second, from E8 cerebellar projecting neurons, PCs and deep 
nuclear neurons, which are the targets of olivary axons also 
express BEN. Moreover, both olivary and cerebellar expression 
are transient and disappear in the posthatched chick. More im- 
portantly, only a subset of IO neurons and of PCs express BEN. 
Finally, in the cerebellar cortex, BEN-expressing elements are 
distributed in sagittally oriented stripes, which follow a precise 
spatio-temporal pattern of expression. Two types of stripes are 
encountered; one type is composed of PCs and climbing fibers, 
both expressing BEN, whereas the other contains only BEN-IR 
climbing fibers. Complementary experiments, using axonal tracing 
methods in fixed embryos and in vitro analysis of BEN expression 
in isolated cerebellar explants, have allowed us to conclude that 
BEN is expressed in an autonomous manner, independently of 
olivocerebellar interactions. Thus, BEN appears as excellent can- 
didate for a “target recognition molecule” implicated in the for- 
mation of this projection map. 

In the inferior olive, BEN is a marker of 
neuronal heterogeneity 
Part of the novel information reported here is that BEN is 
transiently and selectively expressed by only subsets of IO neu- 
rons. Thus, from E7 to the newly hatched chick, the BEN- 
expressing neurons were located solely in the DA0 and ventral 
MAO (according to the nomenclature of Vogt-Nilsen, 1954; later 
corroborated by Furber, 1983, and by Arends and Voogd, 1989). 

These observations are reminiscent of the transient biochemical 
compartmentalization of the IO described in the rat (Wassef et 
al., 1992a) and confirm that during development, small groups of 
IO neurons can be individualized by their biochemical properties. 
Moreover, from all the known cell adhesion molecules expressed 
by IO neurons, such as N-CAM (Daniloff et al., 1986) and TAG- 
l/Axonin 1 (Wolfer et al., 1994), only BEN is expressed by a 
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Figure 10. Organotypic culture of isolated embryonic cerebella. A, Schematic drawing illustrating the morphology of the hindbrain of E6-E8 chick 
embryos, and the obtention of the cultured piece of hemicerebellum. B, Low magnification of the whole-mount left half of an E7 isolated hemicerebellum 
cultured for 15 d and immunostained with CaBP (FITC). Purkinje cell axons converge to the deep nuclei region (star), but some of them have grown 
further forming a wide fascicle (arrow). C and D, Whole-mount explants of E6.5 cerebella cultured for 8 d and immunostained with BEN (C, FITC) and 
CaBP (D, Texas red). A patch of CaBP-positive PCs (arrowheads in D) is also BEN-immunoreactive (arrowheads in C). Nevertheless, most of the PCs 
are only CaBP-positive (arrows in C and D), and a large portion of the BEN immunoreactivity is not colocalized with CaBP (star in C and D). E, F, High 
magnification of a cryostat section through an isolated cerebellar explant of E7.5 chick embryo cultured for 7 d and double-immunostained with BEN (E, 
FITC) and CaBP (F, Texas red). In this case, all CaBP-positive PCs appear to express BEN. Magnification: B, 35X; C, D, 70X; E, F, 140X. 

subpopulation of these neurons. BEN appears, therefore, as a 
neuronal marker of subpopulation-type identity within the IO, 
and this differential BEN expression is a strong argument for the 
postulation that BEN plays a key role in the formation of the 
olivocerebellar projection (see below). 

BEN is expressed by climbing fibers 
Several lines of evidences have been reported in this study to 
support our proposition that BEN is expressed by climbing fibers. 
First, the intrinsic features of the stained axons which correspond 
to those of climbing fibers in their pericellular nest stage. Second, 
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the synchrony between the arrival of IO axons to the Purkinje 
plate and the appearance of BEN-IR fibers’ stripes. Third, the 
topographic parasagittal arrangement of the latter and its relation 
to the known topography of the adult avian olivocerebellar pro- 
jection (Freedman et al., 1977; Arends and Voogd, 1989). For 
instance, the auricles that are devoid of BEN-IR fibers receive 
projections from BEN-negative olivary regions (medial and dorsal 
portions of the medial cell column), 

BEN is also transiently expressed by clusters of PCs 

We have shown here that, during the development of the chick 
cerebellum, a subset of PCs transiently expresses BEN. This 
observation rejoined a number of studies, particularly those in 
rodents, indicating that postmitotic PCs have intrinsic biochemical 
properties and that the cerebellar cortex is parceled into broad 
compartments (Wassef and Sotelo, 1984; Wassef et al., 1985) (for 
reviews, see Sotelo and Wassef, 1991; Hawkes and Mascher, 
1994). But BEN appears unique in comparison with all other PC 
biochemical markers. 

First, BEN as a cell adhesion molecule, may be involved in the 
process of cell surface recognition (Pourquik et al., 1992b) 
whereas the other rodent’s markers (calcium binding proteins, 
glycoproteins, protein kinases, etc.; see Sotelo and Wassef, 1991) 
are not (Wassef et al., 1985, 1992a). 

Furthermore, the spatio-temporal pattern of expression of BEN 
in PCs is unique: BEN is expressed by a small subset of PCs early 
in development, never involves all PCs, and disappears just after 
the beginning of climbing fiber/PC synaptogenesis. In rodents, the 
expression of PC markers was only known to occur according to 
two developmental patterns: the earliest expressed markers (cal- 
bindin comes at approximately El6 in the rat) appear first in small 
subsets of PCs, distributed into alternating sagittal clusters. As 
development proceeds, more and more PCs express these mark- 
ers, and by postnatal day 5 (P5) the adult pattern in which all PCs 
are positive is attained (Wassef et al., 1985). Hence, the emer- 
gence of PC heterogeneity is the result of an asynchronous ex- 
pression of these markers, which delimits transient biochemically 
defined zones in the cerebellar cortex (transient cerebellar com- 
partmentation). The other type of markers (zebrins I and II) is 
characterized by a late onset of expression (P6 in the rat; see 
Hawkes et al., 1992), which rapidly involves all PCs (P12), and is 
later restricted to only a subset of PCs (around P30), revealing the 
adult pattern of sag&al parcellation. 

All PCs are known to express other cell adhesion molecules 
such as N-CAM and Ng-CAM/L1 (Chuong et al., 1987), Thy-l 
(Sheppard et al., 1988), and NrCAMiBravo (Krushel et al., 1993), 
even during early development. Subsets of PCs express other 
antigens such as Strom-3 (Sharma et al., 1991), Big-l, and Big-2 
(Yoshihara et al., 1994) or the epitope HNK-1 (Eisenman and 
Hawkes, 1993), but those whose development has been studied 
are detected too late in ontogenesis to be involved in the forma- 
tion of the olivocerebellar projection. 

SEN expression in the IO and cerebellum 
arise independently 

To consider BEN as a “target recognition molecule” involved in 
the formation of the broad topography of the olivocerebellar 
projection, its expression should occur independently in both 
presynaptic (IO) and postsynaptic (PCs) neurons. This essential 
point has been verified in the present study. 

First, the timing of the initial steps in the formation of the 
projection was elucidated with axonal tracing experiments, be- 

cause these data were not available. The results make it clear that 
IO axons enter the cerebellar parenchyma just before E9 and 
reach the Purkinje plate by E10. Because the onset of BEN 
expression in the olivocerebellar system occurs between E7 and 
ES, there is no doubt that at least the onset of this expression 
takes place in the absence of interactions between IO axons and 
their postsynaptic targets the PCs. 

Second, the ability of some PCs to express BEN, in the E6.5 
cerebellar explants kept in vitro for 4-30 d, indicates that extra- 
cerebellar fibers are not necessary to trigger BEN expression in 
PCs. Moreover, the spontaneous extinction of BEN-IR in the 
neurons of explants maintained for over 30 d in V&Q reveals that 
such fibers are also unnecessary to turn off BEN expression in the 
cerebellum. This strongly suggests that BEN expression follows an 
intrinsic developmental program, independent of extrinsic factors. 
This is in agreement with previous observations concerning other 
markers of PC biochemical heterogeneity, the molecule zebrin I 
(Wassef et al., 1990) and the transgenic mice carrying the L7/lacZ 
hybrid gene (a PC specific transgene, Oberdick et al., 1990, 1993), 
which indicate that a genetic mechanism is involved in the estab- 
lishment of the compartmentation of the cerebellar cortex. It is 
then possible that the expression of BEN by a subset of PCs is also 
an intrinsic property of these neurons, providing them with a 
subpopulation-type identity. 

BEN as a target recognition molecule in the formation 
of the olivocerebellar projection 
BEN is not a pan-neuronal marker but is widely expressed in the 
CNS of the chick embryo, in discrete nuclei from the spinal cord 
to the forebrain (Tanaka and Obata, 1984; Pourquik et al., 1990, 
1992a,b; Chang et al., 1992; Guthrie and Lumsden, 1992; Poller- 
berg and Mack, 1994; Simon et al., 1994; Chkdotal et al., 1995) 
and in all those nuclei, BEN appears to be expressed by all 
neurons. Therefore, the pattern of BEN expression in the olivo- 
cerebellar system is unique, as BEN is only synthesized by subsets 
of IO neurons and PCs. 

Previous work in developing rodent cerebellum (see Sotelo and 
Wassef, 1991), together with that reported here in the chick, 
suggests that cortical clusters of homogeneous PCs (named basic 
cortical compartments; Wassef et al., 1985) have distinctive mem- 
brane features that can be recognized by specific subsets of IO 
axons (emerging from neurons in projectional olivary compart- 
ments). We propose that the topographic organization of the 
olivocerebellar system might be achieved by matching subgroups 
of source and target neurons by a chemoaffinity mechanism 
slightly different from that postulated by Sperry (1963). In our 
proposition the matching occurs between groups of neurons, 
which provide the projection with broad organization, whereas in 
Sperry’s hypothesis (1963) individual neurons, or even synapses, 
directly provide the projection with its ultimate fine-grained 
topography. 

One intriguing result in this study is the incomplete matching 
between BEN expression in IO neurons and PCs. BEN is ex- 
pressed in a much broader population of IO neurons than their 
PC targets, as evidenced by the occurrence of a second class of 
BEN-expressing stripes of climbing fibers in which, although with 
correct topographic localization, their PC targets do not express 
BEN. This observation raises the problem on the nature of BEN 
interactions during the formation of the olivocerebellar projec- 
tion. In v&o cell aggregation experiments (Tanaka et al., 1991; 
El-Deeb et al., 1992; DeBernardo and Chang, 1995) indicate that 
BEN has selective homophilic interactions; therefore, for stripes 
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of the first class, in which both the source and the target express 
BEN, BEN could actually represent a recognition molecule play- 
ing this role through homophilic binding. 

But what would be the role of BEN in stripes of second class? 
The first answer is that BEN does not play any role in target 
recognition in second class stripes, and our results could be 
compared with those recently published by Chiba et al. (1995) on 
the expression of fasciclin III (another cell adhesion molecule of 
the immunoglobulin superfamily) in the PNS of Drosophila em- 
bryos. During the formation of neuromuscular connections, affer- 
ent motor axons expressing fasciclin III outnumber the amount of 
target muscle cells also expressing this molecule. In a situation in 
which fasciclin III is ectopically expressed on all muscles, only the 
fasciclin UT-expressing motor axons that normally synapse with 
muscles expressing this molecule establish abnormal synapses, 
whereas the behavior of other fasciclin III motor axons remains 
unchanged. One possible explanation for these results could be 
the absence in these motor axons, as well as in the BEN- 
expressing climbing fibers that synapse on BEN-negative PCs, of 
proteins involved in the transduction of the signal between those 
cell adhesion molecules and the growth cone machinery (Gum- 
biner, 1993). A second possibility is that BEN in climbing fibers of 
this sort may have hetexophilic interactions with BEN negative 
PCs, BEN would bind a receptor molecule selectively expressed 
on corresponding PCs. Recently it has been shown in the human 
immune system that BEN is a ligand for CD6, a member of the 
scavenger receptor cystein-rich family of protein (Bowen et al., 
1995). CD6 is expressed in the adult human brain (Mayer et al., 
1990), but its localization in the developing brain has not yet been 
studied. In any case, whatever the nature of the interactions, BEN 
would be only one of the combination of cell surface molecules 
involved in the formation of the olivocerebellar projection. 

In conclusion, the morphological results reported here have 
shown the occurrence of a precise spatio-temporal correlation 
between the expression of BEN mRNA and protein by subsets of 
IO neurons and PCs and the sequential steps followed by olivo- 
cerebellar fibers in the target invasion and map formation. This 
correlation, although compelli ng, is not enough to prove 
functional implication of BEN, Expe rimental man ipul .ations, 

the 
us- 

ing blocking antibodies or antisense mRNA, among others, are 
needed to provide a rigorous proof to the here advanced hypoth- 
esis. Nevertheless, this correlation is a prerequisite to ascribe to 
BEN the role of a recognition molecule involved in the formation 
of this projection map. It is worth noting that a similar role for this 
molecule has been proposed for the formation of the retinotectal 
projection (Pollerberg and Mack, 1994) and in the selectivity of 
motor neuron/muscle innervation (Simon et al., 1994). However, 
in these two cases although the projecting axons bear the BEN 
molecules, its presence in the postsynaptic partners is much less 
obvious. 
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