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Expressed by Developing Cerebellar Purkinje Cells 
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Proteins of the immunoglobulin superfamily (IgSF) are involved 
in a variety of specific cell-cell interactions in the developing 
nervous system. We used a systematic approach, based on the 
PCR, to identify and characterize new members of this protein 
family in the developing chick nervous system. In this study, we 
report on CEPU-1, a new IgSF protein that is strongly ex- 
pressed in developing Purkinje neurons in the cerebellum and is 
detectable on the dendrites, somata, and axons of these cells. 
The timing of CEPU-1 expression coincides with the growth of 
the dendritic tree-after the Purkinje cells have finished their 
migration from the ventricular zone. CEPU-1 is a 51 kDa gly- 
coprotein comprised of three Ig-like domains of the C2 subcat- 
egory and is anchored to the plasma membrane via a post- 

Generation of specific connections of neurons during the embry- 
onic development of the nervous system involves activity- 
independent mechanisms in early development, giving rise to 
coarse neural networks that are refined by activity-dependent 
mechanisms later in development (Goodman and Shatz, 1993; 
Gierer and Miiller, 1995). In the context of activity-independent 
mechanisms of network formation, extending axons have to ap- 
proach and identify their target regions. This phenomenon is 
based on the ability of the axonal growth cone to recognize 
diffusible factors (Tessier-Lavigne, 1994; Dodd and Schuchardt, 
1995) extracellular matrix components (Reichardt and Tomaselli, 
1991) and membrane-bound molecules in its environment (Hynes 
and Lander, 1992; Kapfhammer and Schwab, 1992; Sonderegger 
and Rathjen, 1992; Rutishauser, 1993). The latter may be subdi- 
vided into several classes, among them the integrins, the cad- 
herins, and the molecules of the immunoglobulin superfamily 
(IgSF) (Wagner and Wyss, 1994). 

In recent years, adhesion receptors of the IgSF, which are well 
established as mediators of specific cell-cell interactions in the 
immune system (Barclay et al., 1993; Clark and Ledbetter, 1994) 
have also been found to be involved in many histogenetic aspects 
of nervous system development (Rathjen, 1991; Sonderegger and 
Rathjen, 1992; Uyemura et al., 1994; Brtimmendorf and Rathjen, 
1995; Wong et al., 1995). For instance, IgSF molecules play a role 
in the migration of neuronal precursors, both on radial routes 
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translationally attached glycosyl-phosphatidylinositol moiety. 
The protein shows high sequence similarity to the neurotrimin 
glycoprotein (78% identity), to the opioid-binding cell adhesion 
molecule (or OBCAM; 68% identity), and to the limbic system- 
associated membrane protein (or LAMP; 54% identity). Our 
results suggest that CEPU-1 may serve as a cellular identifica- 
tion marker that is specific for developing Purkinje cells. 

Key words: CEPU- 1; cerebellum; Purkinje neurons; immuno- 
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(Chuong, 1990; Barami et al., 1994) and on tangential routes 
(Ono et al., 1994; Schwanzel Fukuda et al., 1994). Glycoproteins 
of the IgSF are involved in the fasciculation of neurites (Briim- 
mendorf and Rathjen, 1995; Pimenta et al., 1995; Stoeckli and 
Landmesser, 1995), in the guidance of axons (Tang et al., 1994; 
Stoeckli and Landmesser, 1995) and in contact-dependent induc- 
tion of neurite outgrowth (Briimmendorf and Rathjen, 1995; 
DeBernardo and Chang, 1995; Niirenberg et al., 1995; Stoeckli 
and Landmesser, 1995; Zhukareva and Levitt, 1995). In contrast 
with these activating effects, IgSF molecules have also been found 
to mediate, under certain circumstances, contact-dependent in- 
hibitory effects on axonal growth (Tiveron et al., 1992; McKer- 
rather et al., 1994; Mukhopadhyay et al., 1994). 

With respect to functional aspects of neural IgSF glycoproteins, 
ligands and receptors have been identified and signal transduction 
mechanisms have been described. A neural IgSF molecule can 
interact in a homophilic manner or can be engaged in complex 
heterophilic interactions with multiple ligands that may be local- 
ized in the extracellular matrix or on cellular surfaces (Peles et al., 
1995) (for review, see Briimmendorf and Rathjen, 1995). Further- 
more, the recent analysis of signal transduction pathways trig- 
gered by neural IgSF adhesion receptors demonstrated that they 
do not function merely in adhesion, but also may act as signal 
transmitting receptors (for review, see Doherty and Walsh, 1994; 
Pierceall et al., 1994; Williams et al., 1994). 

In the present study, we report on a novel glycosyl- 
phosphatidylinositol (GPI)-anchored member of the IgSF, which 
is strongly expressed by Purkinje cells, the principal neurons of the 
cerebellum (Eccles et al., 1967; Hawkes and Gravel, 1991; Jacob- 
son, 1991; Sotelo and Wassef, 1991; Hatten and Heintz, 1995) 
and, therefore, is termed CEPU-1 in the following text. We 
characterize CEPU-1 by biochemical, structural, and histological 
criteria and discuss a putative role as a cellular address molecule 
(Sperry, 1963) specific for Purkinje cells. 
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GAAGCCrCCeCTGT‘CCC7CCGCTGACTTCCAGTGG~~c~G~cG*c*~‘~“c*GGc~G~GG~c*G~GGGc~G~GG~GG~c 
EASAVPSADTQWYKDDKRLAEG QKGLKVEN 

AAAGCCTTCTTCTCCCGACTGACTTTCTTCRACGTCTCCGTCTCCGAGCAGGACTACGGC~CTACACCTGCGTGGCCTCC~CCAGCTAGG-~ 
KAFFSRLTFF N " s E Q D Y  G NYTRVASN Q I G N 

ACCAnCGCCRGCATGRTCCTTTAT 

T N A s n I L Y ETTTALTPWK 

GCGTGGCGGCGAGGCRGCTGTGCCTGtCTGCTCtCCCTGC~GGCCC~GCCGC~CGCCC~GC~CGCCCGCC~G~~C~G~GCCCCG~GGCGGCC*CG~CC~ 
A M R ” G s c A w L L h LPLAQLARQP 

CCnCAGCAGNV\GGAG*GGAG~G~TGTATTCACTGTTTCTGAiiRRTAATCATRAGRATTGRGAGAGTTGTTGTCCtGCCAGGCCTTCT CEPU-1 
Structure of CEPU-1. A, Sequence of the cDNA and predicted primary structure of CEPU-1. Numbering of amino acids starts at the 

predicted N-terminal Val of the mature polypeptide. The signal peptide cleavage site has been assigned by comparison with the LAMP sequence 
(Pimenta et al., 1995). The N-linked carbohydrate attachment sites are underlined, and the predicted signal peptide and C-terminal hydrophobic 
sequence are indicated by bold lines. N- and C-proximal Cys residues of each Ig-like domain are circled and boxed, respectively. Putative GPI-anchor 
attachment sites are indicated by arrowheads (Moran and Caras, 1991; Englund, 1993; Udenfriend and Kodukula, 1995). The alternatively spliced 
segment of 11 amino acids is indicated by a box. B, Domain model of CEPU-1. Ig-related domains are drawn as loops that are closed by disulphide 
bridges, the GPI-anchor is marked by an arrow, the unpaired Cys residue is marked HS, and the alternatively spliced segment as afilled box. Putative 
N-linked glycosylation sites are shown as lines ending with dots. 

MATERIALS AND METHODS 
Amplification of cDNAs encoding novel &SF molecules by reverse transcriptase- 
PCR. Polyadenylated mRNA from chicken embryonic day 11 (Ell) to El3 
tissue was isolated as described previously (Briimmendorf et al., 1989). 
Oligo(dT)-primed first-strand cDNA was synthesized using a reverse tran- 
scriptase (RT)-PCR kit (Stratagene, La Jolla, CA) under the conditions 
suggested by the supplier. To identify novel chick IgSF molecules via the 
PCR (Mullis and Faloona, 1987) we designed degenerated oligonucleotide 
primers. These primers were derived from the sequences RDAGVYEC 
(N-proximal) and GNYTCSAD (C-proximal), located around two 
C-proximal Cys residues of Ig-like domains of EMIP, a Drosophila meluno- 
gaster IgSF molecule (J. A. Knoblich and T. Brtimmendorf, unpublished 
data). Closely related motifs can also be found in a series of other IgSF 
molecules, among them vascular cell adhesion molecule 1 (VCAM-l), neu- 

ral cell adhesion molecule (NCAM), platelet/endothelial cell adhesion mol- 
ecule 1 (PECAM-l), integrin-associated protein (IAP), fasciclin-2, siaload- 
hesin, Fll, axonin-l, uncoordinated movement 5 (uric-5) or deleted in 
colorectal carcinoma (DCC) (Brtimmendorf and Rathjen, 1995). The se- 
quences of the 5’ primer and of the 3’ primer were 5’-GGACGCG’ITA/ 
GA/CGIGAT/CGCIGGC/A/GGTT/C/A/GTAT/CGAA/GTG-3’ and 
5’-TTCGTACGA/GTCTIAICIGGCIGAA/GCIGAA/GCAIG- 
TA/GTAA/GTTG/T/CCC-3’, respectively. PCR was performed with embry- 
onic chick Ell-El3 cDNA as a template using 50 U/ml Taq DNA polymer- 
ase (Pharmacia, Uppsala, Sweden) under the following conditions: 94°C for 
1 min, 45°C for 3 min, 72°C for 1 min for 37 cycles, and then one final step 
with 72°C for 10 min in reaction buffer (50 ITIM KCl, 1.5 mM MgCI,, 10 mM 

Tris/Cl, pH 9). The reaction products were analyzed on a 2.5% Meta-Phor 
agarose gel (FMC Bioproducts, Rockland, ME). 

Cloning of CEPU-I. DNA fragments generated by RT-PCR were 
purified using preparative gel electrophoresis (NA agarose, Pharmacia) 
and Qiaex reagents (Qiagen, Hilden, Germany) and were blunt-end- 
subcloned into the plasmid pBluescript (Stratagene). Full-length clones 

were obtained by screening a hgtll chicken brain El6 cDNA library 
(Briimmendorf et al., 1989) using a digoxigenin-labeled CEPU-1 probe 
generated from the cloned DNA fragment. Preparation of this probe, 
hybridization, washing, and staining conditions were the same as de- 
scribed below for the genomic Southern analysis. 

Nucleotide sequences were determined by the dideoxy chain- 
termination method (Sanger et al., 1977) using the automated laser 
fluorescent (ALF) DNA sequencer and DNA sequencing kits recom- 
mended by the supplier (Pharmacia). 

Genomic Southern blot analysis. Chicken liver genomic DNA (18 pg) 
was digested by restriction endonucleases BamHI and EcoRI (Boehringer 
Mannheim, Mannheim, Germany), electrophoresed on a 0.5% agarose- 
gel, and blotted onto a positively charged nylon membrane (Boehringer). 
A 327 bp digoxigenin-labeled CEPU-1 probe, corresponding to nucleo- 
tides 655-982 of the CEPU-1 sequence (Fig. L4), was prepared via PCR 
(Lanzillo, 1991) and the PCR-product was purified by agarose gel elec- 
trophoresis. After overnight incubation at 68°C with the digoxigenin- 
labeled CEPU-1 probe in hybridization buffer [5X SSC, 0.1% laurylsar- 
cosine, 0.02% SDS, and 1% blocking reagent (Boehringer)], the nylon 
membrane was washed twice for 5 min with 2X SSC/O.l% SDS at room 
temperature and twice for 15 min with 0.2X SSC/O.l% SDS at 68°C. The 
membrane was developed using alkaline phosphatase-coupled anti- 
digoxigenin antibodies for detection (Boehringer) and 5-bromo-4-chloro- 
3-indolyl phosphate/nitro blue tetrazolium as substrate (Mierendorf et 
al., 1987). 

Expression of CEPU-I in bacteria and generation of antibodies in rabbits. 
The part of CEPU-1 lacking the N- and C-terminal stretches was ampli- 
fied by PCR using primers with BamHI sites at their 5’ ends. The 
fragment was subcloned into the expression vector pQEl2 (Qiagen), 
which provides a His, tag C-terminal in-frame to the CEPU-1 sequence. 
Sequence analysis of the construct revealed a single nucleotide exchange, 
presumably caused by the PCR process, which altered Asn in position 14 



1772 J. Neurosci., March 1, 1996, 16(5):1770-1779 Spaltmann and Brtimmendorf l Characterization of the Purkinje Cell Protein CEPU-1 

of the CEPU-1 protein to Asp. The Escherichia coli strain Ml5 (Qiagen) 
was transformed with the construct, and the bacteria were grown to an 
OD,,,, of 0.7-1.0 in TB medium. Protein expression was induced with 0.2 

<,“”  

mM isopropyl p-D-thiogalactopyranoside (Promega, Madison, USA), and 
the bacteria were cultivated for 5 additional hours. The bacteria were 
lysed in 6 M guanidinium hydrochloride/O.1 M NaH,POdO.Ol M Tris, pH 
8.0, and CEPU-I-His, protein was purified by Ni’“-chelate affinity chro- 
matography (Hochuli et al., 1988). Column washing and elution were 
performed as suggested by the manufacturer (Qiagen). The His-tagged 
CEPU-1 protein was purified further by preparative SDS-PAGE, fol- 
lowed by electroelution using the biotrap-device (Schleicher & Schuell, 
Dassel, Germany). Rabbits were immunized with a suspension of 100-500 
pg of CEPU-1 protein in complete Freund’s adjuvant (Gibco, Grand 
Island, NY) and were boosted several times with the same amount of 
protein in incomplete Freund’s adjuvant. Antisera were preabsorbed with 
chicken liver acetone powder (Sigma, St. Louis, MO) and were affinity- 
purified on a CEPU-1 Sepharose column produced by coupling CEPU-1 
protein to cyanbromide-activated Sepharose (Pharmacia). 

Analysis of membrane anchorage and transfection of COS cells. Prepa- 
ration of embrvonic chick brain plasma membranes (Rathjen et al., 1987) 
and release of’GPI-linked proteins by phosphatidylinositdl-specific phos- 
pholipase C (PI-PLC) (Wolff et al., 1989) were performed essentially as 
outlined previously. In the present study, membranes were suspended in 
20 IIIM Tris-Cl, pH 7.4, with 10 pM leupeptin, 10 FM pepstatin, and 40 
U/ml aprotinin. Membranes were incubated for 1.5 hr at 37°C using 2 
U/ml recombinant PI-PLC from Bacillus thuringiensis (Oxford GlycoSys- 
terns, Abingdon, UK). SDS-PAGE and immunoblots were done essen- 
tially as described in Rathjen et al. (1991). 

For COS cell transfection, the full-length coding sequence of CEPU-1 
was subcloned into the eukaryotic expression vector pSG5 (Stratagene). 
Transfection and immunofluorescence analysis of C-OS cells were per- 
formed essentially as described previously (Brummendorf et al., 1993). 
COS cells were grown in DMEM/2% fetal calf serum (FCS) instead of 
DMEM/lO% FCS as we have done previously. 

Immunohistochemistrv. Chicken eggs were incubated at 37.3-37.8”C 
,  I I  

with relative humidity of 52-57%. Dissected parts of chicken brains were 
fixed overnight in PBS/4% formaldehyde and incubated overnight in 
Tris-buffered saline (TBS)/25% sucrose. The tissue was sectioned using a 
cryostat microtome (Frigocut, Reichert-Jung, NuBloch, Germany) after 
embedding in tissue tek (Miles, Elkhardt, IN). Twenty-micrometer-thick 
slices were collected on gelatin-pretreated glass microscope slides and 
stored at -20°C. Sections were blocked for 30 min with TBS/2% bovine 
serum aJbumin/0.05% Tween 20/0.2% NaN,, and incubated for 2 hr using 
affinity-purified anti CEPU-1 antibody (10 pLg/ml) in combination with 
the DNA-staining reagent bisbenzimide (H33258, Boehringer). After 
washing three times with blocking buffer, the slices were incubated for 2 
hr with goat anti-rabbit antibodies conjugated with the fluorochrome Cy3 
(Dianova, Hamburg, Germany). After washing, the slices were mounted 
using Kaiser’s glycerine gelatin (Merck, Darmstadt, Germany). 

RESULTS 
Cloning of CEPU-1 via PCR 
In an attempt to extend our present knowledge on IgSF molecules 
and their roles in nervous system histogenesis, we are interested in 
the identification and characterization of new members of this 
family. A characteristic feature of 1gSF molecules is the lg-like 
domain, a structure comprised of -75-100 amino acids arranged 
in two opposing p sheets and, in most cases, an intradomain 
disulphide bridge. Ig-like domains show a bimodal distribution of 
the extent of their evolutionary sequence conservation (Williams 
and Barclay, 1988; Briimmendorf and Rathjen, 1993). This con- 
servation is based on characteristic sequence elements that can be 
found in the vicinity of the N-proximal Cys residue and, more 
clearly, the C-proximal Cys residue. To identify novel nervous 
system molecules of the IgSF, we therefore developed PCR- 
primers that represent amino acid sequences around the 
C-proximal Cys residue of an Ig-like domain of EMIP, an IgSF 
protein of Drosophila melanogaster (J. A. Knoblich and T. Brilm- 
mendorf, unpublished data). PCR experiments, using single- 
stranded cDNA reverse-transcribed from Ell-El3 chicken brain 

Ba EC 

Zl kb 

19kb 

Figure 2. CEPU-1 is a single-copy gene. Genomic chicken DNA was 
digested with restriction endonucleases BamHI (Ba) and EcoRI (EC), 
transferred to a nylon membrane, and probed by hybridization using a 
fragment of the CEPU-1 cDNA under conditions revealing perfect 
matches. 

mRNA as a template, yielded a prominent broad band of 330 bp, 
presumably representing a population of fragments (data not 
shown). The length of these DNA fragments is sufficient to 
encode 110 amino acids and, therefore, is in agreement with the 
expected distance between two C-proximal Cys residues of two 
adjacent Ig-like domains. The population of fragments was sub- 
cloned into a plasmid vector, and 14 clones were sequenced. One 
clone was found to represent NCAM, one sequence could not be 
categorized, and 12 sequences were found to belong to three until 
now unknown IgSF molecules. One of the new partial clones was 
used to screen an embryonic chick hgtll cDNA library (Briim- 
mendorf et al., 1989) by DNA hybridization techniques. Screening 
-1 X lo6 phage plaques yielded two identical full-length phage 
clones. Their inserts were subcloned into a plasmid vector and 
sequenced. Assembly of both sequences revealed that both vhage . - 
clones represent the same mRNA containing one open reading 
frame of 342 amino acids (Fig. L4). Because the protein encoded 
by this mRNA is predominantly expressed by cerebellar Purkinje 
cells (see below), we will refer to it as CEPU-1 in the following 
text. 

CEPU-1 has an N-terminal and a C-terminal stretch of hydro- 
phobic amino acids, representing a putative leader sequence and 
a putative signal for post-translational attachment of a GPI mem- 
brane anchor, respectively (Englund, 1993; Udenfriend and 
Kodukula, 1995). It comprises three Ig-like domains of the C2 
subcategory and six potential Asn-linked glycosylation sites (Fig. 
lB), and is encoded by a single-copy gene as demonstrated by 
Southern blot analysis (Fig. 2). CEPU-1 is highly similar to neu- 
rotrimin, opioid-binding cell adhesion molecule (OBCAM), and 
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limbic system-associated membrane protein (LAMP) and is more 
distantly related to NCAM, Fll, and other nervous system IgSF 
molecules. It shows 78% amino acid sequence identity with neu- 
rotrimin, 68% with OBCAM, and 54% with LAMP from the rat 
(Lippman et al., 1992; Pimenta et al., 1995; Struyk et al., 1995), 
but <2.5% with rat NCAM, TAG-l/axonin-1, and F3/Fll (Small 
et al., 1987; Furley et al., 1990; Hosoya et al., 1995). 

The mature CEPU-1 polypeptide has an uneven number of Cys 
residues, suggesting that, based on sequence alignments, Cys-53 is 
unpaired and not involved in an intradomain disulphide bridge. 
Although Cys-53 is likely to be exposed, we could not obtain 
evidence for CEPU-1 dimerization via disulphide bridges or evi- 
dence for the existence of disulphide-linked heterodimers con- 
taining CEPU-1 (data not shown). 

To obtain first indications on the tissue distribution of CEPU-1, 
RT-PCR experiments using PCR primers that flank the coding 
region of the mature protein on the CEPU-1 cDNA were per- 
formed on mRNA samples isolated from different tissues. 
CEPU-1 mRNA was detectable in El5 telencephalon, tectum, 
and cerebellum as well as in total brain mRNA of ES-E16, but it 
was undetectable in El4 liver, heart, and lung (data not shown). 
Interestingly, the RT-PCR experiments revealed the presence of 
two amplification products differing in yield and size (data not 
shown). Cloning and sequencing of both amplified DNA frag- 
ments showed that CEPU-1 exists in a major and a minor isoform. 
Both forms differ by a segment of 11 amino acids that is only 
present in the minor form and that is localized at the C-terminal 
end of the third Ig-like domain, close to the putative GPI-anchor 
attachment site (Fig. h4). 

CEPU-1 is a 51 kDa neural cell surface glycoprotein 
To characterize CEPU-1 further with respect to biochemical, 
histological, and functional aspects, polyclonal antibodies were 
raised in rabbits. The CEPU-1 cDNA lacking the signal peptide 
and the C-terminal hydrophobic stretch was subcloned in the 
bacterial expression vector pQE12, in-frame with a C-terminal tag 
of six His residues (Hochuli et al., 1988). The stretch of His 
residues allows the purification of this protein, which is referred to 
as CEPU-l-His, in the following text, from bacterial lysates by 
Ni2+ chelate affinity chromatography. 

CEPU-l-His, was expressed in bacteria and was subsequently 
purified from bacterial lysates using Nizt chelate affinity chroma- 
tography followed by preparative SDS-PAGE. Two rabbits were 
immunized with CEPU-l-His,, and their antisera were affinity- 
purified using CEPU-l-His, immobilized on a Sepharose column. 
Aflinity-purified antisera from both rabbits behaved indistinguish- 
ably and revealed a broad band of 51 kDa in solubilized samples 
of El8 cerebellum (Fig. 3A, lane 5) telencephalon, and tectum 
(data not shown). As a consistency control, COS cells were trans- 
fected with CEPU-1 cDNA that had been cloned in the eukaryotic 
expression vector pSG5. Lysates of CEPU-1-transfected and 
-untransfected COS cells were subjected to immunoblot analysis 
using the polyclonal antibody directed to bacterially expressed 
CEPU-l-His,. CEPU-1 expressed by COS cells was found to have 
the same M, as CEPU-1 in samples of solubilized embryonic 
cerebellum, and this band can be considered specific because no 
signal was detectable in lysates of untransfected COS cells (Fig. 
3A, lanes 1 and 2). Whereas the M,. of CEPU-1, as calculated from 
the predicted amino acid sequence, amounts to 37 kDa, its M,. in 
SDS-PAGE is 51 kDa. The discrepancy is unlikely to be attribut- 
able to abnormal electrophoretic mobility of the protein back- 

A 
1 2 3 4 5 M,xI~~ 

Figure 3. Biochemical analysis and COS cell transfection./l, SDS-PAGE 
and immunoblot analysis using CEPU-l-specific antibody. Lane I, Un- 
transfected COS cells solubilized in sample buffer. Lane 2, CEPU-l- 
transfected COS cells. Both COS cell samples represent 0.5 cm2 of 
confluent cells. Lane 3, Supernatant of El6 chick brain membranes incu- 
bated with PI-PLC that was inactivated by Zn’+. Lane 4, Supernatant of 
El6 brain memhranes incubated with PI-PIG. Lane 5, ElX chick cerebel- 
lum solubilized in SDS-PAGE sample buffer (the lane represents 10 yl of 
a 10% tissue homogenate). B, CEPU-1 expressed on the surface of 
transfected COS cells. COS cells were transfected with CEPU-1 cDNA 
that was cloned in the eukaryotic expression vector pSG5. Confluent cells 
were subjected to immunofluorescence analysis using CEPU-l-specific 
antibodies and Cy3-conjugated secondary antibodies. Scale bar, 100 pm. 

bone, but is most likely the result of glycosylation, suggesting that 
28% of the molecular mass is attributable to carbohydrates. 

CEPU-1 is a GPI-linked cell surface protein 
The CEPU-1 sequence has a C-terminal stretch of 18 predomi- 
nantly hydrophobic amino acids (Fig. 1A). This is a characteristic 
feature of proteins linked to the plasma membrane by covalent 
post-translational attachment of a GPI moiety (Englund, 1993; 
Udenfriend and Kodukula, 1995). The presence of a C-terminal 
hydrophobic stretch within a protein sequence represents no 
formal proof of GPI-anchorage; rather, it can only be taken as 
evidence for this mode of membrane attachment. Therefore, we 
examined experimentally whether CEPU-1 can be cleaved from 
the cell membrane by PI-PLC, an enzyme known to release 
GPI-linked proteins. Embryonic chick brain plasma membranes 
were incubated with PI-PLC; the supernatant was separated from 



1774 J. Neurosci., March 1, 1996, 76(5):1770-1779 Spaltmann and Briimmendorf l Characterization of the Purkinje Cell Protein CEPU-I 



Spaltmann and Brijmmendorf . Characterization of the Purkinje Cell Protein CEPU-1 J. Neurosci., March 1, 1996, 76(5):1770-1779 1775 

cell membranes, and both were subjected to immunoblot analysis 
using CEPU-l-specific antibodies. In line with the presence of its 
putative GPI-anchor attachment signal, CEPU-1 was found to be 
released from cell membranes by PI-PLC (Fig. 3A, lane 4). No 
release was observed in the presence of Zn2+, a cation known to 
inhibit PI-PLC activity, or in the absence of PI-PLC (Fig. 3A, lane 
3) (data not shown). Therefore, release of CEPU-1 was mediated 
by PI-PLC and not by any contaminating protease. CEPU-1 was 
undetectable in cell membrane pellets after PI-PLC treatment 
(data not shown), suggesting that the cleavage was quantitative. 
To demonstrate further that CEPU-1 is a cell surface molecule, 
COS cells were transfected with CEPU-1 cDNA and analyzed by 
immunofluorescence analysis using CEPU-l-specific antibodies. 
Staining of CEPU-1-transfected COS cells (Fig. 3B) and lack of 
staining of untransfected COS cells (data not shown) confirms 
that CEPU-1 is a cell surface protein and that the antibodies 
recognize the native, glycosylated form of the molecule. Taken 
together, these results strongly suggest that CEPU-1 is anchored 
to the cell membrane by post-translational attachment of a GPI 
anchor. 

CEPU-1 is expressed by cerebellar Purkinje cells 
As a first step in analyzing the biological function of the molecule, 
CEPU-l-specific antibodies were used for immunohistochemical 
analyses. Examination of sections of E14-E20 chick cerebellum, 
E8-E20 telencephalon, and ElO-E20 tectum revealed two differ- 
ent aspects of the histological distribution of CEPU-1. First, 
CEPU-1 is strongly expressed in Purkinje cells of the cerebellum 
and, second, CEPU-1 is expressed as a diffuse staining at E20 in 
the other brain regions examined (data not shown). 

A horizontal section through the top of an El9 cerebellar 
folium shows the external granular layer (EGL), the molecular 
layer (ML) and the internal granular layer (IGL) as revealed by 
the high and low densities of cellular nuclei in the granular layers 
and the molecular layer, respectively (Fig. 4A). Immunohisto- 
chemical analysis of the same section using CEPU-l-specific an- 
tibodies reveals Purkinje cells with their cell bodies between the 
ML and the IGL and with their dendritic arborizations localized 
in the ML (Fig. 4B). No staining could be observed if the antibody 
dilution buffer was applied without primary antibody (not shown). 
To support this interpretation that CEPU-1 is expressed on Pur- 
kinje cells, sagittal sections of cerebellar folia were analyzed by 
staining cellular nuclei and by CEPU-1 immunohistochemistry. 
Sagittal sections through El9 cerebellar cortex demonstrate 
CEPU-1 expression on the pear-shaped cell bodies of the Purkinje 
cells, and their elaborate dendrites flattened in the sagittal plane 
(Fig. 4C,D). The somata of the Purkinje cells are found to be 
arranged in a single row with no significant difference in the 
density of cells between the top and the bottom of El9 cerebellar 
folia (Fig. 4&F). 

At this stage of development, when the Purkinje cell dendrites 
have almost reached their final size, CEPU-1 expression is first 

c 

discernible in other regions of the cerebellum, namely in the IGL 
and in the prospective white matter (WM). It is evenly distributed 
in a slightly scattered manner, becoming more prominent at later 
developmental stages (Fig. 4G,H). A weak staining of subsets of 
cells in the deep cerebellar nuclei is also discernible at later 
embryonic stages (data not shown). However, the evenly distrib- 
uted, scattered signal of CEPU-1 expression in the IGL is overlaid 
by a clear staining of thin fibers emanating from the bottom of the 
Purkinje cell bodies, most likely representing Purkinje cell axons 
(Figs. 4G, awowheads). Consistently, CEPU-1 immunoreactivity is 
also found on broad bundles of fibers in the prospective WM of 
El9 cerebellar folia (Fig. 4H). It can be assumed that these 
bundles represent Purkinje cell axons projecting to the deep 
cerebellar nuclei. 

CEPU-1 expression on Purkinje cells coincides with 
the growth of the dendritic tree 
In chicken, Purkinje cells have completed their migration from the 
ventricular zone to their final position between the ML and the 
IGL by E9 and are aligned in a single layer of cells by El5 (Obata 
and Fujita, 1984; Bertossi et al., 1986; Sheppard et al., 1988; 
Hallonet et al., 1990). CEPU-1 immunoreactivity, however, is not 
detectable on Purkinje cells between E9 and E14. It is first 
discernible at El5 within the prospective Purkinje cell layer as a 
weak signal in scattered spots that are smaller than the Purkinje 
cell bodies (Fig. 5, E15). Therefore, Purkinje cells are lacking 
CEPU-1 expression during their migration from the ventricular 
zone and begin to express the protein at E1.5, coinciding with the 
growth of their dendritic tree. At E16, CEPU-1 staining on the 
characteristic pear-shaped bodies of the Purkinje cells has 
reached its final intensity, and a dendrite with the length of the 
cell bodies is clearly visible (Fig. 5, E16). Between El6 and E19, 
the number of branch points and the average branch length of the 
dendrites increase (Fig. 5, E18). S’ imultaneously, the thickness of 
the dendrites seems to decrease slightly during this period. It can 
be estimated that the leading edge of the dendritic trees extends 
with -50 pm/d, and it reaches its final position between El9 and 
E20. Putative Purkinje cell axons, which are occasionally visible 
early in development (Fig. 5, E16, arrowhead), are frequently 
found to be CEPU-l-positive at later stages when the dendrite has 
reached its final size (Fig. 4G). 

DISCUSSION 
The present study is part of a systematic search for novel IgSF 
molecules in the developing chick nervous system. In this report, 
we characterize CEPU-1, a GPI-anchored glycoprotein comprised 
of three CZtype Ig-like domains that is strongly expressed by 
developing Purkinje cells and, at lower levels, in other regions of 
the CNS. 

Potential roles of CEPU-1 in cerebellar histogenesis 
Hypotheses concerning the function of CEPU-1 on developing 
Purkinje cells have to take into account that CEPU-1 is not 

F@re 4. CEPU-1 expression in cerebellar Purkinje cells.& Horizontal section through the top of an El9 chick cerebellar folium. Bisbenzimide staining 
of cellular nuclei indicates the nuclei-poor ML between the thin EGL and the broad IGL. B, Same field as in A. Immunofluorescence analysis using 
CEPU-l-specific antibodies shows cell bodies of Purkinje cells and Purkinje cell dendrites that are cut perpendicular to the dendritic sheet. C, Sagittal 
section through El9 cerebellar cortex. The granular layers, the ML, and the prospective white matter ( WM) are revealed by bisbenzimide staining of 
cellular nuclei. D, Same field as in C. Immunofluorescence analysis using CEPU-l-specific antibodies reveals Purkinje cells with their dendritic 
arborizations, which are flattened in the sagittal plane. E, F, CEPU-1 distribution in sagittal sections of El9 cerebellar folia. G, CEPU-1 localization on 
Purkinje cell dendrites and axons (ar~~heads) in a sagittal section of E20 cerebellar cortex. H, CEPU-1 expression in the prospective WM of El9 
cerebellum. A sagittal section of the branching region of two subfolia is shown. Scale bars: A-D, G (shown in B), 100 pm; E, H (shown in E), 200 Frn; 
F, 400 pm. 
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E9 El2 El5 El6 

Figure 5. Development of Purkinje cell dendritic arborizations. Immu- 
nofluorescence analysis of sagittal sections through chick cerebellar cortex 
of E&E19 using CEPU-l-specific antibodies. Because cerebellar folia do 
not develop isochronically (Altman and Bayer, 198.5; Feirabend, 1990; 
Goodlett et al., 1990), fields that are typical for each embryonic stage have 
been chosen. CEPU-1 is first discernible at El5 as weakly stained spots 
that are localized within the prospective Purkinje cell layer. At El6 the 
protein is clearly recognizable on the somata and dendrites of the Purkinje 
cells. The number of branch points of the dendrites and the average 
branch length increases between El6 and E19, and axons are rarely 
discernible during these stages (arrowhead). Stage El7 has been omitted, 
because it is similar to E18. Scale bar, 100 ym. 

present on migrating Purkinje cells but is expressed only after they 
have reached their final position coinciding with the outgrowth of 
the dendritic tree (Fig. 6). In chicken, Purkinje cells have com- 
pleted their migration to the zone beneath the EGL by E9 
(Hallonet et al., 1990; Pourquie et al., 1992). At E15, the Purkinje 
cells are aligned in a single layer of cells with a sprouting apical 
dendrite (Foelix and Oppenheim, 1974; Palacios-Prti et al., 1981; 

Figure 6. Purkinje cell alignment and polarization. Schematic represen- 
tation of Purkinje cell development in chicken cerebellum between E9 and 
El8 (sagittal plane) based on the present report and on studies that 
describe Purkinje cell differentiation in the chick (Foelix and Oppenheim, 
1974; Bertossi et al., 1986; Sheppard et al., 1988). Expression of CEPU-1 
is depicted in black. 

Obata and Fujita, 1984; Bertossi et al., 1986; Sheppard et al., 
1988). 

CEPU-1 is first discernible at El5 in the Purkinje cell layer and 
is strongly expressed on Purkinje cell dendrites, somata, and axons 
at E16. The protein continues to be expressed while the fan-like 
dendrite is growing (Fig. 6) and remains present at least until 
hatching at E21. The high expression on Purkinje cells beginning 
at El5 is in line with the hypothesis that it may be a common 
denominator of cell-cell recognition processes involving develop- 
ing and mature Purkinje cells. Analogous with other GPI-linked 
neural IgSF cell surface molecules, two different functions-as a 
receptor or as a ligand-can be taken into account. 

Is CEPU-1 a cellular receptor? 
CEPU-1 may represent a receptor or a subunit of a receptor 
complex and may be involved in conferring local environmental 
signals to the developing Purkinje cells. Some proteins linked to 
the membrane by a GPI-anchor and, hence, lacking an intracel- 
lular domain, nevertheless have been documented to transmit 
activation signals to cells, at least in the context of T cell activation 
(Gunter et al., 1987; Brown, 1993; Malek et al., 1994). The 
microenvironmental signals transmitted by CEPU-1 may com- 
prise factors regulating Purkinje cell survival or differentiation by 
cell-cell interactions. For instance, in vitro coculture experiments 
suggest that Purkinje cell survival and differentiation are depen- 
dent on cell-cell interactions, predominantly with granule cells 
(Baptista et al., 1994). Similarly, granule cell proliferation and 
differentiation have also been shown to be dependent on local 
cell-cell interactions (Gao et al., 1992; Gao and Hatten, 1993). 
Furthermore, several studies provided evidence that interactions 
of Purkinje cell dendrites with parallel fibers play a prominent 
role in the regulation of dendritic growth (see references cited in 
Baptista et al., 1994). 

Does CEPU-1 represent a membrane-bound ligand? 
In contrast to a receptor function, CEPU-1 may also serve as a 
specific cell surface marker that is recognized by a receptor on 
other cells in the local environment. Because developing Purkinje 
cells are the only cells expressing CEPU-1 in the cerebellar cortex 
between El5 and El9 (Figs. 4, 5), the protein may be a putative 
candidate for a Purkinje cell-specific cellular address molecule 
(Sperry, 1963). In cerebellar histogenesis, Purkinje cells are spe- 
cifically identified in a complex cellular environment by axons of 
several other types of neurons (Eccles et al., 1967; Jacobson, 
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1991), among them basket cell axons, stellate cell axons, parallel 
fibers, and climbing fibers. These cellular recognition events have 
in common that the Purkinje cells are the postsynaptic elements. 
A role as a ligand has also been demonstrated for other IgSF 
molecules, and both growth-promoting and growth-inhibiting 
molecules have been identified (for review, see Briimmendorf and 
Rathjen, 1995). By analogy, CEPU-1 may be involved in climbing 
fiber growth on the Purkinje cell dendrites, or it may represent a 
Purkinje cell-specific growth arrest signal, e.g., for basket cell 
axons or stellate cell axons. This growth arrest signal would not be 
unprecedented because a target cell-derived, contact-mediated 
stop signal has already been identified on other cerebellar neu- 
rons, the granule cells (Baird et al., 1992a,b). 

However, CEPU-1 shows an unpolarized distribution in Pur- 
kinje cells. Therefore, it cannot be solely responsible for selective 
recognition of subregions of the Purkinje cell surface by these 
axons; rather, it has to be assumed that other factors may con- 
tribute to the distinction of dendrite and soma by approaching 
afferents. 

CEPU-1 is not targeted to a specific subdomain of the 
Purkinje cell surface 
In contrast to epithelial cells, in which it is firmly established that 
GPI-anchored proteins are preferentially delivered to the apical 
membrane (Rodriguez Boulan and Powell, 1992), the subcellular 
targeting of GPI-anchored proteins within neurons seems to be 
dependent on multiple variables (Faivre Sarrailh and Rougon, 
1993). This is supported by the present study, which demonstrates 
that the GPI-linked molecule CEPU-1 is found in all subcellular 
compartments of the Purkinje cell. 

CEPU-1 shows high sequence similarity to 
neurotrimin, a differentially expressed neural cell 
surface molecule 
Chick CEPU-1 is highly related to rat neurotrimin, showing 78% 
amino acid sequence identity (Struyk et al., 1995). The degree of 
amino acid sequence similarity between rat and chick IgSF mol- 
ecules considered to represent species homologs varies consider- 
ably, from 53% (Thy-l) to 85% (NCAM). Whereas this might be 
taken as evidence that CEPU-1 and neurotrimin represent species 
homologs, their spatial and temporal expression patterns are 
different, as follows. 

First, neurotrimin and CEPU-1 differ with respect to their 
spatial and temporal expression pattern in developing cerebellum. 
Comparison of Purkinje cell development in chick (Fig. 5) and rat 
(Berry and Bradley, 1976; Takahashi Iwanaga et al., 1986) reveals 
that stage P7 in the rat corresponds to El6 in chicken and stage 
P14 in the rat corresponds to El8 in the chick. CEPU-1 is strongly 
expressed by Purkinje cells at El6 in chicken (Fig. 5), but neuro- 
trimin is not found at P7, the corresponding stage, in the cerebel- 
lum of the rat (Struyk et al., 1995). Furthermore, CEPU-1 expres- 
sion is restricted to Purkinje cells at El8 in the chick (Figs. 4, 5) 
but neurotrimin is found in both Purkinje cells and granule cells at 
P14, the corresponding stage, in the rat (Struyk et al., 1995). 

Second, both molecules differ with respect to their temporal 
expression patterns in the forebrain. The neurotrimin expression 
level, quantified by immunoblot analysis, is increasing during 
development and is decreasing in the adult (Struyk et al., 1995). 
By contrast, the CEPU-1 expression level, examined by the same 
method, is steadily increasing during development and was not 
found to decline; rather, it increased in the adult (data not 
shown). 

We therefore favor the view that both proteins represent two 

examples of a subfamily of closely related neural IgSF proteins 
that have similar primary structures but different expression 
patterns. 

CEPU-1 is a member of a new subfamily of neural 
IgSF cell recognition molecules 
In addition to neurotrimin, two other GPI-linked neural IgSF 
members with the same three-domain structure as CEPU-1 are 
known, namely OBCAM and LAMP (Lippman et al., 1992; Pi- 
menta et al., 1995). The four proteins have >54% sequence 
identity among each other and ~25% sequence identity to mem- 
bers of the Fll or Ll families of neural cell recognition molecules 
(Sonderegger and Rathjen, 1992; Brtimmendorf and Rathjen, 
1995) and, therefore, can be categorized into a new neural sub- 
group of the IgSF (Pimenta et al., 1995; Struyk et al., 1995). 
Molecules of this subgroup show the highest sequence conserva- 
tion between species observed so far for IgSF molecules. For 
example, OBCAM as well as LAMP show >98% sequence iden- 
tity between the human and rat sequences (Pimenta et al., 1995; 
Shark and Lee, 1995). It is conceivable that CEPU-1 shares with 
OBCAM and LAMP this slow rate of evolutionary change. 

With respect to its function, LAMP is currently the best char- 
acterized protein of this subgroup. It is expressed on limbic 
neurons and fiber tracts as well as in single layers of the superior 
colliculus, spinal cord, and cerebellum (Levitt, 1984; Horton and 
Levitt, 1988). The molecule has been shown to play a role in the 
invasion of the hippocampus by septal afferents and in the forma- 
tion of the intrahippocampal mossy fiber projection, and it in- 
duces neurite outgrowth from perirhinal neurons (Keller et al., 
1989; Pimenta et al., 1995; Zhukareva and Levitt, 1995). 

Whereas neurotrimin and LAMP have complex developmental 
expression patterns, OBCAM shows a more restricted distribution 
(Levitt, 1984; Struyk et al., 1995). Interestingly, CEPU-1 is even 
more specifically expressed than OBCAM, as far as the rat and 
chick CNS can be compared. In the developing cerebellum, 
CEPU-1 expression is restricted to one single type of neuron, the 
Purkinje cell, and it is undetectable on other neurons like Golgi 
cells or granule cells. We consider it unlikely that CEPU-1 is 
expressed on basket cells or stellate cells, but we cannot formally 
exclude this possibility because these cells might be hidden by the 
Purkinje cell dendrites in the immunohistochemical analysis. In 
contrast to the differences in their expression patterns, these 
molecules have in common that they are expressed mainly by 
postmitotic neurons. For example, CEPU-1 is localized on Pur- 
kinje cells only after initiation of their differentiation (Fig. 5), and 
neurotrimin is found in the retinal ganglion cell layer but is absent 
from the mitotic cells of the retinal neuroepithelium. 

It has been proposed that LAMP, OBCAM, and neurotrimin 
may serve as molecular labels of different types of neurons during 
embryonic development (Struyk et al., 1995; Zhukareva and Lev- 
itt, 1995). The role of CEPU-1 in the histogenesis of the cerebellar 
cortex is currently unknown, but it is conceivable that it may also 
represent a specific cell surface marker that is specifically recog- 
nized by receptors on interacting cells or approaching afferents. 
We will address this topic by using CEPU-l-specific antibodies, 
cerebellar cell cultures, and cerebellar slice cultures. 
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