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Abstract. Neural cell adhesion molecules of the immu- 
noglobulin superfamily mediate cellular interactions 
via homophilic binding to identical molecules and het- 
erophilic binding to other family members or structur- 
ally unrelated cell-surface glycoproteins. Here  we re- 
port on an interaction between axonin-1 and Nr-CAM/ 
Bravo. In search for novel ligands of axonin-1, fluores- 
cent polystyrene microspheres conjugated with axo- 
nin-1 were found to bind to peripheral glial cells from 
dorsal root  ganglia. By antibody blockage experiments 

an axonin-1 receptor on the glial cells was identified as 
Nr-CAM. The specificity of the interaction was con- 
firmed with binding studies using purified axonin-1 and 
Nr-CAM. In cultures of dissociated dorsal root ganglia 
antibodies against axonin-1 and Nr-CAM perturbed 
the formation of contacts between neurites and periph- 
eral glial cells. Together,  these results implicate a bind- 
ing between axonin-1 of the neuritic and Nr-CAM of 
the glial cell membrane in the early phase of axon en- 
sheathment in the peripheral nervous system. 

T 
hE development of the nervous system involves dis- 
tinct cellular processes, including neuronal cell mi- 
gration, axon outgrowth and guidance, synapse for- 

mation, and neuron-gila interactions such as myelination. 
Each of these activities requires precise cell-cell and cell- 
extracellular matrix (ECM) t interactions, which are medi- 
ated by cell-surface glycoproteins and ECM components. 
Cell-surface glycoproteins with a function in cell adhesion 
during the development of the nervous system can be di- 
vided into three major structural classes: (a) integrins, 
which bind to various ECM components (Reichardt and 
Tomaselli, 1991; Hynes, 1992); (b) cadherins, which medi- 
ate cell-cell adhesion in a calcium-dependent manner 
(Takeichi, 1991); and (c) cell adhesion molecules (CAMs) 
of the Ig superfamily, which are involved in calcium-inde- 
pendent homophilic binding to identical molecules and 
heterophilic binding to other family members or structur- 
ally unrelated molecules (Jessell, 1988; Grumet, 1991; 
Brtimmendorf and Rathjen, 1993). 

Here we report on a novel interaction between the neu- 
ral CAMs axonin-1 and Nr-CAM/Bravo. Both belong to a 
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subcategory of neural Ig superfamily molecules that is 
formed by proteins containing both Ig- and fibronectin 
type III (FNIII)-like repeats and therefore are termed Ig/ 
FNIII-like proteins (Sonderegger and Rathjen, 1992; Brtim- 
mendorf and Rathjen, 1993). The chicken glycoprotein ax- 
onin-1 (Zuellig et al., 1992), as its rat homologue TAG-1 
(Furley et al., 1990), consists of six Ig-like and four FNIII- 
like domains and is membrane bound via a glycosyl-phos- 
phatidylinositol anchor. In vitro perturbation experiments 
with antibodies revealed that axonin-1 is involved in fas- 
ciculation of neurites (Ruegg et al., 1989b). Upon presen- 
tation as a substratum to cultured dorsal root ganglia 
(DRG) neurons, axonin-1 strongly promotes neurite out- 
growth (Stoeckli et al., 1991). The temporal and spatial ex- 
pression pattern of axonin-1 in the chicken (Ruegg et al., 
1989b; Halfter et al., 1994; Giger et al., 1995), as well as of 
its homologue TAG-1 in the rat (Dodd et al., 1988; Furley 
et al., 1990) and the mouse (Wolfer et al., 1994), is consis- 
tent with these functions in vitro. Two distinct binding ac- 
tivities of axonin-1 have been demonstrated to date: (1) A 
heterophilic interaction with the Ig/FNIII-like protein Ng- 
CAM has been reported to be involved in neurite out- 
growth (Kuhn et al., 1991); and (2) a homophilic interac- 
tion is observed if axonin-1 is heterologously expressed at 
the surface of myeloma cells (Rader et al., 1993), but not if 
purified axonin-1 is covaleutly bound to polystyrene mi- 
crospheres (Kuhn et al., 1991). The functional role of this 
homophilic interaction has not yet been characterized. 

Nr-CAM/Bravo was initially discovered on developing 

© The Rockefeller University Press, 0021-9525/95/11/1067/15 $2.00 
The Journal of Cell Biology, Volume 131, Number 4, November 1995 1067-1081 1067 



optic fibers in the chicken retina and termed Bravo (de la 
Rosa et al., 1990). Its cDNA structure was subsequently 
reported under the name of Nr-CAM (Grumet et al., 
1991) and Bravo/Nr-CAM (Kayyem et al., 1992b), respec- 
tively. The designation Nr-CAM, which is used more 
widely in the literature, will be used in this report. Nr- 
CAM is composed of six Ig-like and five FNIII-like do- 
mains, a transmembrane segment, and a cytoplasmic do- 
main of ~110 amino acid residues. The expression pattern 
of Nr-CAM and in vitro studies of its function suggest that 
Nr-CAM is involved in neurite outgrowth and fascicula- 
tion (de la Rosa et al., 1990; Grumet et al., 1991; Krushel 
et al., 1993; Morales et al., 1993). Two different binding 
functions for Nr-CAM have been identified so far: a ho- 
mophilic binding is thought to mediate neurite fascicula- 
tion (Mauro et al., 1992), and a heterophilic interaction 
with the Ig/FNIII-like glycoprotein F l l  is involved in neu- 
rite outgrowth of tectal cells on immobilized F l l  (Morales 
et al., 1993). A second heterophilic-binding activity of Nr- 
CAM to a yet unidentified receptor on fibroblasts has also 
been reported; in contrast to the other two interactions it 
was found to be divalent cation dependent (Mauro et al., 
1992). In search for novel ligands of axonin-1 using a bind- 
ing assay with axonin-1 conjugated to fluorescent polysty- 
rene microspheres (Covaspheres), we have found binding 
sites for axonin-1 on cultured peripheral glial cells from 
chicken DRG. Antibody perturbation studies identified 
Nr-CAM as a receptor for axonin-1 on these cells. In vitro 
application of antibodies against axonin-1 or Nr-CAM 
perturbed the formation of close contacts between D R G  
neurites and peripheral glial cells, suggesting a role for the 
interaction between axonin-1 and Nr-CAM in the early 
phase of axon ensheathment. 

Materials and Methods 

Proteins and Antibodies 
Axonin-1 was purified from the ocular vitreous fluid of 14-d-old chicken 
embryos by a four-step chromatographic procedure using fast perfor- 
mance liquid chromatography (FPLC) (Pharmacia Biotechnology, Dtiben- 
doff, Switzerland) (Ruegg et al., 1989a). Nr-CAM/Bravo was immunoaf- 
finity purified from detergent solubilized brain membranes of posthatching 
day 1 chickens as previously reported (de la Rosa et al., 1990), with the 
following modifications: brains were homogenized in 5 ml each of extrac- 
tion buffer (10 mM Hepes, pH 7.5, 140 mM NaCI, 4 mM EDTA, 10 ~d/ml 
aprotinin, 0.1 mg/ml PMSF, 50 ~g/ml soybean trypsin inhibitor, 2 mg/ml 
iodine acetamide, 1 ixM leupeptin Jail protease inhibitors were from 
Sigma Chemical Co., St. Louis, MO], 1 mg/ml RNase, 1 mg/ml DNase, 1% 
[wt/vol] Zwittergent 3-14 [Calbiochem, Frankfurt, Germany], and 1% [wt/ 
vol] NP-40 [Calbiochem]). The homogenate was cleared by a 3,000-g and 
a 100,000-g centrifugation step (30 rain each) and the supernatant was 
loaded on a column containing Affi-Gel 10 (Bio-Rad Laboratories, Mu- 
nich, Germany) coupled to the monoclonal anti-Nr-CAM/Bravo antibody 
2B3 (de la Rosa et al., 1990; Kayyem et al., 1992a) generated by Dr. En- 
rique J. de la Rosa (Centro de Investigaciones Biol6gicas CSIC, Madrid, 
Spain). For the elution, the detergents were replaced by 0.2% (wt/vol) 
deoxycholate (Sigma Chemical Co.). Purified Nr-CAM was subsequently 
dialyzed against PBS containing 0.2% (wt/vol) deoxycholate. Ng-CAM 
was isolated from brain membranes of 14-d-old chicken embryos by im- 
munoaffinity chromatography, using the mAb 12-I-4E-311 kindly pro- 
vided by Dr. Fritz G. Rathjen (Rathjen et al., 1987). The purity of the iso- 
lated proteins was tested by SDS-PAGE and checked for cross- 
contamination by immunoblotting using the polyclonal antisera described 
below. No cross-contamination of purified axonin-1, Nr-CAM, or Ng- 
CAM was observed (data not shown). BSA was purchased from GIBCO- 
BRL Life Technologies (Basel, Switzerland). 

Antisera against axonin-1 and Ng-CAM were raised in goats (Ruegg et 
al., 1989a), antiserum against Nr-CAM was raised in rabbits essentially as 
described for the SC1/DMGRASP antiserum (Pollerberg and Mack, 
1994). Polyclonal antibodies were tested for cross-reactivity by immuno- 
blotting and dot-blot assay using purified proteins. No cross-reactivity of 
the antisera was detected (data not shown). IgG from goat antisera and 
goat preimmune serum was purified by affinity chromatography on pro- 
tein G-Sepharose (Pharmacia Biotechnology). IgG from rabbit antiserum 
was purified by affinity chromatography on protein A-Sepharose (Phar- 
macia Biotechnology). Fragments with an antigen-binding site (Fab) were 
prepared by proteolytic digestion with papain (Sigma Chemical Co.) fol- 
lowed by chromatographic purification on a Mono S column (Pharmacia 
Biotechnology) as previously described (Ruegg et al., 1989b). For anti- 
body perturbation studies, Fab fragments were dialyzed against PBS 
and concentrated by ultrafiltration (Ultrafree-20; Millipore Corp., Bed- 
ford, MA). 

Covalent Coupling of Proteins to 
Fluorescent Microspheres 
Purified axonin-1, Nr-CAM, Ng-CAM, and control proteins, such as BSA 
and nonimmune lgG, were covalently coupled to TRITC- or FITC- 
labeled fluorescent polystyrene microspheres (Covaspheres; nominal di- 
ameter 0.5 ixm; Duke Scientific Corp., Palo Alto, CA) as previously de- 
scribed (Kuhn et al., 1991). In brief, 50 Ixg of each protein was added to 
10 l° Covaspheres in 1 ml PBS for i h at 37°C (PBS containing 0.2% deoxy- 
cholate in the case of Nr-CAM; PBS containing 0.5% CHAPS in the case 
of Ng-CAM). Unbound protein was removed after sedimentation of the 
beads (16,000 g, 10 min, 4°C). The Covaspheres were resuspended in PBS 
containing 5 mg/ml BSA and 10 mM sodium azide and sonicated for 2 min 
in a bath sonicator (Elma; Singen, Germany). After incubation for 30 rain 
at room temperature (RT) and a second centrifugation, the beads were re- 
suspended in 100 tzl of the same buffer and stored at 4°C. To determine 
the coupling yield serial dilutions of the initial protein solution and the un- 
bound protein from the supernatant of the coupling reaction were sub- 
jected to SDS-PAGE. The protein bands were visualized by silver stain- 
ing. Protein bands with identical intensities were identified, and from their 
dilution factor the ratio between the coupled and uncoupled protein was 
calculated. In all coupling reactions, a similar yield of ~50% was ob- 
tained. 

Flow Cytometric Analysis of the Aggregation of 
Protein-conjugated Covaspheres 
Protein-conjugated Covaspheres were coincubated in dual combinations 
for 1 h at RT as described by Kuhn et al. (1991). The incubation mixture 
contained 101°/ml Covaspheres of each species in a final vol of 20 Ixl PBS 
containing 5 mg/ml BSA and 10 mM sodium azide. Antibody perturbation 
of Covasphere aggregation was carried out by preincubation of one of the 
two samples with Fab fragments of polyclonal IgG at a concentration of 
500 tzg/ml in PBS for 2 h at RT. Unbound antibodies were removed by 
two washes with PBS. Samples taken from the incubation mixture were 
analyzed for aggregate formation using both a fluorescence microscope 
(after a 1:10 dilution with PBS containing 5 mg/ml BSA and 10 mM so- 
dium azide) and a fluorescence-activated flow cytometer (Profile; Coulter 
Corp., Epics Division, Hialeah, FL) (after a 1:1,000 dilution in the same 
buffer). The percentage of Covaspheres found in mixed aggregates was 
calculated from the relative fluorescence intensity of the aggregates in 
both colors (for details see Kuhn et al., 1991). 

Cell Cultures 
DRGs were dissected from 10-d-old chicken embryos and dissociated af- 
ter enzymatic digestion (Sonderegger et al., 1985). For immunocytochemi- 
cal staining, in situ hybridization, and binding of protein-conjugated Cova- 
spheres, the cells were plated on 35-mm cell culture dishes (Nunc, 
Roskilde, Denmark) that had been coated with 500/xg/ml collagen S (type 
I) from calf skin (Boehringer Mannheim GmbH, Mannheim, Germany). 
To limit the volume of the medium to 250 ~1, donut-shaped Teflon insets 
were placed into the culture dishes as previously described (Kuhn et al., 
1991). 20,000 cells per well were plated in MEM (GIBCO BRL) contain- 
ing 5% heat-inactivated horse serum (GIBCO BRL), 5% chicken embryo 
extract, 20 ng/ml NGF, 10 i~g/ml BSA, 100 ixg/ml transferrin, 10 Ixg/ml in- 
sulin, 20 ng/ml triiodothyronine, 40 nM progesterone, 0.2 p,g/ml cortico- 
sterone, 200 p,M putrescine, and 60 nM sodium selenite. After a cultiva- 
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tion time of 20 h, the DRG ceils were processed for immunocytochemical 
staining, in situ hybridization or binding of protein-conjugated Cova- 
spheres. 

Pure DRG nonneuronal cultures were prepared using a shaking 
method (McCarthy and Partlow, 1976). Ganglia were collected in PBS 
without Ca 2+ and Mg 2+, containing 0.5 g/liter glucose. After enzymatic di- 
gestion and dissociation (Sonderegger et al., 1985), the cells were plated at 
a density of 40,000 cells/Teflon inset on collagen-coated dishes. Immedi- 
ately after plating, the culture dishes were placed on a horizontal labora- 
tory shaker (Mini-Shaker; Adolf Ktihner AG, Birsfelden, Switzerland) in 
the cell culture incubator (37°C, 10% COz), and agitated at 100 rpm for 30 s 
every 10 min for 1 h. Neuronal cells, which did not attach to the substra- 
tum but formed aggregates in the supernatant, were removed. Fresh me- 
dium was added to the adherent nonneuronal ceils, which were examined 
by phase-contrast microscopy to determine whether all neurons had been 
removed. Residual phase-bright neurons were removed by rinsing the 
dishes with medium. 

Embryonic fibroblasts were dissected from 10-d-old chicken embryos 
and grown in MEM containing 10% heat-inactivated FCS (GIBCO BRL) 
on collagen-coated cell culture dishes. After 7 d in culture, flbroblasts 
were replated and, after 1 d, used for binding studies with Covaspheres 
and for immunocytochemical staining. 

For analysis of the formation of contact sites between neurites and 
peripheral glial cells, dissociated DRG cells (15,000 cells per well) were 
cultivated on laminin substratum in a serum-free medium, as described by 
Stoeckli et al. (1991). Laminin (GIBCO BRL) was adsorbed to poly-D- 
lysine-coated cell culture dishes, prepared as previously outlined (Kuhn 
et al., 1991). For coating, circular areas of 0.5 cm 2 were covered with 20 ~1 
of laminin at a concentration of 20 ~g/ml in PBS, and incubated for 2 h at 
37°C in a humidified cell culture incubator. After two washes with PBS, 
the plates were blocked by incubation with 10 mg/ml ovalbumin (Sigma 
Chemical Co.) in PBS for 30 min. Immediately before plating the cells, the 
blocking solution was removed and the plates were washed with PBS. Fab 
fragments of goat antiaxonin-1 IgG, rabbit anti-Nr-CAM IgG, goat anti- 
Ng-CAM IgG, rabbit anti-Fll  IgG (anti-Fll Fabs were kindly provided 
by Dr. F. G. Rathjen, Max-Delbriick-Centrum ftir Molekulare Medizin, 
Berlin, Germany), and goat preimmune IgG were added at a concentra- 
tion of 250 p~g/ml at the time of plating. For analysis of neurite-glia inter- 
actions at a higher magnification, dissociated DRG cultures were exam- 
ined by scanning EM. In these cases, cells were grown on poly-o-lysine/ 
laminin-coated glass coverslips. The cells were fixed with 0.25% glutaral- 
dehyde in 0.15 M sodium cacodylate (Fluka, Buchs, Switzerland), pH 7.2, 
for 30 min at RT, followed by an incubation in 2% glutaraldehyde in 0.05 M 
sodium cacodylate for 30 rain at RT and overnight at 37°C. After two 
washing steps with 0.15 M sodium cacodylate and fixation with 1% OsO4 
in 0.05 M sodium cacodylate for 1 h at RT, the coverslips were processed 
for scanning EM by critical point drying and gold sputtering. 

Binding of Protein-conjugated Covaspheres 
to Cultured Cells 
After cultivation for 20 h, dissociated DRG cells were washed once with 
fresh culture medium and once with serum-free medium (Stoeckli et al., 
1991) without NGF. Protein-conjugated Covaspheres were diluted 1:1,000 
in the same serum-free medium. Incubation with the Covaspheres was 
carried out as described elsewhere (Kuhn et al., 1991). After a 1-h incuba- 
tion at 37°C, 10% CO2, the unbound Covaspheres were removed by three 
washes with serum-free medium. The cells were fixed for 1 h at 37°C with 
2% paraformaldehyde, 0.1% glutaraldehyde in 12.5 mM sodium cacody- 
late, pH 7.2, by adding a fourfold stock solution to the medium. After two 
washing steps with PBS, DRG cells were mounted in 0.1 M Tris, pH 9.0, 
70% glycerol, 0.24 M n-propyl-gallate (Sigma Chemical Co.), cover- 
slipped, and inspected using a microscope (Leitz DMRXE; Leica, Heer- 
brugg, Switzerland) equipped with fluorescence optics. For scanning EM 
inspections, DRG cells were cultivated on poly-o-lysine/laminin-coated 
glass coverslips, incubated with protein-conjugated Covaspheres, fixed 
and processed for scanning EM as described above. 

Preincubation of the cells with Fab fragments of polyclonal IgG was 
carried out at a concentration of 500 ~tg/ml Fab in serum-free medium for 
2 h ~t 37°C, 10% CO2. Preincubation with rabbit anti-Fll  IgG 4024 
(kindly provided by Dr. F. G. Rathjen) and IgG of monoclonal anti-131- 
integrin antibody JG22 (hybridomas producing JG22 were purchased 
from the Developmental Studies Hybridoma Bank, John Hopkins Univer- 
sity School of Medicine, Baltimore, MD) was performed at the same con- 
centration as with the Fab fragments. Polyclonal rabbit antisera against 

tenascin (kindly provided by Dr. M. Chiquet, Biocenter, Basel, Switzer- 
land), fibronectin, and laminin were added at a dilution of 1:20 in serum- 
free medium. After removal of antibody solutions, the ceils were washed 
twice with serum-free medium before incubation with Covaspheres. Cova- 
spheres were preincubated with Fab fragments as described for the Corn- 
sphere aggregation assay. 

For quantification of axonin-1 Covaspheres binding to neurites, the 
number of beads on neurites was analyzed over a total neurite length of 10 
mm using a Leitz DMRXE fluorescence microscope equipped with a 
CoolView camera (Photonic Science Ltd., Robertsbridge, UK). Neurite 
lengths were measured with the Image 1.49 (NIH) software on an Apple 
Macintosh Quadra 950 computer. The number of axonin-1 Covaspheres 
per millimeter neurite was compared among the different experimental 
conditions. For quantification of Covaspheres binding to nonneuronal 
cells, at least 100 cells were analyzed. A nonneuronal cell was determined 
as binding, if at least five axonin-1 Covaspheres were found on the surface 
of the cell. In control cultures without antibody preincubation, 70% of the 
nonneuronal cells bound axonin-1 Covaspheres. 

Immunocytochemical Stainings 
For immunocytochemical localization of axonin-1, Nr-CAM, Ng-CAM, 
HNK-1, and P0, DRG cells were fixed as described above after their incu- 
bation with protein-conjugated Covaspheres. After removal of the fixing 
solution, cells were washed three times with PBS and blocked by incuba- 
tion with PBS containing 10% FCS for 30 min at RT. All antibodies were 
diluted in PBS containing 10% FCS. Primary antibodies were incubated 
for 3 h at RT. Monoclonal HNK-1 supernatant (hybridomas producing 
HNK-1 were obtained from the American Type Culture Collection, Rock- 
ville, MD) was added undiluted. The monoclonal antibody 1E8 (ascites 
fluid) against P0 was used at a dilution of 1:50 (1E8 was kindly provided by 
Dr. N. Ratner, University of Cincinnati College of Medicine, Cincinnati, 
OH). Goat antiaxonin-1 and goat anti-Ng-CAM antisera were incubated 
at a dilution of 1:1,000, rabbit anti-Nr-CAM antiserum at 1:500. After 
three washes with PBS, secondary antibodies were incubated for 2 h at 
RT. mAbs were detected by FITC-conjugated goat anti-mouse IgG (Cap- 
pel, Organon Teknika, Turnhout, Belgium) used at 1:500 or by Cy3-conju- 
gated donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories, 
Inc., West Grove, PA) used at 1:250. Goat antibodies were detected by 
consecutive incubations with rabbit anti-goat IgG (Kirkegaard and Perry 
Laboratories, Inc., Gaithersburg, MD) at 1:250 and FITC-conjugated goat 
anti-rabbit IgG (Cappel) at 1:500. Rabbit antibodies were detected by 
FITC-conjugated goat anti-rabbit IgG (Cappel) used at 1:500. After three 
washes with PBS, cells were processed for examination with the fluores- 
cence microscope as described for binding of Covaspheres to cells. For 
double labeling with Covaspheres and antibodies, the cells were first incw 
bated with Covaspheres, and after fixing, were immunocytochemically 
stained as described above. To determine the percentage of stained cells 
(e.g., axonin-1 binding HNK-l-positive cells) 100 cells per experiment 
were analyzed. No staining was observed on the cells upon incubation 
with preimmune sera or without primary antibodies. 

In Situ Hybridization 
In situ hybridization was carried out with axonin-1 and Nr-CAM antisense 
complementary RNA (cRNA) probes labeled with digoxigenin (DIG)-11- 
UTP (Boehringer Mannheim GmbH) following the protocol of Schaeren- 
Wiemers and Gerfin-Moser (1993). The axonin-1 full-length cDNA clone 
d-509 (Zuellig et al., 1992; Giger et al., 1995) and a Nr-CAM cDNA clone 
spanning the six Ig domains were used as templates for in vitro transcrip- 
tion. The Nr-CAM cDNA clone was obtained by PCR amplification of 
random hexamer-primed cDNA derived from El4 chicken retina m RNA 
using the following primers: forward primer AB6F (5 ' -AGTAGAGCTC- 
G C C A C C A T G A T G A A A G A G A A G A G C - 3 ' )  and backward primer 
AB21B (5 ' -CTTCTCCTGGTACCCATGAGAGTTC-3 ' ) .  This PCR 
fragment was subcloned into Bluescript vector (pBluescript K S - ,  Strata- 
gene Corp., La Jolla, CA), and sequenced by the dideoxynucleotide chain 
termination method (Sanger et al., 1977) using Sequenase 2.0 (United 
States Biochemical Corp., Cleveland, OH). In vitro transcription was per- 
formed at 37°C for 2 h in a reaction vol of 50 p.1. The reaction mix con- 
tained 30 I~1 H20-DEPC, 5 ~1 linearized DNA (1 Ixg), 5 ILl 10× transcrip- 
tion buffer (400 mM "Iris, pH 8.0, 60 mM MgCI2, 100 mM dithiothreitol, 20 
mM spermidine), 5 IM 10x NTP-DIG mix (Boehringer Mannheim 
GmbH), 1 p,l RNAsin (40 U/txl; Promega, Catalys AG, Wallisellen, Swit 
zerland), and 4 p~l RNA polymerase (T7 or T3, Boehringer Mannheim). 
Corresponding sense cRNA probes were prepared as controls. 
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DRG cells were washed with fresh medium and PBS, and fixed with 
4% paraformaldehyde in PBS for 15 min at 37°C. Hybridization was per- 
formed overnight at 68°C with 40 ng/ml DIG-labeled axonin-1 cRNA or 
1 Ixg/ml DIG-labeled Nr-CAM cRNA. The washing procedure was modi- 
fied as follows from the original protocol: culture dishes were washed with 
5x SSC for 10 rain at RT, with 2x SSC for 20 min at 42°C, with 2x SSC 
for 20 rain at 68°C, with 0.2x SSC, 15% formamide for 45 min at 68°C, and 
finally with 0.2x SSC for 5 min at RT. DIG-labeled cRNA hybrids were 
immunologically detected by incubation with sheep anti-DIG Fab frag- 
ments conjugated with alkaline phosphatase (Boehringer Mannheim 
GmbH) at a dilution of 1:5,000 in blocking buffer (0.1 M Tris, pH 7.5, 0.15 M 
NaCI, 2% FCS, 0.3% Triton X-100) for 1 h at RT. After color reaction 
overnight, cells were inspected on an inverted microscope (Nikon, Kiis- 
nacht, Switzerland) using both Hoffman modulation and bright-field optics. 

Analysis of  Neurite-Glia Interaction 
DRG cells grown for 20 h on laminin in serum-free medium in the pres- 
ence of different Fab fragments were fixed with 2% glutaraldehyde for 1 h 
at 37°C, washed three times with PBS, and subsequently examined on an 
inverted microscope (Nikon) using phase-contrast optics. For each experi- 

mental condition, two different culture dishes with similar cell densities 
were analyzed over a total area of 0.25 cm 2 with respect to the total num- 
bers of neuronal and nonneuronal cells, and the number of glial cells in 
close contact with neurites. Neurons were identified by their phase-bright 
cell bodies, nonneuronal cells by their flat morphology. Contact sites were 
identified by the characteristic phase-bright halos that occurred in the 
phase-contrast optics when glial cells had wrapped around neurites. The 
ratios of the number of contact sites to the numbers of neuronal and non- 
neuronal cells were calculated for three different experiments and mean 
values and SEM were given. 

Results 

Per~heral Glial Cells from Dorsal Root Ganglia 
Bind Axonin-1 

T o  i d e n t i f y  c e l l - b i n d i n g  s i t e s  f o r  a x o n i n - 1 ,  d i s s o c i a t e d  
D R G  cel ls  f r o m  1 0 - d - o l d  c h i c k e n  e m b r y o s  w e r e  c u l t u r e d  
o n  c o l l a g e n  s u b s t r a t u m  a n d  i n c u b a t e d  w i t h  f l u o r e s c e n t  

Figure 1. Binding of  axonin-1-  
coa ted  Covaspheres  to neuri tes  
and nonneurona l  cells f rom dorsal  
root  ganglia. Cultures of  dissoci- 
a ted D R G  cells and of  f ibroblasts  
were  incubated  with TRITC-  
labeled Covaspheres  coated with 
purif ied axonin-1 and spheres  
binding was invest igated by 
phase-cont ras t  (left) and fluo- 
rescence optics (right). (A and B) 
Axon in - l - con juga ted  Covaspheres  
bound  to neur i tes  and to a sub- 
popula t ion  of  nonneurona l  ceils 
(arrow). Nonneurona l  cells with 
f ibroblast- l ike morphology  did 
not  bind a x o n i n - l - c o a t e d  Cova- 
spheres  (asterisk). (C and D) 
Binding of  axonin-1 Covaspheres  
to D R G  nonneurona l  cells was 
also observed  in pure  nonneu-  
ronal  cultures. Nonbind ing  cells 
are marked  with asterisks. (E  and 
F) No binding of  axonin-1 Cova- 
spheres  was de tec ted  on the  sur- 
face of  chicken embryonic  fibro- 
blasts. (G and H) Pre incubat ion  
of axonin-1 Covaspheres  with 
polyclonal  goat antiaxonin-1 Fab 
f ragments  p reven ted  the binding 
of axonin-1 beads to neurites and 
nonneuronal  cells. Bar, 50 ~m. 
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polystyrene microspheres (Covaspheres) carrying puri- 
fied axonin-1 covalently coupled to their surface (Fig. 1). 
In these cultures, composed of ~1/3 neuronal and 2/3 non- 
neuronal cells, binding of beads to neurites and neurite 
fascicles, as well as to a subpopulation of nonneuronal 
cells, was observed (Fig. 1, A and B). BSA-conjugated Co- 
vaspheres did not bind (data not shown). The axonin-1- 
binding nonneuronal cells represented 70% of all nonneu- 
ronal cells after 1 d in culture. Binding and nonbinding 
nonneuronal cells could be distinguished by their mor- 
phology; and there was a marked difference between them 
with respect to their association with neurites. The binding 
cells are polygonal, many of them bear processes, and they 
appear to represent a good substratum for outgrowing 
neurites; the nonbinding cells have a fibroblast-like mor- 
phology and are contacted by neurites much less fre- 
quently. In D R G  cultures composed of nonneuronal cells 
only (see Materials and Methods), the percentage of cells 
binding axonin-1 Covaspheres remained unchanged (Fig. 
1, C and D), providing evidence that the interaction be- 
tween axonin-1 beads and nonneuronal cells is indepen- 
dent of neurites. The cell-type specificity of the axonin-1 
Covasphere binding to nonneuronal cells was investigated 
by comparing different adherent cell types with flat mor- 
phology. Neither chicken embryonic fibroblasts (Fig. 1, E 
and F) nor CV-1 cells (data not shown) bound axonin-1- 
conjugated Covaspheres. Preincubation of axonin-1 beads 
with Fab fragments prepared from IgG of antiaxonin-1 an- 
tiserum prevented binding to neurites and nonneuronal 
cells of dissociated D R G  cultures (Fig. 1, G and H). Scan- 
ning EM inspection of D R G  cells incubated with axonin-1 
beads revealed that Covaspheres on nonneuronal cells 
were in direct contact with the nonneuronal cell surface 
and not with thin neurites growing over the cells (Fig. 2). 
Hence, the binding of axonin-1 Covaspheres to nonneu- 
tonal cells exhibited the characteristics of a specific inter- 
action between axonin-1 and a cell-surface receptor. 

The axonin-1 binding nonneuronal cells were character- 
ized by immunofluorescence. Nonneuronal cells of dissoci- 
ated D R G  cultures consist mainly of three distinct cell 
types: satellite cells, which are in vivo in close contact with 
the neuronal cell bodies of the ganglion; Schwann cells, 
which wrap around the axons and form their myelin 

sheath; and fibroblasts, which are derived mainly from the 
connective tissue surrounding the ganglion. By immunola- 
beling with the mAb HNK-1, which is a marker for neural 
crest-derived cells including peripheral glial cells (Schwann 
and satellite cells) (Vincent et al., 1983), 67 +_ 3% (mean +_ 
SD, n -- 4) of the nonneuronal cells were stained (Fig. 3, A 
and B; for quantification see Materials and Methods). 
Combining HNK-1 immunolabeling and Covasphere bind- 
ing, a good correlation between the presence of the 
HNK-1 epitope and the expression of the axonin-1 recep- 
tor was found (Fig. 3, C and D). Most (91 + 2%; mean - 
SD, n = 4) of the HNK-l-posi t ive nonneuronal cells 
bound axonin-1 Covaspheres at their surface, whereas 
most of the HNK-l-negat ive nonneuronal cells with fibro- 
blast-like morphology did not. A substantial fraction of 
the axonin-l-binding nonneuronal cells exhibited positive 
immunocytochemical staining with a monoclonal antibody 
(1E8) against the myelin protein P0 (Fig. 3, E and F), 
which is an early Schwann cell marker that is transiently 
expressed in culture (Bhattacharyya et al., 1991, 1993). 
About 40% of all nonneuronal cells were P0 positive. Cul- 
tured chicken embryonic fibroblasts were found to be 
HNK-1 and P0 negative (data not shown) and did not bind 
axonin-1 Covaspheres (Fig. 1, E and F). These results 
identified the axonin-l-binding nonneuronal cells of the 
D R G  cultures as Schwann and satellite cells, and in the 
following we designate them as peripheral glial cells. 

Axonin-I  Receptor on Glial Cells Is Distinct f rom 
Axonin-1 and N g - C A M  

Axonin-1 binds to Ng-CAM (Kuhn et al., 1991) and to 
other axonin-1 molecules (Rader et al., 1993). To identify 
the glial receptor of axonin-1, we tested whether Ng-CAM 
and axonin-1 are expressed by DRG glial cells. In situ hy- 
bridization of dissociated D R G  cells with a digoxigenin- 
labeled axonin-1 antisense cRNA probe, revealed axonin-1 
transcripts only in neuronal cells; no signals were detected 
in nonneuronal cells (Fig. 4 A). With the corresponding 
axonin-1 sense cRNA probe, staining was observed in nei- 
ther neuronal nor nonneuronal cells (Fig. 4 B). The absence 
of axonin-1 mRNA in nonneuronal cells was in accor- 
dance with the absence of surface-exposed axonin-1 pro- 

Figure 2. Evidence for a direct 
binding of axonin-1 Covaspheres 
to DRG nonneuronal cells. Disso- 
ciated DRG cells were cultivated 
on poly-o-lysine/laminin-coated 
glass coverslips for 20 h and incu- 
bated with axonin-l-conjugated 
Covaspheres. After fixation the 
cells were processed for scanning 
EM inspection. (A) The axonin-1 
Covaspheres on nonneuronal cells 
were located directly on the cell 
surface and not on neurites grow- 
ing over the cells. One part of the 
nonneuronal cell in (A) (arrow) is 
shown in (B) at a higher magnifi- 
cation. Bars, 10 Ixm (in A); 2.5 ixm 
(in B). 
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tein. Surface immunostaining with antiaxonin-1 antiserum 
was found on neurons but not glial cells (Fig. 4, C and D). 
If the cells were preincubated with antiaxonin-1 Fab frag- 
ments, binding of axonin-1 Covaspheres to neurites or to 
glial cells was not reduced (Fig. 4, I and K). This confirms 
earlier results that axonin-1 on neurites is not the receptor 
for axonin-1 Covaspheres (Kuhn et al., 1991) and excluded 
axonin-1 as a glial receptor for axonin-1. Immunostaining 
of  D R G  cells with ant i -Ng-CAM antiserum revealed a 
weak expression of Ng-CAM by some glial cells (,'~10% of 
all nonneuronal  cells), whereas neuronal membranes con- 
tained high concentrations of Ng-CAM (Fig. 4, E and F). 
To test if this small amount  of glial Ng-CAM contributes 
to axonin-1 binding, dissociated D R G  cells were preincu- 
bated with an t i -Ng-CAM Fab fragments before a Cova- 
sphere cell-binding assay was performed. A strong inhibi- 
tion of binding to the neurites (80--90%) but not to the 
glial cells was found (Fig. 4, G and H). In summary, the re- 
sults suggested a molecule distinct from axonin-1 and Ng- 
CAM as the glial receptor for axonin-1. 

Antibody Perturbation Studies Identify Nr-CAM as a 
Receptor for Axonin-1 on both Glial Cells and Neurites 

In our search for a glial axonin-1 receptor, we tested the 

Figure 3. Identification of DRG 
nonneuronal cells with axonin-1- 
binding sites as peripheral glial 
cells. Peripheral glial cells were 
identified by immunocytochemi- 
cal staining using the mAb HNK-1, 
which labels neural crest-derived 
glial cells, and the mAb 1E8 
against myelin protein P0- 1E8 is a 
marker for early chicken Schwann 
cells. Cellular binding sites for ax- 
onin-1 were localized by binding 
of axonin-1--coated Covaspheres. 
(A and B) Staining with the mAb 
HNK-1 and a secondary FITC- 
labeled antibody revealed that 
67% of the nonneuronal cells 
were HNK-1 positive. A HNK-I- 
negative cell with fibroblast-like 
morphology is marked by an as- 
terisk. (C and D) Double staining 
for HNK-1 (FITC) and axonin-l- 
binding sites (axonin-1 TRITC- 
Covaspheres; double exposure 
with both filter settings). Most 
(91%) of the HNK-l-positive 
nonneuronal cells bound axonin-1 
Covaspheres, whereas most of 
HNK-l-negative cells did not (as- 
terisks). (E and F) Double label- 
ing for P0 (detected with 1E8 and 
a secondary Cy3-1abeled anti- 
body) and axonin-l-binding sites 
(axonin-1 FITC-Covaspheres, 
double exposure). About 40% of 
all nonneuronal cells were P0 posi- 
tive. All the P0-positive cells 
bound axonin-1 Covaspheres. A 
Po-negative cell that did not bind 
axonin-1 beads is indicated by an 
asterisk. Bars, 50 Ixm. 

effect of several antibodies against ECM components  and 
CAMs in the axonin-1 Covasphere cell-binding assay. Pre- 
incubation of the D R G  cells with antisera against the 
ECM glycoproteins laminin, fibronectin, or tenascin did 
not interfere with the binding of axonin-1 Covaspheres 
(data not shown). Similarly, preincubation with IgG of the 
mAb  JG22 directed against [31 integrin or of polyclonal an- 
tiserum against the Ig/FNIII  glycoprotein F l l  had no ef- 
fect (data not shown). In contrast, preincubation of  the 
cultures with an t i -Nr-CAM antiserum or with correspond- 
ing Fab fragments (Fig. 5, C and D) resulted in a reduction 
of axonin-1 Covasphere binding to glial cells by ~ 7 0 %  
(for quantification, see Materials and Methods), as com- 
pared with a control without antibody preincubation (Fig. 
5, A and B) or with incubation of preimmune Fab frag- 
ments (Fig. 5, G and H). In addition, preincubation with 
ant i -Nr-CAM Fab fragments resulted in a reduction of ax- 
onin-1 Covasphere binding to neurites by 20% (Fig. 5, E 
and F). In summary, these antibody perturbation experi- 
ments identified Nr -CAM as a receptor for axonin-1 on 
both glial cells and neurites. 

DRG Glial Cells and Neurons Express Nr-CAM 

The expression of Nr-CAM by D R G  glial cells and neu- 
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Figure 4. Characterization of the peripheral glial cell receptor for 
axonin-1 as a molecule distinct from axonin-1 and Ng-CAM. (A-D) 
Axonin-1 expression by cultured DRG neurons, but not glial 
cells, was detected by in situ hybridization (A and B; Hoffman 
modulation optics) and immunofluorescence staining (C and D). 
(A) In situ hybridization of DRG cells with an axonin-1 antisense 
probe revealed axonin-1 mRNA in neuronal cell bodies (arrow) 
but not in glial cells (asterisk). (B) No hybridization signal was 
observed with the axonin-1 sense probe. (C and D) Axonin-1 im- 
munoreactivity after staining with goat antiaxonin-1 antiserum 
and a secondary FITC-labeled antibody was detected on neu- 
ronal cell bodies and neurites but not on glial cells (asterisk); (C) 
phase-contrast optics, (D) fluorescence optics of the same field. 
(E and F) DRG neurons and a subpopulation of DRG glial cells 
express Ng-CAM. Incubation with a goat anti-Ng-CAM antise- 
rum and a secondary FITC-labeled antibody revealed strong Ng- 
CAM staining on neuronal cell bodies and neurites. Weak Ng- 
CAM immunoreactivity was found on a subpopulation of glial 
cells (arrow), whereas most glial cells were not stained (asterisk); 
(E) phase-contrast optics, (F) fluorescence optics of the same 
field. (G-K) The peripheral glial cell receptor for axonin-1 is dif- 
ferent from Ng-CAM and axonin-1. (G and I) Phase-contrast mi- 
crographs of dissociated DRG cells; (H and K) fluorescent micro- 
graphs of the respective fields. (G and H) Preincubation of the 
cells with anti-Ng-CAM Fab fragments prevented the binding of 
axonin-1 TRITC-Covaspheres to neurites, but not to glial cells. (1 
and K) Preincubation of dissociated DRG cells with antiaxonin-1 
Fab fragments did not prevent binding of axonin-1 Covaspheres 
to neurites or to glial cells. Bar, 50 ~m. 

rons was investigated by immunocytochemistry and in situ 
hybridization. Immunofluorescence staining with anti-Nr- 
CAM  antiserum revealed Nr -CAM on the surface of neu- 
rites and on the majority of the nonneuronal  cells (Fig. 6, 
A and B). Nonneuronal  cells expressed Nr -CAM to vari- 
ous levels. A correlation between Nr -CAM expression and 
axonin-1 Covasphere binding to glial cells was found (Fig. 
6, C and D). In situ hybridization experiments confirmed 
our immunocytochemical data. For the detection of Nr- 
CAM  m R N A  in cultured D R G  cells, a digoxigenin- 
labeled Nr -CAM antisense c R N A  probe, transcribed from 
a c D N A  fragment encoding the six Ig-like domains of Nr- 
CAM, was hybridized to the cells, revealing Nr -CAM 
transcripts in both neuronal and glial cells (Fig. 6, E and 
F). Glial cells in close contact with neurites were the most 
intensively stained of the nonneuronal  cells, whereas fi- 
broblast-like cells were negative. No signals were observed 
using the Nr -CAM sense probe (Fig. 6, G and H). Double 
immunostaining experiments revealed that the majority 
(,'-~75%) of  the Nr -CAM expressing nonneuronal  cells 
were HNK-1 positive (Fig. 7). Therefore, we conclude that 
most of the Nr-CAM-posi t ive  nonneuronal  cells are pe- 
ripheral glial cells. 

Microspheres Aggregation Studies Reveal a Direct 
Binding between Axonin-1 and N r - C A M  

The inhibition of binding of  axonin- l -coated  Covaspheres 
to peripheral glial cells and D R G  neurites by anti-Nr- 
CAM  antibodies identified Nr -CAM as a receptor for axo- 
nin-1. To investigate whether axonin-1 and Nr -CAM bind 
each other directly, we carried out binding assays with pu- 
rified axonin-1, Nr-CAM, Ng-CAM, BSA, and nonim- 
mune IgG, covalently coupled to TRITC-  or FITC-labeled 
Covaspheres. Aggregate formation was analyzed using a 
fluorescence microscope and a fluorescence-activated flow 
cytometer  (Fig. 8). Upon  incubation of axonin-1- and Nr- 
CAM-conjugated Covaspheres, 50-60% of the beads were 
found in mixed aggregates (Fig. 8 A). Examination of 
those aggregates by fluorescence microscopy revealed that 
they contained axonin-1 and Nr -CAM beads in a homoge- 
neous distribution (not shown). Binding between axonin-1 
Covaspheres and Nr -CAM Covaspheres was found to be 
independent of divalent cations such as Ca 2+ or Mg 2+ 
(data not shown). 

Each other combination of the Ig/FNIII-like glycopro- 
teins axonin-1, Nr-CAM, and Ng-CAM was also included 
in this study to serve as controls. All results were in agree- 
ment with the published data. Axonin- l -coa ted  Cova- 
spheres formed mixed aggregates with Ng-CAM Cova- 
spheres (Fig. 8 B), but did not self-aggregate (Fig. 8 C; see 
Kuhn et al., 1991). The percentage of Covaspheres found 
in mixed axonin- l fNg-CAM aggregates was 70-80%. Nr- 
CAM-conjuga ted  Covaspheres showed self-aggregation 
(Fig. 8 D), an observation consistent with a report  on a 
homophilic interaction of  Nr -CAM (Mauro et al., 1992). 
Ng-CAM and Nr -CAM Covaspheres did not form mixed 
aggregates (Fig. 8 E; Morales et al., 1993). Ng-CAM Cova- 
spheres also bound in a homophilic manner  (Fig. 8 F; Gru- 
met and Edelman, 1988; Kuhn et al., 1991). On the basis of 
the number  of beads incorporated into the mixed aggre- 
gates and since the coupling efficiencies were similar for 
the different proteins (~50%),  we suggest that the ho- 
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Figure 5. Perturbation of the 
binding of axonin-l-coated Cova- 
spheres to peripheral glial cells 
and to neurites by anti-Nr-CAM 
antibodies. Dissociated DRG cells 
were incubated with TRITC- 
labeled axonin-l-conjugated Co- 
vaspheres and spheres binding 
was investigated by phase-con- 
trast (left) and fluorescence optics 
(right). (A and B) Binding of axo- 
nin-1 Covaspheres to neurites and 
glial cells in the absence of anti- 
body. (C-F) Preincubation of 
DRG cells with anti-Nr-CAM 
Fab fragments resulted in a reduc- 
tion in axonin-1 Covasphere bind- 
ing to glial cells by 70% (C and D) 
and to neurites by 20% (E and F) 
revealing Nr-CAM both as a glial 
and neuritic axonin-1 receptor. (G 
and/4) Preincubation of the cells 
with preimmune Fab fragments 
had no effect on the binding of ax- 
onin-1 beads. Bar, 50 ~m. 

mophilic Ng-CAM binding was stronger than the ho- 
mophilic Nr -CAM binding (60-70% versus 20-30% of the 
beads in mixed aggregates). 

In addition to the above mentioned interactions of axo- 
nin-1, Nr-CAM, and Ng-CAM, several other controls pro- 
vided evidence for the specificity of the binding between 
axonin-1 and Nr -CAM (Fig. 9). Neither axonin-1 nor Nr- 
CAM Covaspheres formed aggregates with Covaspheres 
coated with control proteins like BSA (Fig. 9, A and F) or 
nonimmune IgG (Fig. 9, B and G). Preincubation of  axo- 
nin-1 Covaspheres with antiaxonin-1 Fab fragments or of 
Nr -CAM Covaspheres with an t i -Nr-CAM Fab fragments 
prevented the formation of mixed aggregates (Fig. 9, L 
and M). Furthermore,  no interference with the formation 
of mixed aggregates was observed if preimmune or anti-  
Ng-CAM Fab fragments were used (data not shown). Pre- 
incubation of axonin-1 Covaspheres with an t i -Nr-CAM 
Fab fragments did not alter the formation of mixed aggre- 
gates with Nr -CAM Covaspheres (Fig. 9 N). Similarly, the 

formation of mixed aggregates with axonin-1 Covaspheres 
was unaffected if Nr -CAM Covaspheres were preincu- 
bated with antiaxonin-1 Fab fragments (Fig. 9 O). There- 
fore, a contamination of the axonin-1 preparations with 
Nr -CAM or of the Nr -CAM preparations with Ng-CAM 
can be excluded as an explanation for the formation of 
mixed axonin-1/Nr-CAM aggregates. Taken together, the 
results demonstrate that axonin-1 and Nr -CAM can bind 
each other directly. 

Axonin-1 and Nr-CAM Are Involved in the Formation 
of  Contacts between Glial Cells and Neurites 

To investigate whether binding between neuritic axonin-1 
and glial Nr -CAM has a functional relevance for the inter- 
action between neurons and glial cells, we cultured dissoci- 
ated D R G  cells on laminin substratum in the presence of 
antiaxonin-1 or an t i -Nr-CAM Fab fragments. In the ab- 
sence of antibodies a number of glial cells were observed 
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Figure 6. Expression of Nr-CAM 
by peripheral glial cells and neu- 
rons, and colocalization with axo- 
nin-l-binding sites. Nr-CAM ex- 
pression of DRG glial cells and 
neurons was analyzed by immu- 
nofluorescence staining (A-D) 
and in situ hybridization (E-H). 
(A and C) Phase-contrast micro- 
graphs of dissociated DRG cells; 
(B and D) fluorescence micro- 
graphs of the same fields. (B) De- 
tection of Nr-CAM immunoreac- 
tivity on neurites (arrow) and on 
glial cells after incubation with a 
rabbit anti-Nr-CAM antiserum 
and a secondary FITC-labeled an- 
tibody. Nonneuronal cells with fi- 
broblast-like morphology were 
Nr-CAM negative (asterisk). (D) 
Nr-CAM expressing glial cells 
bind axonin-1 TRITC-Cova- 
spheres (double exposure with 
both filter settings). A Nr-CAM- 
negative cell that did not bind 
axonin-1 Covaspheres over back- 
ground level is marked by an as- 
terisk. (E and G) Hoffman 
modulation optics; (F and H) 
bright field optics of the corre- 
sponding fields. (E and F) In situ 
hybridization with the Nr-CAM 
antisense probe revealed staining 
of neuronal cell bodies and of glial 
cells that are in close contact with 
neurites (arrow). Nonneuronal 
cells with fibroblast-like morphol- 
ogy were not stained (asterisk). (G 
and H) No staining was observed 
if the cells were hybridized with 
the Nr-CAM sense probe. Bar, 
50 Ixm. 

in close contact  with neuri tes  after  one day of culture. A t  
lower magnif icat ion in phase-contras t  optics, such sites, re- 
ferred to as contact  sites, were readi ly localized by their  
phase-br ight  halos (Fig. 10 A).  Scanning E M  inspection of 
such cultures conf i rmed the close association of these glial 
cells with neuri tes  (Fig. 10 B) and revealed that  many had 
s tar ted to ensheath  the neurite.  A n t i b o d y  per tu rba t ion  
studies demons t ra ted  that  axonin-1 and N r - C A M  are  in- 
volved in the format ion  of these contacts be tween D R G  
neuri tes  and glial cells. In  the presence of antiaxonin-1 
(Fig. 10 C) or a n t i - N r - C A M  (Fig. 10 D) Fab  fragments,  
the number  of contact  sites was marked ly  reduced,  
whereas  pre immune,  a n t i - N g - C A M  or a n t i - F l l  Fab  frag- 
ments  did not  affect the number  of contact  sites. None of  
the Fab  prepara t ions  used caused a reduct ion in the 
lengths of the neurites.  Since neuri te  outgrowth is very 
sensitive to a putat ive  toxin in the medium,  a general  toxic 

effect can be excluded as an explanat ion for the observed 
results. 

A quanti ta t ive assessment of these observat ions is given 
in Fig. 11. For  each exper imenta l  condit ion,  the total  num- 
bers  of neurons,  of nonneuronal  cells including satell i te 
cells, Schwann ceils, and fibroblasts,  and the total  number  
of contact  sites (glial cells in close contact  with neurites)  
were de te rmined  in defined plating areas  with similar cell 
densi ty (see Mater ia ls  and Methods) .  In all exper imenta l  
condit ions ~500  neurons were observed.  The  numbers  of 
neuri tes  per  neuron and the neuri te  lengths were similar 
under  all condit ions,  and the numbers  of nonneuronal  cells 
were be tween 850 and 1250. Fo r  normalizat ion,  we calcu- 
la ted the rat io of the number  of contact  sites to the total  
number  of nonneuronal  cells and to the total  number  of 
neurons.  In control  cultures approximate ly  a quar ter  of all 
neurons  exhibi ted at least one neurite/glia contact  and ap- 
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Figure 7. Correlation between the expression of Nr-CAM and of 
the HNK-1 epitope by peripheral glial cells. Dissociated DRG 
cells were analyzed for the expression of Nr-CAM and of the 
HNK-1 epitope (as marker for peripheral glial cells) by double 
immunofluorescence. (A) phase-contrast optics; (B and C) fluo- 
rescence optics of the same field. (B) Labeling of nonneuronal 
cells and neurites with rabbit anti-Nr-CAM antiserum and a sec- 
ondary FITC-labeled antibody. (C) Staining of peripheral glial 
cells with the mAb HNK-1 and a secondary Cy3-1abeled anti- 
body. Most of the Nr-CAM expressing cells were found to be 
HNK-1 positive. A double-negative nonneuronal cell is indicated 
by an asterisk. Bar, 50 Ixm. 

proximate ly  a tenth of the nonneuronal  cells were in con- 
tact with a neuri te  (Fig. 11). The presence of  antiaxonin-1 
and a n t i - N r - C A M  Fab  fragments  reduced  the number  of 
contact  sites per  neuron by 60 and 70%, respectively,  and 
the number  of contact  sites per  nonneuronal  cell by 57 and 
61%, respectively,  when compared  to the control  without  
antibodies.  Using an t i -Ng-CAM,  a n t i - F l l  or p re immune  
Fab  fragments,  the ratios were identical  to those observed 
with the controls. Similar results were obta ined  using cor- 
responding IgGs instead of  Fab  fragments  (not shown). 
In summary,  the exper iments  implicate a role for axo- 

Figure 8. Formation of mixed aggregates between Covaspheres 
coated with purified axonin-1 and Nr-CAM. Covaspheres (TRITC 
or FITC) covalently coupled with axonin-1, Nr-CAM, or Ng- 
CAM were incubated in all possible dual combinations at a 1:1 
ratio and the formation of aggregates was analyzed using a fluo- 
rescence-activated cell sorter. The state of aggregation is visual- 
ized by a two-dimensional dot blot representation of the relative 
fluorescence intensity given in a logarithmic scale (x-axis, red flu- 
orescence; y-axis, green fluorescence). The numbers at the top of 
each histogram represent the calculated percentages of beads of 
both species found in mixed aggregates (mean values of at least 
four independent experiments). (A) Formation of mixed aggre- 
gates between axonin-1 and Nr-CAM Covaspheres. (B) Axo- 
nin-1 Covaspheres formed heterophilic aggregates with Ng-CAM 
Covaspheres. (C) Axonin-1 Covaspheres did not form ho- 
mophilic aggregates. (D) Homophilic binding between Nr-CAM 
Covaspheres. (E) No formation of mixed aggregates was ob- 
served between Ng-CAM and Nr-CAM Covaspheres. (F) Ho- 
mophilic aggregation of Ng-CAM Covaspheres. 

nin-1 and N r - C A M  in the format ion of close neurite/glia 
contacts. 

Discussion 

We repor t  on a binding be tween the Ig superfamily glyco- 
proteins  axonin-1 and N r - C A M  and present  evidence that  
this binding mediates  contact  format ion between neuri tes  
expressing axonin-1 and per iphera l  glial cells expressing 
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Figure 9. Characterization of the binding between purified axo- 
nin-1 and Nr-CAM as a specific molecular interaction. The aggre- 
gation of axonin-1- and Nr-CAM-conjugated Covaspheres with 
each other and with other proteins, such as Ng-CAM, BSA, and 
nonimmune IgG, covalently coupled to Covaspheres was assayed 
by coincubation, followed by the determination of the percentage 
of Covaspheres (of both species) found in mixed aggregates using 
a flow cytometer. Mean ± SEM for at least four different experi- 
ments is given. If one species of Covaspheres was preincubated 
with Fab fragments, the unbound antibodies were removed be- 
fore adding the other Covasphere species. Several controls indi- 
cate that binding between axonin-1 and Nr-CAM is a specific mo- 
lecular interaction. (A) Axonin-I versus BSA; (B) axonin-1 
versus nonimmune IgG; (C) axonin-1 versus axonin-1; (D) axo- 
nin-1 versus Ng-CAM; (E) Ng-CAM versus Ng-CAM; (F) Nr- 
CAM versus BSA; (G) Nr-CAM versus nonimmune IgG; (H) 
Nr-CAM versus Nr-CAM; (/) Nr-CAM versus Ng-CAM; (K) ax- 
onin-1 versus Nr-CAM; (L) axonin-1 preincubated with antiaxo- 
nin-1 Fab fragments versus Nr-CAM; (M) Nr-CAM preincubated 
with anti-Nr-CAM Fab fragments versus axonin-1; (N) axonin-1 
preincubated with anti-Nr-CAM Fab fragments versus Nr-CAM; 
(O) axonin-1 versus Nr-CAM preincubated with antiaxonin-1 
Fab fragments. 

Nr-CAM. These results implicate axonin-1 and Nr-CAM 
as mediators of neuron-glia interaction during the initial 
stage of axon ensheathment in the peripheral nervous sys- 
tem (PNS). 

Axonin-1 and Nr-CAM Bind Each Other 

Initial cell-cell and cell-matrix contacts are generally me- 
diated by relatively weak molecular interactions of CAMs 
or between cell-surface receptors and ECM components 
(Edelman and Crossin, 1991; Brfimmendorf and Rathjen, 
1993; van der Merwe and Barclay, 1994). Thus, assay sys- 
tems based on multiple interactions are best suited to the 
identification of binding partners for CAMs. For the past 
number of years, protein-coated fluorescent beads (Cova- 
spheres) have been used by several laboratories to detect 
interactions between neural CAMs (Grumet and Edel- 
man, 1988; Kuhn et al., 1991; Mauro et al., 1992; Brtim- 
mendorf et al., 1993; Morales et al., 1993). Using Cova- 
spheres with covalently coupled axonin-1 and cultures of 
dissociated chicken D R G  ceils, we monitored binding of 
axonin-1 not only to neurites but also to a subpopulation 

of nonneuronal cells. Several lines of evidence identified 
the axonin-l-binding nonneuronal cells as peripheral glial 
cells including Schwann cells and satellite cells but exclud- 
ing fibroblasts derived from the connective tissue sur- 
rounding the ganglion. 

The glial receptor for axonin-1 was identified as Nr- 
CAM, another neural cell-surface glycoprotein of the Ig/ 
FNIII-family. In the search for the glial axonin-1 receptor, 
we first tested Ng-CAM and axonin-1 itself, both previ- 
ously identified axonin-l-binding partners (Kuhn et al., 
1991; Rader et al., 1993). Axonin-1 could be excluded as 
the glial receptor as it was not detected on the surface of 
glial cells, while, consistent with earlier findings on Ng- 
CAM-expression by Schwann cells (Daniloff et al., 1986), 
we found weak Ng-CAM-immunoreactivity on a small 
subpopulation of D R G  non-neuronal cells; antibody per- 
turbation studies and quantitative considerations indicate, 
however, that Ng-CAM is not a major glial axonin-1 re- 
ceptor. 

During the past five years, an increasing number of het- 
erophilic interactions have been reported among Ig/FNIII- 
like family members, including binding between L1 and 
N-CAM (Kadmon et al., 1990), axonin-1 and Ng-CAM 
(Kuhn et al., 1991), F l l  and Ng-CAM (Bri]mmendorf et 
al., 1993), and between F l l  and Nr-CAM (Morales et al., 
1993). Likewise, reports on interactions between Ig/FNIII- 
like glycoproteins and ECM components have become nu- 
merous, including binding between N-CAM and heparin 
(Cole and Akeson, 1989), F l l  and restrictin (Rathjen et 
al., 1991; Briimmendorf et al., 1993), F l l  and tenascin 
(Zisch et al., 1992), Ng-CAM and laminin (Grumet et al., 
1993), and Ng-CAM and neurocan, as well as between 
N-CAM and neurocan (Friedlander et al., 1994). In addi- 
tion, it has recently been shown by antibody perturbation 
studies that neurite outgrowth on TAG-1 as a substratum 
involves an Ll-like molecule and [31-integrin (Felsenfeld et 
al., 1994). These findings prompted us to investigate 
whether different CAMs (Nr-CAM, F l l ) ,  ECM proteins 
(tenascin, fibronectin, laminin), and [3t-integrin could func- 
tion as a glial receptor for axonin-1. Cultured DRG cells 
were incubated with antibodies against these molecules 
before the axonin-1 Covasphere cell-binding assay. Only 
anti-Nr-CAM antibodies inhibited the binding of axonin- 
1-coated Covaspheres to glial cells by ,',~70%. Thus far, it 
is unclear whether the residual binding in the case of the 
anti-Nr-CAM antibodies is due to an additional axonin-1 
ligand. In view of the increasing number of reported inter- 
actions involving Ig/FNIII-like glycoproteins and the re- 
cent discovery of novel members of this family however 
(Connelly et al., 1994; Yoshihara et al., 1994), it is conceiv- 
able that axonin-1 ligands other than Nr-CAM might exist 
on glial cells. 

Pretreatment of the dissociated D R G  cells with anti-Nr- 
CAM antibodies also reduced the binding of axonin-1- 
coated Covaspheres to neurites by ,--~20%. This appears to 
be in contrast to published earlier data (Kuhn et al., 1991), 
where a complete binding blockage of axonin-1 beads to 
neurites by anti-Ng-CAM antibodies was reported, sug- 
gesting that Ng-CAM is the only neuronal axonin-1 re- 
ceptor. However, the cells used in the two studies were in- 
vestigated at different times in culture: in the previous 
investigation, the D R G  cells were cultivated for 5 d so that 

Suter et al. Neuron-Glia Interaction via Axonin-1 and Nr-CAM 1077 



Figure 10. Antibody perturba- 
tion of contacts between neurites 
and glial cells. Dissociated DRG 
cells were cultured on laminin in 
serum-free medium in the pres- 
ence of different Fab fragments, 
and the formation of contact sites 
between neurites and glial cells 
was visualized by phase-contrast 
optics (A, C, and D) and scanning 
EM (B). (A and B) In the absence 
of antibodies numerous contact 
sites between neurites and glial 
cells were observed (arrows in A). 
These contact sites were identi- 
fied by the formation of halos in 
the phase-contrast optics (A). (B) 
Scanning EM micrograph of a 
contact site demonstrating the 
close association between a glial 
cell and neurites. The number of 
such contact sites was markedly 
reduced if the cells were cultured 
in the presence of antiaxonin-1 
(C) or anti-Nr-CAM (D) Fab 
fragments. Bars, 25 ~m (in A, for 
A, C, and D); 10 Izm (in B). 

only few nonneuronal cells would be present at the time of 
analysis (Kuhn et al., 1991), whereas the cultures used in 
our study were analyzed after 1 d when they contained a 
considerable number of nonneuronal cells. Therefore the 
neuritic axonin-l-binding sites that were blockable by 
anti-Nr-CAM antibodies may be attributable to a higher 
quantity of Nr-CAM being exposed at the neurite surface 
in the initial stage of cultivation and/or the presence of Nr- 
CAM on glial cell membranes ensheathing neurites. Fur- 
ther investigations will be required to determine whether 
binding between neuritic axonin-1 and Nr-CAM has func- 
tional relevance for the interaction between neurites, for 
example in neurite outgrowth or fasciculation. 

The specificity of the interaction between axonin-1 and 
Nr-CAM was demonstrated using purified axonin-1 and 
Nr-CAM, as well as several control proteins, covalently 
coupled to Covaspheres. When axonin-1- and Nr-CAM- 
coated Covaspheres were incubated together, the percent- 
age of beads found in mixed aggregates was in a similar 
range to that reported for axonin-1 and Ng-CAM Cova- 
spheres (Kuhn et al., 1991). In accordance with previously 
reported results (Kuhn et al., 1991), a homophilic aggrega- 
tion of axonin-1 Covaspheres was not observed, in spite of 
the demonstrated ability of axonin-1 to mediate cell-cell 
adhesion by a homophilic interaction if it is heterologously 
overexpressed by myeloma cells (Rader et al., 1993). In 
agreement with previously reported findings (Mauro et al., 
1992; Morales et al., 1993), Nr-CAM Covaspheres showed 
homophilic binding properties, but were never found in 
mixed aggregates with Ng-CAM Covaspheres. In sum- 
mary therefore, three different interactions of Nr-CAM 
have been characterized at the molecular level to date: (1) 
A homophilic binding (Mauro et al., 1992); (2) a hetero- 
philic interaction with F l l  (Morales et al., 1993); and (3) a 
heterophilic interaction with axonin-1 (this study). Similar 

to the Nr-CAM/Nr-CAM (Mauro et al., 1992) and Fl l /Nr-  
CAM (Morales et al., 1993) interactions, binding between 
axonin-1 and Nr-CAM Covaspheres was found to be inde- 
pendent of the presence of divalent cations, indicating that 
the axonin-1/Nr-CAM interaction is distinct from a re- 
ported heterophilic, divalent cation-dependent binding 
activity of Nr-CAM to an unknown component on L cells 
and primary chicken fibroblasts (Mauro et al., 1992). 

Axonin-1 and Nr-CAM Are Involved in the Formation 
of  NeuritelGlia Contacts in the PNS 

In our studies using dissociated D R G  cultures, both anti- 
axonin-1 and anti-Nr-CAM Fab fragments markedly per- 
turbed the formation of contacts between glial cells and 
neurites. Obviously, the only single interaction that can be 
perturbed by both antiaxonin-1 and anti-Nr-CAM anti- 
bodies is that between neuritic axonin-1 and glial Nr- 
CAM. However, both axonin-1 and Nr-CAM have other 
ligands that could contribute to the formation of neurite/ 
glia contacts. The following results indicate that among the 
axonin-1 ligands, namely Nr-CAM, Ng-CAM, and axonin-1, 
only Nr-CAM on the glial cells is a major glial ligand to 
neuritic axonin-l: (a) Antibody perturbation experiments 
with anti-Nr-CAM Fab fragments reduced the binding of 
axonin-1 Covaspheres to glial cells by 70%; (b) a ho- 
mophilic binding of axonin-1 can be excluded because axo- 
nin-1 is not expressed by glial cells; and (c) a heterophilic 
binding of glial Ng-CAM to neuritic axonin-1 is excluded 
as a relevant interaction because only a few glial cells 
express Ng-CAM and because neither the binding of axo- 
nin-1 Covaspheres to glial cells nor the formation of neu- 
rite/glia contacts was affected by anti-Ng-CAM antibod- 
ies. Conversely, all presently known ligands of Nr-CAM, 
namely axonin-1, F l l ,  and Nr-CAM, are exposed at the 
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Figure 11. Quantification of perturbation of contacts between 
neurites and glial cells. Dissociated DRG cells were cultivated on 
laminin in the presence of different Fab fragments against CAMs. 
For each experimental condition, the total numbers of neurons, 
nonneuronal cells, and contact sites (glial cells in close contact 
with neurites) was counted over the same area of the cell culture 
dishes (for details see Materials and Methods). For normaliza- 
tion, the numbers of contact sites per neuronal (hatched columns) 
and nonneuronal cell (solid columns) were calculated. Mean val- 
ues --- SEM for three different experiments are given. These val- 
ues were markedly reduced if the cells were cultivated in the 
presence of antiaxonin-1 Fab fragments (by 60 and 57%, respec- 
tively) or anti-Nr-CAM Fab fragments (by 70 and 61%, respec- 
tively) when compared with the control without antibodies. Culti- 
vation of the cells in the presence of anti-Ng-CAM, anti-Fll or 
preimmune Fab fragments had no effect on the observed number 
of contact sites. 

surface of D R G  neurites. A substantial contribution of 
binding of neuritic F l l  to glial Nr-CAM is excluded, since 
anti-Fll  Fab fragments did not interfere with the forma- 
tion of neurite/glia contacts. Homophilic binding between 
neuritic and glial Nr-CAM can not be ruled out by our an- 
tibody perturbation studies. However, a 60% reduction in 
neurite/glia contact sites by antiaxonin-1 antibodies (com- 
bined with the facts that Nr-CAM is the only functionally 
relevant axonin-1 ligand on glial cells and axonin-1 is not 
present on glial cells) suggests that axonin-1 serves as a 
major neuritic ligand of glial Nr-CAM in the formation of 
neurite/glia contacts. Taken together, these data strongly 
support the occurrence of a direct interaction between 
neuritic axonin-1 and glial Nr-CAM in the formation of 
neurite/glia contacts in the PNS. 

Several adhesion molecules of different structural 
classes have been reported to be involved in interactive 
events between peripheral glial cells and axons during the 
different stages of myelin formation (for reviews see 
Doyle and Colman, 1993; Martini, 1994). For example, 
N-cadherin has been demonstrated to further the forma- 
tion of stable membrane contacts between Schwann cells 

and neurites in vitro (Letourneau et al., 1991). Members of 
the Ig superfamily have been suggested to be involved at 
various stages of myelination. L1 has been shown to fur- 
ther the extension of processes from Schwann cells be- 
tween fasciculating neurites (Seilheimer et al., 1989; Wood 
et al., 1990). The myelin-associated glycoprotein (MAG) 
has been reported, on the basis of in vitro experiments us- 
ing cultured rat Schwann cells infected with a retrovirus 
expressing M A G  antisense RNA (Owens and Bunge, 
1991), to play a role in the early segregation and ensheath- 
ment of large caliber axons. In contrast, very recent gene 
knock-out studies suggested that MAG is not critical for 
myelination in the PNS (Li et al., 1994; Montag et al., 
1994). Using the same experimental approaches, protein 
P0 has been demonstrated to mediate formation of a com- 
pact myelin sheath (Owens and Boyd, 1991; Giese et al., 
1992). The present report on an interaction between neu- 
ritic axonin-1 and glial Nr-CAM during the association be- 
tween neurites and glial cells provides another event in 
what may emerge as a complex pattern of parallel and se- 
quential processes essential for myelination. Further work 
will be required to elucidate the mechanisms by which 
such interactive events involving adhesion molecules con- 
tribute to the development of an intact myelin sheath. 

Binding between neuronal axonin-1 and nonneuronal 
Nr-CAM may also be involved in earlier developmental 
functions, such as axon guidance. As demonstrated re- 
cently by Stoeckli and Landmesser for the projection of 
commissural axons in the developing spinal cord (Stoeckli 
and Landmesser, 1995), injection of antibodies against 
both axonin-1 and Nr-CAM into chicken embryos resulted 
in pathfinding errors, with many commissural axons failing 
to cross the midline and turning instead along the ipsilat- 
eral floor plate border. These results strongly suggest that 
Nr-CAM expressed by floor plate cells (Krushel et al., 
1993) could act in guiding axonin-l-expressing commis- 
sural axons. A guidance function for axonin-l-expressing 
axons could also conceivably occur at other locations via 
nonneuronal Nr-CAM. Nr-CAM intriguingly appears on 
MOiler glial end-feet in the developing chicken retina 
(Kayyem et al., 1992b) at the time when axonin-l-express- 
ing axons of retinal ganglion cells (Ruegg et al., 1989b) 
grow out. Like other CAMs of the Ig/FNIII-family, axo- 
nin-1 and Nr-CAM appear to be involved in various devel- 
opmental processes in the nervous system. The different 
functions mediated by Ig/FNIII-glycoproteins may be de- 
termined by their spatial and temporal expression pattern 
and, since these molecules exhibit multiple binding activi- 
ties, it is conceivable that different interactions may acti- 
vate different functional properties of these molecules. 
The aims of our future work therefore, are to carry out a 
detailed molecular investigation of the mechanisms by 
which axonin-1 and Nr-CAM bind each other and to de- 
termine how this binding affects the interaction of axonin-1 
or Nr-CAM with their other ligands and exerts control 
over their functions. 
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