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Although carbohydrates have been implicated in cell interactions in the nervous system, the molecular bases of their functions have
remained largely obscure. Here, we show that promotion or inhibition of neurite outgrowth of cerebellar or dorsal root ganglion neurons,
respectively, induced by the mucin-type adhesion molecule CD24 depends on o2,3-linked sialic acid and Lewis * present on glia-specific
CD24 glycoforms. a2,3-Sialyl residues of CD24 bind to a structural motif in the first fibronectin type III domain of the adhesion molecule
L1. Following the observation that the adhesion molecules TAG-1 and Contactin show sequence homologies with fucose-specific lectins,
we obtained evidence that TAG-1 and Contactin mediate Lewis *-dependent CD24-induced effects on neurite outgrowth. Thus, L1, TAG-1,
and Contactin function as lectin-like neuronal receptors. Their cis interactions with neighboring adhesion molecules, e.g., Casprl and
Caspr2, and with their triggered signal transduction pathways elicit cell type-specific promotion or inhibition of neurite outgrowth

induced by glial CD24 in a glycan-dependent trans interaction.

Introduction

Glycans have increasingly been recognized as important players
in cell-cell interactions. In the nervous system, diverse functions
depending on cell recognition, such as cell migration, neurite
outgrowth and fasciculation, synapse formation and stabiliza-
tion, and modulation of synaptic efficacy are mediated by distinct
carbohydrate structures (for review, see Kleene and Schachner,
2004). Glycoproteins, proteoglycans and highly O-glycosylated
mucins as well as glycolipids have all been identified to carry
functionally important glycan structures (for reviews, see Halti-
wanger and Lowe, 2004; Kleene and Schachner, 2004).

The Lewis™ epitope (CD15) and «2,3-sialyl glycans have only
been studied sparsely in the nervous system. Lewis™ is present on
O- and N-linked glycans in the nervous system (Chen etal., 1998;
Chai et al., 1999), where its expression is temporally and spatially
regulated during development (Gocht et al., 1996; Mai et al.,
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1999) and where it is implicated in cell adhesion, migration and
neurite outgrowth (Sajdel-Sulkowska, 1998; Brito et al., 2007).

a2,3-Linked sialic acid binds to the myelin associated glycop-
rotein MAG, which belongs to the sialic acid binding Ig-like lectin
family (siglec) (Crocker et al., 1998). Removal of sialic acid resi-
dues from nerve cells or mutation of the sialic acid binding site in
MAG reverses the MAG-mediated inhibition of neurite out-
growth (Vinson etal., 1996,2001). A putative binding domain for
a2,3-linked sialic acid was also identified in the cell adhesion
molecule L1 (Kleene et al., 2001).

The cell adhesion molecule CD24 is a highly glycosylated mu-
cin with a peptide core of only 27 aa whose functions are mainly
if not exclusively mediated by its carbohydrates. Its expression is
tightly regulated during nervous system development (Kleene et
al., 2001; and references therein). CD24 is known to mediate cell
adhesion (Kadmon et al., 1992; Nielsen et al., 1997) and neurite
outgrowth (Shewan et al., 1996; Kleene et al., 2001).

L1 is a glycan-binding and -carrying adhesion molecule that is
important for neuronal migration, neurite outgrowth, axon
guidance and fasciculation, neuronal survival, synaptic plasticity,
myelination, and remyelination after injury (for review, see Ma-
ness and Schachner, 2007). L1 interacts homophilically and het-
erophilically with other cell adhesion proteins of the Ig-
superfamily, e.g., TAG-1/axonin-1 and F3/Contactin (hereafter
called TAG-1 and Contactin) (for review, see Karagogeos, 2003;
Haspel and Grumet, 2003; Sonderegger, 1997; Falk et al., 2002).
In light of the complex modes of interactions between these ad-
hesion molecules, it appears timely to further characterize the
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molecular bases and functional consequences of such interac-
tions from the point of view that these molecules may be both
donors and acceptors of functionally decisive glycan structures.

In the current study, we show that CD24 affects neurite out-
growth via its a2,3-sialyl and Lewis™ glycans. We identified the
binding motif for «2,3-sialyl residues in a siglec homologous
sequence in L1 and obtained indications for Lewis*-mediated
interactions of CD24 with TAG-1 and Contactin. Since the func-
tions of CD24 are conferred most likely by its glycans, the present
findings exemplify that carbohydrates play important roles in
modulating developmentally important processes depending on
cell adhesion, such as neurite outgrowth.

Materials and Methods

Animals. C57BL/6] mice were used as wild-type mice. TAG-1-deficient
mice (Fukamauchi et al., 2001) were kept as homozygous breeding pairs.
Wild-type littermates were used as controls. Caspr1-deficient mice (Bhat
etal., 2001), which were generously provided by Elior Peles (Weizmann
Institute of Science, Rehovot, Israel), Contactin-deficient mice (Ber-
glund et al., 1999), and CD24-deficient mice (Wenger et al., 1995) were
maintained as heterozygous breeding pairs. Contactin-deficient mice
were maintained on a mixed genetic background (129SV] X C57BL/6 X
Black Swiss), and TAG-1- and Casprl-deficient mice on an inbred
C57BL/6] background. CD24-deficient mice were on a CD1 background.
All experiments were conducted in accordance with the German and
European Community laws on protection of experimental animals, and
all procedures used were approved by the responsible committee of The
State of Hamburg.

Antibodies and reagents. Polyclonal antibodies to mouse L1 (Chen et
al,, 1999), NCAM (Kadmon et al,, 1992), Contactin (R&D Systems),
TAG-1[TG3, Trakaetal., (2003) and from R&D Systems], Caspr1 (Santa
Cruz Biotechnology), and Caspr2 (Santa Cruz Biotechnology) and
monoclonal antibodies to mouse CD24 [79; Kadmon et al. (1992)], oli-
gomannosides, HNK-1 (for reference, see Heller et al., 2003), and Lewis*
(Streit et al., 1996) were used. Carbohydrates and glycoconjugates were
purchased from Dextra Laboratories, peptide N-glycosidase F (PNGase
F) from Roche Molecular Biochemicals, and O-sialoglycoprotein endo-
peptidase (OSGE) of Mannheimia hemolytica from Cedarline. Recombi-
nant L1 protein fragments (Ig I-VI, FN 1-5, FN 1-2, and FN 3-5) were
produced in Escherichia coli as described previously (Appel et al., 1993)
and purified by using the Whole Gel Eluter from Bio-Rad. Biotinylated
L1 peptide and its scrambled peptide were from Schafer-N. CD24 was
purified from early postnatal mouse brain as described previously
(Kleene et al., 2001).

Binding assays. ELISA based binding tests were performed as described
(Kleene et al., 2001). For substrate-coating, 5 ug/ml CD24 were used. L1
protein fragments or biotinylated L1 peptides were diluted in buffer A
(TBS, 1% BSA, 1 mm CaCl,, 1 mm MgCl,, 1 mm MnCl,) containing
0.05% Tween 20. In competition assays, the recombinant L1 fragment
was preincubated for 2 h with the carbohydrates. Polyclonal L1 and
HRP-coupled secondary antibodies (Dianova) or HRP-coupled strepta-
vidin (Sigma) in buffer A with 0.05% Tween 20 were used for detection.

Enzymatic digestion of CD24. Purified CD24 was incubated overnight
with 2 U PNGase F at 37°C in 20 mm sodium phosphate, pH 7.2, con-
taining 0.5% CHAPS or with OSGE in 50 mm HEPES, pH 7.4, for 4 h at
37°C. The digested protein was further analyzed by Western blotting.

Chinese hamster ovary cell culture and transfection. Chinese hamster
ovary (CHO) cells stably transfected with TAX-1, the human homolog of
TAG-1 (Pavlou et al., 2002), were grown in Glasgow’s Minimal Essential
Medium with supplements [10% FCS, 2 mm L-glutamine, nonessential
amino acids, 0.1 mg/ml streptomycin, 10 U/ml penicillin, 1X glutamate/
aspartate (Sigma)]. CHO cells were transfected with pCDNA3 vectors
coding for mouse Contactin (Buttiglione et al., 1996) or rat NCAM 120
(Niethammer et al.,, 2002) using Lipofectamine (Invitrogen). Stably
transfected cells were selected by adding 0.3-0.4 mg/ml G418 (PAA
Laboratories).

Primary cell culture. Cerebellar and DRG neurons were prepared from
5- to 7-d-old wild-type, TAG-1-, Contactin-, or Caspr-deficient mice as
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described previously (Chen et al., 1999; Kleene et al., 2001). Hippocam-
pal neurons were prepared from 1- to 2-d-old wild-type mice (Dityatev et
al., 2007) and neurons from spinal cord were prepared from 14-d-old
wild-type embryos (Simova et al., 2006). Cortical neurons were prepared
from 17-d-old wild-type embryos. Briefly, the cerebral cortex was iso-
lated, cleaned from meninges and digested for 30 min at 37°C using
0.05% trypsin in HBSS. Cortices were washed with HBSS containing 10%
BSA and 1% trypsin inhibitor and dissociated using fire polished Pasteur
pipettes. Dissociated cells were grown in glutamine containing Neuro-
basal medium (Invitrogen) with B27 supplement and 0.5% penicillin/
streptomycin. For neurite outgrowth assays, dissociated cerebellar neu-
rons (1-2 X 10° cells/ml), DRG neurons (1 X 10 cells/ml),
hippocampal neurons (1 X 10° cells/ml) or cortical neurons (2 X 10°
cells/ml) were seeded onto glass coverslips precoated with 0.1 mg/ml
poly-L-lysine (PLL) or with PLL and 5 ug/ml CD24 or 10 ug/ml laminin
(Santa Cruz Biotechnology). Spinal cord neurons (1 X 102 cells/ml) were
seeded onto glass coverslips precoated with 0.015 mg/ml poly-L-
ornithine (PLO) or with PLO and 5 ug/ml CD24. A 100 uM concentra-
tion of 3’-sialyl-N-acetyllactosamine or 6’-sialyl-N-acetyllactosamine,
10 uM Lewis™ or Lewis® or antibodies L5 (1:100), 412 (1 ug/ml), or
against NCAM (5 ug/ml), Contactin (1:1000), TAG-1 (1:1000), Casprl
(1:1000), or Caspr2 (1:1000) were added 1 h after seeding the cells. After
20-24 h, cells were fixed by adding 2.5% glutaraldehyde and stained with
1% toluidine blue, 1% methylene blue in 1% borax. Neurite outgrowth
was quantified by measuring total neurite length of 100 cerebellar neu-
rons, hippocampal neurons, spinal cord and cortical non-motoneurons
and spinal cord motoneurons, or of 50—-100 DRG neurons or cortical
motoneurons using an AxioVision system 4.6 (Carl Zeiss). Spinal and
cortical neurons showing a large triangular cell body with an edge length
of 15-20 pum were taken as motoneurons, while round spinal and cortical
neurons with a diameter of ~10 wm were taken as non-motoneurons.
Data from at least three independent experiments were analyzed apply-
ing Student’s t test.

Primary cell culture of astrocytes was performed as described by
Kleene et al. (2007). For Western blot analysis, cerebellar neurons or
astrocytes cultured for 20—24 h were washed in PBS and treated with lysis
buffer (50 mm Tris/HCI, pH 7.4, 150 mm NaCl, 1 mm EDTA, 1% NP-40).
After centrifugation (1000 X g, 10 min, 4°C) SDS sample buffer was
added.

Coupling of CD24 to Fluospheres and binding to cells. Purified CD24 was
coupled to carboxylate-modified fluorescent microspheres (Fluospheres
Crimson, Invitrogen) by activation via EDAC. For control, Fluospheres
were activated and quenched by glycine only (unconjugated control
beads). Before being added to the cells, Fluospheres were sonicated and
diluted in Ham’s F12 to prevent aggregation. Dissociated DRG neurons
were seeded onto PLL coverslips. After 42—48 h, CD24 or unconjugated
Fluospheres were added to the cells (5 ul/ml medium) and incubated for
1 h at 37°C. Unbound Fluospheres were removed by three washes with
Ham’s F12 and immunocytochemistry was performed.

Immunocytochemistry. Dissociated DRG neurons were seeded onto
PLL coverslips. After 42—48 h, cells were fixed with 4% paraformalde-
hyde [20 min, room temperature (RT)]. After blocking with 3% BSA in
PBS (1 h, RT) cells were incubated with polyclonal antibodies against L1
(1:500), TAG-1 (1:15), Contactin (1:10), Caspr (1:50), or Caspr2 (1:50)
diluted in 3% BSA in PBS (overnight, 4°C) and with Cy2-conjugated
donkey anti-rabbit and Cy3-conjugated donkey anti-goat antibodies
(Dianova, each 1:200) for 2 h at RT. Coverslips were embedded in Aqua-
Poly/Mount (Polysciences). Confocal microscope analysis was per-
formed using a Leica Microscope (DM IRBE, Leica Microsystems). Im-
ages were acquired at RT using Leica Confocal Software V 2.61 and an oil
HCX PL APO 40X/1.25 objective (Leica). Contrast and brightness were
further adjusted in Adobe Photoshop CS (Adobe Systems).

Pull-down assay and immunoprecipitation. For pull-down assays, 80 g
of Lewis*~BSA, N-acetyllactosamine—BSA, or BSA (Sigma) was coated
onto Dynabeads M-270 Epoxy (Dynal) by overnight incubation at 4°C.
Transfected CHO cells were homogenized in buffer A (50 mm Tris/HCI,
pH 7.5, 1 mm CaCl,, 1 mm MgCl,) and centrifuged at 1000 X g for 10
min. Supernatants were applied to beads and incubated overnight at 4°C.
Purified CD24 was coated onto Dynabeads M-270 Epoxy by incubation
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at 37°C for 24 h. Purified TAX-1-Fc, Contactin-Fc (generously provided
by Zhi-Cheng Xiao, Institute of Molecular and Cell Biology, Singapore),
CHLI1-Fc (Chenetal., 1999), or Fc (Athens Research & Technology) were
incubated with the CD24 beads. Beads were washed three times each with
buffer A containing 0.1% Triton X-100 and buffer A and boiled in SDS
sample buffer.

For immunoprecipitation, brains or cerebellar tissue from 5- to 7-d-
old C57BL/6] mice were homogenized in buffer A containing 0.32 M
sucrose. After centrifugation at 1000 X gfor 10 min and 17,000 X g for 20
min the resulting pellet was resuspended in buffer A containing 0.1%
Triton X-100. After preclearing, samples were incubated overnight at 4°C
with CD24 antibody (5 ng), TAG-1 antibody (0.5 ng), Contactin anti-
body (0.5 ug) or, as controls, with corresponding amounts of nonim-
mune control IgG (Jackson ImmunoResearch Laboratories) and with
Protein G coupled magnetic beads (Perbio) for 7 h. Beads were washed
three times each with buffer A containing 1% Triton X-100 and buffer A
and boiled in SDS sample buffer.

Spinal cord injury. Mice were anesthetized by intraperitoneal injec-
tions of 100 mg of Ketanest (Parke-Davis/Pfizer) and 5 mg of Rompun
(Bayer) per kilogram of body weight. Laminectomy was performed at the
T7-T9 level with mouse laminectomy forceps (Fine Science Tools). A
mouse spinal cord compression device was used for compression injury
(Curtis et al., 1993). Compression force (degree of closure of the forceps)
and duration were controlled by an electromagnetic device. The spinal
cord was maximally compressed (100%, according to the operational
definition of Curtis et al., 1993) for 1 s by a time-controlled current flow
through the electromagnetic device. The skin was then surgically closed
using 6—0 nylon stitches (Ethicon). After the surgery, mice were kept in
aheated room (35°C) for several hours to prevent hypothermia and then
singly housed in a temperature-controlled (22°C) room with water and
standard food provided ad libitum. The bladders of the animals were
manually voided twice daily. Animals were carefully observed for general
health and well being No signs of pain were detectable throughout the
duration of the experiments.

Analysis of motor function. The recovery of ground locomotion was
evaluated using the Basso Mouse Scale (BMS) rating scale (Basso et al.,
2006), and a novel single-frame motion analysis (Apostolova et al., 2006).
This method includes evaluation of four parameters in three different
tests: beam walking (foot-stepping angle and rump-height index), vol-
untary movements without body weight support (extension-flexion ra-
tio), and inclined ladder climbing (number of correct steps). Assessment
was performed before, and at 1, 3, and 6 weeks after the injury. Values for
the left and right legs were averaged.

Histological analysis of the spinal cords. Mice were transcardially per-
fused with fixative consisting of 4% formaldehyde and 0.1% CaCl, in 0.1
M cacodylate buffer, pH 7.3, for 15 min at room temperature. After
perfusion, the spinal cords were dissected out and postfixed overnight at
4°C in the same solution as used for perfusion, and then cryoprotected in
15% sucrose solution in 0.1 M cacodylate buffer, pH 7.3, for 2 d at 4°C.
Pieces of spinal cords 1 ¢cm in length centered at the lesion site were
embedded in Tissue Tek (Sakura Finetek), and frozen by 2 min immer-
sion into 2-methyl-butane (isopentane) precooled to —80°C. Serial lon-
gitudinal sections were cut in a cryostat (CM3050; Leica) and 25-um-
thick sections were collected on SuperFrost Plus glass slides (Roth).
Immunofluorescence labeling of the spinal cord tissue with anti-
neurofilament (NF; Millipore, 1:2000) and anti-tyrosine hydroxylase
(TH; Millipore, 1:800) antibodies was performed as described (Jak-
ovcevski et al., 2007). Number of axons was counted directly under the
Axiophot (Zeiss) microscope using the Neurolucida software (Micro-
BrightField). Representative images were taken by Axiophot (Zeiss) mi-
croscope and processed in Photoshop C2 (Adobe Systems).

Results

CD24-induced neurite outgrowth depends on «2,3-linked
sialic acid

To investigate the functional role of sialic acid residues on CD24-
induced neurite outgrowth (Kleene et al., 2001), a2,3-sialyl-N-
acetyllactosamine (3'-SL) or «2,6-sialyl-N-acetyllactosamine
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Figure 1.  Sialic acid-dependent binding of L1 to (D24 affects neurite outgrowth. 4, B, Cer-

ebellar neurons (A) and DRG neurons (B) were grown on substrate-coated PLL or (D24 in the
absence or presence of 3'-sialyl-N-acetyllactosamine (3'-SL) or 6" -sialyl-N-acetyllactosamine
(6"-SL). Total length of neurites per cell was determined and shown as percentage of PLL
control. Error bars indicate SD from three independent experiments. Bars marked by double
asterisks ( p << 0.01, Student’s t test) are significantly different from the controls (PLL or CD24).
C, D, Brain (D24 was substrate coated and incubated with different amounts of L1 fragments (C)
and biotinylated L1-derived peptide (siabind) and its scrambled form (D). Amino acid se-
quences of peptides are shown (D) and underlined amino acids represent the putative sialicacid
binding motif. Binding was evaluated by ELISA using L1 antibody (C) or streptavidin (D). Error
bars indicate SD from at least three independent experiments. Abs, Absorbance.

(6'-SL) was applied to cerebellar or DRG neurons plated on PLL
or PLL plus CD24. On CD24 substrate neurite outgrowth relative
to PLL substrate was promoted in case of cerebellar neurons (Fig.
1A), while an inhibition was observed in case of DRG neurons
(Fig. 1B). In the presence of 6'-SL neurite outgrowth of both
neuronal cell types on CD24 was unaffected (Fig. 1A, B). How-
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ever, in the presence of 3'-SL no CD24-
induced promotion of neurite outgrowth

from cerebellar neurons (Fig. 1A) andno  kp 7
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control substrate PLL. On substrate-
coated PLL, none of the glycans affected
neurite outgrowth of either neuronal cell
type (Fig. 1A, B).

These results indicate that CD24-
induced promotion and inhibition of neu-
rite outgrowth is specifically mediated by
a2,3-linked sialic acid carried by CD24,
and not by «2,6-linked sialic acid.

Localization and specificity of the sialic
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acid binding site within the L1 molecule oy
As the sialic acid binding protein L1 is a
functional neuronal receptor for the gly-
cosylphosphatidylinositol (GPI)-anchor-
ed molecule CD24 (Kleene et al., 2001),
we wanted to identify the recognition site
within the L1 molecule for the «2,3-linked
sialic acid-dependent binding of CD24.
Therefore, binding of recombinant pro-
teins comprising different extracellular
domains of L1 to substrate-coated CD24
purified from mouse brain was investi-
gated by ELISA. L1 consists of six Ig-like
and five fibronectin type-III homologous
(FN III) domains followed by a transmem-
brane and a cytoplasmic domain (for review, see Briimmendorf
and Rathjen, 1995). The L1 fragment carrying the first and sec-
ond FN III domains showed a concentration-dependent and sat-
urable binding to CD24, while the L1 fragment comprising the third,
fourth and fifth FN III domains or comprising all six Ig-like domains
did not bind to CD24 (Fig. 1C). Binding of the L1 fragment com-
prising all five FN III domains to CD24 was less efficient compared
with the L1 fragment comprising only the first and second FN III
domains (Fig. 1C), suggesting some conformational inaccessibility
of the first two FN III domains in the larger construct containing all
five FN III domains.

According to sequence similarities with the sialic acid binding
motif of siglecs, we have proposed that the sialic binding site of L1
is present within a consensus sequence in the first FN III domain
of L1 (Kleene et al., 2001). To verify this, a biotinylated synthetic
peptide comprising the putative sialic acid binding site was tested
by ELISA using CD24 as substrate-coat and HRP-conjugated
streptavidin for detection. The peptide comprising the mouse L1
sequence spanning amino acids 678 —695 that overlaps with the
putative lectin consensus sequence and carries additional flank-
ing amino acids bound to CD24 in a concentration-dependent
and saturable manner, while the scrambled peptide derived from
this sequence did not bind to CD24 (Fig. 1 D). Binding of the L1
fragment comprising the first and second FN III domains to
substrate-coated CD24 was reduced in the presence of «2,3-
linked, but not «2,6-linked sialic acid (data not shown).

These results indicate that CD24 is recognized by a specific
binding motif present in the first FN III domain of L1 and show
that the binding site is specific for a2,3-linked sialic acid.

Figure 2.
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(D24 glycosylation pattern and effects of Lewis* and HNK-1 glycans on (D24-induced neurite outgrowth. A, Mock-
treated (D24 (—),and (D24 treated with PNGase F or 0SGE was subjected to Western blot analysis using (D24, Lewis*, and HNK-1
antibodies or MAA. Arrows indicate the three (D24 glycoforms and arrowheads indicate the positions of individual bands after
PNGase F, OSGE, or mock treatment. B, Mouse brain homogenate (BH), cell lysates of cultured cerebellar neurons (neuro), or
astrocytes (astro) were analyzed using (D24 antibody. Arrows indicate the different (D24 glycoforms. Clear bands are not always
visible, as separation of highly glycosylated glycoproteins is notoriously difficult. C, D, Cerebellar neurons (€) and DRG neurons (D)
were grown on PLL or (D24 in absence (—) or presence of Lewis?, Lewis*, Lewis * antibody, or HNK-1 antibody. Total length of
neurites per cell was determined and shown as percentage of PLL control. Error bars indicate SD from three independent experi-
ments. Bars marked by double asterisks ( p << 0.01, Student's ¢ test) are significantly different from the control (PLL or (D24).

Glycosylation pattern of the different CD24 glycoforms

Next, we were interested in whether the «2,3-linked sialic acid
chains are present on O-glycans or N-glycans and whether CD24
carries other functionally important carbohydrates, such as the
human natural killer cell glycan HNK-1, oligomannosidic gly-
cans or Lewis™. CD24 purified from mouse brain was treated with
N-glycosidase F (PNGase F) to remove N-glycans or with OSGE,
which cleaves O-glycan-rich sialomucin-like glycoproteins.
Western blot analysis using lectins or antibodies against carbohy-
drates of interest was performed to characterize the glycan pat-
tern of CD24 before and after enzymatic treatment.

Monoclonal antibody directed against the CD24 peptide
backbone detected the three major glycoforms of CD24 isolated
from early postnatal mouse brain with apparent molecular
weights of ~33, 30 and 27 kDa (Fig. 2A). After PNGase F treat-
ment three bands of 28, 25 and 24 kDa were recognized by the
CD24 antibody (Fig. 2A). These molecular weight shifts suggest
that all three glycoforms are N-glycosylated. After treatment with
OSGE only the 27 kDa band was recognized by the CD24 anti-
body (Fig. 2A), implying that this glycoform is resistant to OSGE
and that the 30 and 33 kDa forms are O-glycan-rich sialoglyco-
proteins, which are degraded by the endopeptidase.

The lectin Maackia amurensis agglutinin (MAA), which is spe-
cific for a2,3-linked sialic acid, recognizes the 33 and 30 kDa
glycoforms in the native CD24 sample and the corresponding 28
and 25 kDa bands in the PNGase F treated sample, while this
lectin no more reacted with CD24 treated with OSGE (Fig. 2A).
Antibody to the Lewis™ glycan recognized the 33 kDa band in the
native CD24 sample and the corresponding 28 kDa band after
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Figure 3.  TAG-1 and Contactin bind to (D24 and are receptors for Lewis*. A, Lysates from
CHO cells transfected with TAX-1 (CHO/TAX-1), Contactin (CHO/Contactin), or NCAM120 (CHO/
NCAM120) were incubated with epoxy beads coated with Lewis *~BSA (Le *-BSA), N-acetyllac-
tosamine—BSA (LN-BSA), and BSA. After pull-down, beads were analyzed by Western blotting
using antibodies to TAG-1 (lanes 1-4), Contactin (lanes 5-8), or NCAM (lanes 9-12). B, Im-
munoprecipitates from brain homogenate using (D24 antibody («-CD24) or control rat IgG
(rlg@) were analyzed by Western blotting using antibodies against L1, TAG-1, Contactin, NCAM,
or (D24. C,(D24-coupled epoxy beads were incubated with TAX-1-Fc, Contactin-Fc, CHL1-Fc, or
Fc alone. After pull-down, beads (PD (D24) were analyzed by Western blotting using HRP-
coupled anti-human antibody. D, E, Cerebellar tissue (input) was used for immunoprecipita-
tions with (D24 with antibody (c-CD24), with control rat IgG (rlgG) or without antibody (—) or
for immunoprecipitations with TAG-1 antibody («-TAG-1), Contactin antibody (c-Contactin),
or control goat 1gG (glgG) or without antibody (—). Immunoprecipitates were analyzed by
Western blotting using antibodies against (D24, TAG-1, Contactin, or CHL1.

PNGase F treatment (Fig. 2A). The HNK-1 antibody recognized
the 33 and 30 kDa glycoforms in native CD24 and the 28 and 25
kDa bands in the PNGase F treated CD24 sample (Fig. 2A). Nei-
ther the antibodies to Lewis™ nor to HNK-1 recognized bands
after treatment of CD24 with OSGE (Fig. 2A). Using the lectin
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Galanthus nivalis agglutinin (GNA), which recognizes oligoman-
nosidic structures on N-glycans or using antibodies specific for
oligomannosides, none of the CD24 glycoforms was recognized
(data not shown), indicating that CD24 does not carry detectable
amounts of oligomannosidic structures.

The characterization of the glycosylation pattern of CD24 im-
plies that the 33 kDa CD24 glycoform carries the Lewis™ epitope,
the HNK-1 epitope and «2,3-linked sialic acids on O-glycans,
while the 30 kDa glycoform carries «2,3-linked sialic acid and
HNK-1 on O-glycans. In contrast, the 27 kDa glycoform does not
carry detectable amounts of mucin-like O-glycans. All three ma-
jor glycoforms of CD24 carry N-linked glycans.

Cell type-specific expression of the different

CD24 glycoforms

Previous work had indicated that the 33 and 30 kDa glycoforms
of CD24 are expressed by glial cells and interact in a trans-
configuration with neuronally expressed L1, while the 27 kDa
glycoform appeared to be neuron-specific and did not interact
with L1 (Kleene et al., 2001). To provide experimental evidence
for these suggestions we analyzed neurons and astrocytes derived
from early postnatal mouse cerebella and brains, respectively, in
primary cultures for expression of CD24 glycoforms by Western
blotting. In early postnatal mouse brain homogenate, the three
CD24 glycoforms were detectable as 33, 30 and 27 kDa bands
(Fig. 2 B). Cerebellar neurons expressed one major 27 kDa CD24
protein (Fig. 2B) and astrocytes expressed the 33 and 30 kDa
CD24 proteins (Fig. 2B).

These observations imply that the 33 and 30 kDa glycoforms,
which carry the «2,3-linked sialic acid, HNK-1 and Lewis™ car-
bohydrate structures, are expressed by astrocytes, whereas the 27
kDa glycoform devoid of these carbohydrates, and carrying yet
unknown carbohydrates, is expressed by cerebellar neurons.

CD24-induced neurite outgrowth depends on Lewis™ but not
on HNK-1

Since CD24 carry the functionally active Lewis ™ and HNK-1 gly-
cans, we investigated whether these structures play a role in
CD24-induced neurite outgrowth. Cerebellar or DRG neurons
were plated on PLL or PLL plus CD24 and maintained in the
absence or presence of the Lewis™ or Lewis® glycans or antibodies
against Lewis™ or HNK-1. As observed already, CD24 substrate
promoted or inhibited neurite outgrowth of cerebellar or DRG
neurons, respectively (Fig. 2C,D). In the presence of the antibody
against Lewis™ or Lewis™ glycan, CD24-induced promotion of
neurite outgrowth was no more seen in the case of cerebellar
neurons (Fig. 2C). Likewise, in the presence of the Lewis™ anti-
body or Lewis™ glycan CD24-induced inhibition of neurite out-
growth of DRG neurons was neutralized (Fig. 2D). As control,
Lewis® glycan did not modify the CD24-induced effects on neu-
rite outgrowth of cerebellar or DRG neurons (Fig. 2C,D). On the
PLL substrate neither carbohydrates nor antibodies affected neu-
rite outgrowth of cerebellar or DRG neurons (Fig. 2C,D). The
HNK-1 antibody did not affect neurite outgrowth either on PLL
or on CD24 (Fig. 2C,D).

These results indicate that in addition to «2,3-linked sialic
acid (Fig. 1) Lewis™ carried by CD24 is responsible for the CD24-
mediated promotion and inhibition of neurite outgrowth,
whereas HNK-1 is ineffective.

TAG-1 and Contactin are putative Lewis* receptors
To gain insights into the structure of receptors for Lewis™, we
compared the sequences of fucose-specific (and thus Lewis™ re-
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lated) plant lectins with adhesion mole-
cules of the L1 family that are known to
interact with L1. These analyses revealed
significant similarities of the first Ig-like
domains of Contactin and TAG-1 to sev-
eral plant lectins. Other members of the L1
family did not show these similarities. Se-
quence homologies were observed for
anti-H(O) blood group Ulex europaeus
lectin II and Pisum sativum agglutinin
(supplemental data, available at www.
jneurosci.org; Fig. 1A), which have been
reported to bind fucosylated oligosaccha-
rides with high affinities (Yamamoto et al.,
1992). A similarity between the four Ig-
like domains of TAG-1 and Contactin
with the entire sequence of the Lotus
tetragonolobus lectin, which binds with B
high affinity to Lewis™ carrying glycans
(Cheng et al., 1998), was also observed
(supplemental data, available at www.
jneurosci.org; Fig. 1B). TAG-1 shows a
higher degree of homology with the Lotus
tetragonolobus lectin than Contactin, in
particular in two regions of high similarity
(supplemental data, available at www.
jneurosci.org; Fig. 1 B).

To test whether Contactin and TAG-1
bind to Lewis*, pull-down assays were car-
ried out. Lewis™ or N-acetyllactosamine
coupled to the protein carrier BSA or BSA
alone were immobilized and exposed to
detergent lysates of CHO cells transfected
with the GPI-linked molecules TAX-1 (the
human homolog of TAG-1), Contactin, or
the GPIl-linked form of NCAM,
NCAM120. The Lewis*™~BSA conjugate
pulled down TAX-1 from the correspond-
ing cell lysate, but not Contactin or C
NCAM120 (Fig. 3A). Neither the immobi-
lized BSA nor the N-acetyllactosamine—

BSA conjugate pulled down TAX-1, Con-
tactin, or NCAM120 (Fig. 3A).

These results indicate that TAG-1 in-
deed binds to Lewis™, while a binding of
Contactin to Lewis™ was not detectable
under the conditions of this experiment.

Figure4.
TAG-1 and Contactin directly interact
with CD24
CD24 binds to L1, which has been shown
to functionally interact with Contactin
and TAG-1 (Kuhn et al., 1991; Olive et al., 1995; Buchstaller et al.,
1996; Falk et al., 2002). To test whether CD24 also interacts with
Contactin and TAG-1, we performed immunoprecipitations
from detergent solubilized brain homogenates using monoclonal
antibody against CD24. Probing the immunoprecipitates by
Western blot with antibodies against L1, TAG-1, Contactin,
CD24 and, as control, NCAM revealed that L1, TAG-1 and Con-
tactin coimmunoprecipitated with CD24, while NCAM did not
coimmunoprecipitate with CD24. Neither of the proteins was
found in the control where a nonimmune rat IgG was used for
immunoprecipitation (Fig. 3B). Thus, coimmunoprecipitation

L1 TAG-1 unconjugated Fluospheres
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TAG-1

L1 Contactin unconjugated Fluospheres

(D24 binds in trans to L1/TAG-1or L1/Contactin clusters on cultured DRG neurons. A-C, Primary cultures of wild-type
DRG neurons were incubated with (D24 coated (4, B) or unconjugated (€) Fluospheres and afterward immunofluorescent staining
of L1 and TAG-1 (A, €) or L1 and Contactin (B, €) was performed. Arrows indicate clusters stained for (D24-Fluospheres, L1 and
TAG-1, or Contactin. Areas in rectangles are magnified. Scale bars, 10 Lm.

of TAG-1 and Contactin with CD24 indicates that these proteins
interact directly or indirectly with each other.

To show a direct interaction of TAG-1 or Contactin with
CD24, pull-down assays were carried out. CD24 immobilized on
beads was incubated with TAX-1-Fc, Contactin-Fc and, as con-
trols, CHL1-Fc and Fc alone. Beads coated with CD24 pulled
down Contactin-Fc and TAX-1-Fc but not CHL1-Fc or Fc (Fig.
3C). These results show that TAX-1 and Contactin directly bind
to CD24.

To further substantiate the interaction of CD24 with Contac-
tin and TAG-1 in the cerebellum, antibodies against TAG-1,
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Contactin or CD24 were used for immunoprecipitations from
detergent solubilized homogenates of cerebellum. Immunopre-
cipitation with the CD24 antibody and probing the immunopre-
cipitates by Western blot analysis with antibodies against CD24,
TAG-1, and Contactin revealed that TAG-1, Contactin, and
CD24 immunoprecipitated with the CD24 antibody. Western
blot analysis with the CHLI antibody, as control, indicated that
no CHLI1 was detectable in the immunoprecipitate (Fig. 3D). In
the control samples using nonimmune control IgG for immuno-
precipitation or omitting the CD24 antibody, no CD24, TAG-1,
or Contactin was detectable in the immunoprecipitates (Fig. 3D).
Immunoprecipitations with TAG-1 or Contactin antibodies and
Western blot analysis showed that Contactin, TAG-1, and CD24,
but not CHL1, were coimmunoprecipitated by the TAG-1 anti-
body as well as by the Contactin antibody. In the absence of
antibody or in the presence of nonimmune antibodies neither
molecule was immunoprecipitated (Fig. 3D). These results indi-
cate that the adhesion molecules CD24, TAG-1 and Contactin are
associated in a protein complex in the membranes from early
postnatal cerebellum.

Since it was not possible to carry out immunoprecipitation
from DRGs due to the small amounts of protein derived from the
tissue, the association of CD24 with L1 and Contactin or TAG-1
was analyzed in cell culture by determination of coclustering of
cis-interacting partners on live DRG neurons with trans-
interacting CD24. To this aim, fluorescent microspheres were
coated with purified brain CD24, and these CD24-coated beads
were incubated with DRG neurons followed by immunofluores-
cent staining of L1 and either TAG-1 or Contactin to detect co-
localization. The majority of CD24-coated beads were seen in the
vicinity of clusters showing of costaining of L1 and TAG-1 (Fig.
4A) or L1 and Contactin (Fig. 4B). These clusters were present
along neurites in nearly constant intervals of 20—25 um. Using
unconjugated control beads no attachment of beads to the neu-
rites was observed (Fig. 4C).

These results suggest that CD24 binds to complexes contain-
ing either L1 and TAG-1 or L1 and Contactin in DRG neurons.

TAG-1 and Contactin mediate CD24-induced and Lewis™-
dependent effects on neurite outgrowth of cerebellar and
DRG neurons

To test whether TAG-1 and/or Contactin are involved in glycan-
dependent CD24-induced neurite outgrowth, cerebellar and
DRG neurons from TAG-1-deficient and Contactin-deficient
mice were analyzed for neurite extension on substrate-coated
CD24. Neurite outgrowth of cerebellar neurons from TAG-1-
and Contactin-deficient mice was not enhanced in the presence
of CD24 in contrast to neurite outgrowth of wild-type neurons
that showed an increase in neurite length in the presence of CD24
(Fig. 5A,B). This effect was specific, as on the control substrate
laminin, neurite outgrowth of the deficient cerebellar neurons
was not changed relative to that of wild-type neurons (Fig. 5A, B).
DRG neurons from TAG-1- and Contactin-deficient mice
showed a significant reduction of neurite length by ~20% on the
CD24 substrate relative to neurite outgrowth on PLL set to 100%
(Fig. 5C,D), while a significant reduction of neurite length by
~35% was observed on the CD24 substrate relative to PLL in the
case of wild-type DRG neurons (Fig. 5C,D). Since mutant neu-
rons showed comparable neurite outgrowth as wild-type neurons
on PLL, the inhibition of neurite outgrowth of TAG-1- and
Contactin-deficient DRG neurons by substrate-coated CD24 was
~50% of the inhibition seen with wild-type neurons and thus
represented an intermediate inhibition.
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Figure 5.  Involvement of TAG-1 and Contactin in (D24-induced neurite outgrowth. A-D,
Cerebellar (4, B) and DRG (C, D) neurons from TAG-1-deficient (—/—) (A, €) or Contactin-
deficient (—/—) (B, D) and wild-type littermate (+/+) mice were grown on PLL, (D24, or
laminin. Total length of neurites per cell was determined and is shown as percentage of PLL
control. Error bars indicate SD from three independent experiments. Bars marked by triple
asterisks ( p << 0.001) are significantly different from the wild-type control (Student’s t test).

The combined results imply that TAG-1 and Contactin coop-
erate in promoting neurite outgrowth of cerebellar neurons,
since both TAG-1 and Contactin are required to mediate CD24-
induced neurite outgrowth. However, TAG-1 and Contactin
function individually and separately from each other in DRG
neurons, since inhibition of neurite outgrowth from the deficient
neurons was intermediate between maximal inhibition seen with
wild-type neurons on CD24 and no inhibition seen with DRG
neurons on PLL. Intermediate inhibition could be mediated by
Contactin in TAG-1-deficient neurons and by TAG-1 in
Contactin-deficient neurons.

To test this assumption, we performed neurite outgrowth ex-
periments of TAG-1-deficient and Contactin-deficient DRG
neurons in the presence of either antibodies to Contactin or
TAG-1. In the presence of Contactin antibody, but not of TAG-1
antibody, the intermediate inhibition of neurite outgrowth of
TAG-1-deficient DRG neurons on the CD24 substrate was abol-
ished and neurite outgrowth was similar to that observed on the
PLL substrate (Fig. 6A). Similarly, intermediate inhibition of
neurite outgrowth of Contactin-deficient DRG neurons on CD24
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substrate was neutralized by application of TAG -/- DRG neu
TAG-1 antibody, but not Contactin anti-
body (Fig. 6 B). When compared with the
inhibition seen in the absence of antibod-
ies, wild-type DRG neurons showed inter-
mediate inhibition of neurite outgrowth
on CD24 in the presence of either TAG-1
antibody or Contactin antibody (Fig. 6C).
This intermediate inhibition of neurite
outgrowth resembles the CD24-induced
intermediate inhibition of neurite out-
growth of TAG-1- or Contactin-deficient
DRG neurons. Application of both anti-
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Synergistic effects of TAG-1/Caspr2 and Contactin/Caspr in (D24-mediated neurite outgrowth of DRG neurons. A-D,

t(—/—) (A), Contactin-deficient (—/—) (B), and wild-type littermate (+/+) (€) mice or DRG
/—) and wild-type littermate (+/+) mice (D) were grown on PLL or (D24 in the absence or

presence of antibodies against TAG-1(TG), Contactin (Cn), Caspr1 (Cp1), Caspr2 (Cp2), or L1 (A-C). Total length of neurites per cell

was determined and is shown as

Interactions of Contactin with Casprl
marked by single asterisks ( p <

and TAG-1 with Caspr2 mediate the
CD24-induced inhibition of neurite
outgrowth of DRG neurons

Since the GPI-anchored molecules Contactin and TAG-1 cannot
function as transmembrane signal transducers that trigger CD24-
induced responses leading to neurite outgrowth, it was very likely
that transmembrane cis-interacting proteins of Contactin and
TAG-1 mediate the CD24-induced effects on neurite outgrowth.
Casprl is a binding partner of Contactin (Faivre-Sarrailh et al.,
2000; Bonnon et al., 2003) and Caspr2 is a binding partner of
TAG-1 (Poliak et al., 2003; Traka et al., 2003; Tzimourakas et al.,
2007).

Immunoprecipitation from homogenates of cerebellum using
a CD24 antibody showed a coimmunoprecipitation of Contactin
and TAG-1 (Fig. 3D), but coimmunoprecipitation of Casprl and
Caspr2 with CD24 was not detectable (data not shown), suggest-
ing that neither Casprl nor Caspr2 are involved in CD24-
induced neurite outgrowth of cerebellar neurons.

By immunostaining of cultured DRG neurons, we tested
whether Casprl or Caspr2 colocalized with Contactin and L1 or
with TAG-1 and L1, respectively. Staining of Casprl and Caspr2
was observed in clusters and the staining overlapped with that of
L1 (Fig. 7A,B), indicating that both Casprl and Caspr2 were
expressed in DRG neurons in a pattern similar to Contactin and
TAG-1. These results indicate that in DRG neurons Casprl and
Caspr2 are cis-interacting partners of L1 and Contactin or

percentage of PLL control. Error bars indicate SD from three independent experiments. Bars
0.05), double asterisks ( p << 0.01), and triple asterisks ( p << 0.001) are significantly different

from the wild-type control (Student’s t test). A-C, Values for PLL were not affected by any antibody, as exemplified in C.

TAG-1, respectively, and suggest that they are involved in CD24-
induced neurite outgrowth of DRG neurons.

To test whether Casprl and Caspr2 play a role in CD24-
induced neurite outgrowth polyclonal antibodies directed
against the extracellular domain of Casprl or Caspr2 were ap-
plied to cerebellar and DRG neurons. In the presence of either
antibody neurite outgrowth of cerebellar neurons on the CD24
and PLL substrate was not affected (data not shown), indicating
that neither Casprl nor Caspr2 acted as Contactin and TAG-1
associated signal transducers mediating CD24-induced neurite
outgrowth. The intermediate inhibition of neurite outgrowth of
TAG-deficient DRG neurons on the CD24 substrate was abol-
ished in the presence of the Casprl antibody, but not the Caspr2
antibody (Fig. 6 A). However, intermediate inhibition of neurite
outgrowth of Contactin-deficient DRG neurons on the CD24
substrate was abrogated in the presence of Caspr2, but not Casprl
antibody (Fig. 6 B). Application of either antibody to wild-type
DRG neurons revealed intermediate inhibition of neurite out-
growth on the CD24 substrate (Fig. 6C). This inhibition was
similar to that observed with Contactin- or TAG-1-deficient
DRG neurons without antibodies. Application of both antibodies
together completely abolished the CD24-induced inhibition of
neurite outgrowth of wild-type DRG neurons (Fig. 6C). None of
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the antibodies showed any effect on neurite outgrowth of either
DRG neurons when grown on PLL like shown in Figure 6C for the
wild-type DRG neurons. These results show that the CD24 trig-
gered signals via Contactin are mediated by Casprl, while those
triggered by TAG-1 depend on Caspr2. To further confirm that
Casprl is involved in CD24-induced inhibition of neurite out-
growth of DRG neurons we used DRG neurons from Casprl-
deficient mice. On CD24 an intermediate inhibition of neurite
outgrowth of Casprl-deficient DRG neurons was observed (Fig.
6D), being similar to that observed with Contactin-deficient
DRG neurons (Fig. 5D).

These results strongly suggest that the CD24 triggered signals
via Contactin are transduced by Caspr1, while those triggered by
TAG-1 depend on Caspr2. Since we did not have access to
Caspr2-deficient mice, we could not do a similar analysis.

L1 has been shown to be necessary for CD24-mediated inhi-
bition of DRG neurons (Kleene et al., 2001). To analyze whether
the Contactin/Casprl- and TAG-1/Caspr2-mediated neurite
outgrowth induced by CD24 requires L1, DRG neurons from
wild-type as well as TAG-1 and Contactin-deficient mice were

- the

Caspr1 and Caspr2 colocalize with L1 on cultured DRG neurons. A, B, DRG neurons grown on PLL were labeled by
immunofluorescence using antibodies to L1 and Caspr1 (A) or L1and Caspr2 (B). Scale bars, 10 em.
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grown on CD24 as a substrate in the pres-
ence of an antibody directed against the
extracellular domain of L1. In all cases the
inhibitory effect of CD24 on neurite out-
growth was abolished in the presence of L1
antibody (Fig. 6 A-C) indicating that both
TAG-1/Caspr2- and Contactin/
Casprl-mediated effects of CD24 on neu-
rite outgrowth of DRG neurons depend on
L1.

Finally, we investigated whether the in-
termediate inhibition of neurite out-
growth of TAG-1- or Contactin-deficient
DRG neurons on the CD24 substrate was
Lewis*-dependent by applying the Lewis™
and, as control, the Lewis” glycan to the
cultures. In the presence of Lewis™ but not
Lewis® glycans the intermediate inhibition
of neurite outgrowth of Contactin- as well
as of TAG-1-deficient DRG neurons was
abolished, being similar to the neurite out-
growth on PLL as substrate (Fig. 8A,B).
Neither glycans showed any effect on neu-
rite outgrowth on the PLL substrate as
neurite lengths were comparable to the
controls in Figure 2, Cand D.

The results indicate that the intermedi-
ate neurite outgrowth of DRG neurons
from both Contactin- and TAG-1-
deficient mice is Lewis "~ dependent. They
furthermore suggest that TAG-1 and Con-
tactin function independently as Lewis™
receptors on DRG neurons and mediate
the Lewis*-dependent CD24-induced in-
hibition of neurite outgrowth.

CD24-deficient mice recover less after
spinal cord injury compared with
wild-type littermates

To analyze the importance of CD24 in
neurite outgrowth, in particular in axonal
growth, in vivo, we compared the motor
recovery after lower thoracic spinal cord
compression in CD24-deficient mice and their wild-type litter-
mates. Spinal cord injury caused severe disabilities in both CD24-
deficient and wild-type mice, as assessed by the BMS 1 week after
injury (Fig. 9A). Between one and 6 weeks after injury, locomotor
function improved in both genotypes, but improvement was bet-
ter in wild-type littermates than in CD24-deficient mice, not only
estimated by BMS evaluation, but also by measurement of foot
stepping angle (Fig. 9B). Foot-stepping angle describes the plan-
tar stepping ability and was shown to correlate well with the BMS
score (Apostolova et al., 2006). Rump-height index and
extension-flexion ratio measure the ability of lower limbs to sup-
port body weight and to perform voluntary movements without
weight support, respectively. The recovery of these functions was
very poor in spinal cord injured mice regardless of genotype (Fig.
9C,D). Numbers of correct steps made by the animals during
inclined ladder climbing, reduced to approximately zero in both
genotypes 1 week after injury, did not improve with time in in-
jured mice either (data not shown). These results indicate a severe
degree of injury in both groups of mice, but at this injury level
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Figure8. Lewis*-dependent effects of TAG-1and Contactin in (D24-mediated neurite out-

growth of DRG neurons. 4, B, DRG neurons from TAG-1-deficient (—/—) (4) and Contactin-
deficient (—/—) (B) mice were grown on PLL or (D24 in the absence or presence of Lewis ° or
Lewis*, Total length of neurites per cell was determined and is shown as percentage of PLL
control. Error bars indicate SD from three independent experiments. Bars marked by double
asterisks ( p << 0.01) are significantly different from the wild-type control (Student’s £ test).
Values for PLL were not affected by any glycan, as exemplified in Figure 2 D.

there is a worse outcome in CD24-deficient mice compared with
their wild-type littermates.

Next, we looked for histological evidence for the reduced lo-
comotor recovery associated with CD24 deficiency. We stained
longitudinal sections of spinal cords 6 weeks after injury with
antibodies against tyrosine hydroxylase (TH) to label cat-
echolaminergic (dopaminergic and noradrenergic) axons, previ-
ously shown to be important for ground locomotion (Jak-
ovcevski et al., 2007). We also used an antibody against
neurofilament, which labels all spinal cord axons. With both an-
tibodies we observed enhanced sprouting of axons at the lesion
site of wild-type compared with CD24-deficient spinal cords (Fig.
9E,F). We also counted numbers of TH positive and neurofila-
ment positive axons beyond an arbitrarily selected border 250
pm caudal to the lesion site at 6 weeks after injury, with more
axons having regrown in wild-type versus CD24-deficient mice
(Fig. 9G). The decreased number of axonal fibers caudally to
the lesion site, either representing axons that have grown
through the lesion site or newly formed branches of the spared
axons, suggests an abnormally low regenerative capacity of
axons in the injured spinal cord of CD24-deficient mice.

These results show that CD24 plays an important role in en-
hancing axon regrowth and thus in neurite outgrowth in vivo.

CD24 influences neurite outgrowth of several neuronal cell
types in a similar manner

CD24 is known to promote neurite outgrowth of cerebellar neu-
rons and to inhibit that of DRG neurons and postnatal retinal
ganglion cells both in substrate coated cultures and in cocultures
with CD24-transfected astrocytoma cells (Shewan et al., 1996;
Kleene et al., 2001). To gain further insights into the role of CD24
in mediating neurite outgrowth, we investigated CD24-
dependency of neurite outgrowth from other types of neurons,
namely of primary cultured wild-type neurons from hippocam-
pus, spinal cord and cortex. Hippocampal neurons showed a
significant increase in neurite length in the presence of CD24 by
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~45% compared with PLL set to 100% (Fig. 10A). The majority
of spinal cord and cortical neurons also showed enhanced neurite
outgrowth of ~45% and 70%, respectively, on CD24 relative to
PLL (Fig. 10 B, C). In contrast, neurite lengths of the smaller pop-
ulations of large-sized motoneurons present in primary cultures
of spinal cord and cortical neurons was significantly reduced by
~35% on the CD24 substrate relative to neurite lengths on con-
trol substrates (Fig. 10B, C).

These results show that CD24 promotes neurite outgrowth of
hippocampal neurons and of spinal cord and cortical non-
motoneurons, and it promotes neurite outgrowth of cerebellar
neurons. In contrast, CD24 inhibits outgrowth of motoneurons
from spinal cord and from cortex comparable to inhibition of
neurite outgrowth from DRG neurons or retinal ganglion cells.

Discussion
L1 is a neuronal receptor for a2,3-linked sialic acid on CD24,
while TAG-1 and Contactin are neuronal receptors for Lewis™
on CD24
In previous studies, we have shown that CD24-mediated neu-
rite outgrowth of cerebellar and DRG neurons requires L1 at
the neuronal surface and depends on sialic acid residues car-
ried by CD24 (Kleene et al., 2001). In the present study, we
identified the binding site for sialic acid within the first FN III
domain of L1. L1 bound sialic acid preferably in «2,3 linkage
and barely in 2,6 linkage. Furthermore, «2,3-linked but not
a2,6-linked sialyl residues were functionally active in mediat-
ing CD24-induced effects on neurite outgrowth of cerebellar
and DRG neurons. In addition to «2,3-linked sialic acid the
Lewis™ glycan also mediates CD24-dependent neurite out-
growth of cerebellar and DRG neurons. TAG-1 and Contactin
were identified as the neuronal receptors for the Lewis™ gly-
cans and mediate Lewis*-dependent neurite outgrowth.
a2,3-Linked sialic acids were identified on O-glycans of the 30
and 33 kDa CD24 glycoforms present on cultured astrocytes, but
not on cultured neurons. The 33 kDa glycoform of CD24 carries
also Lewis™ and HNK-1 epitopes on O-glycans.

Both «2,3-linked sialic acid and Lewis™ on glycans carried by
CD24 are required to modulate CD24-induced neurite
outgrowth

The observation that both «2,3-linked sialic acid and Lewis™ gly-
cans are required for CD24-induced modulation of neurite out-
growth suggested a functional coupling of signal transduction
pathways triggered in neurons by a2,3-linked sialic acid- and
Lewis™-carrying carbohydrates present on glial CD24 glyco-
forms. The presence of both carbohydrates, possibly on one
CD24 molecule, contributes to a glia—neuron interaction. Dis-
ruption of binding of the «2,3-sialyl or Lewis™ glycans to their
corresponding neuronal receptors by removal of sialic acids
from CD24 (Kleene et al., 2001), by applying Lewis™ antibody
or by addition of soluble Lewis™ or «2,3-linked sialic acid
carrying carbohydrates abolished the glycan-dependent ef-
fects on neurite outgrowth. In addition, CD24-induced effects
on neurite outgrowth of neurons deficient in L1 as the a2,3-
linked sialic acid receptor (Kleene et al., 2001) or deficient in
TAG-1 or Contactin as the Lewis™ receptors were abolished.
Similarly, blocking antibodies against L1, Contactin and
TAG-1 interfered with the function of L1, Contactin, and
TAG-1 as neuronal receptors for CD24. These results indicate
that neither Lewis® nor «2,3-linked sialic acids alone are able
to modulate CD24-dependent neurite outgrowth and both
glycans and their corresponding neuronal receptors are re-
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Shown are mean values == SEM of open-field locomotion (BMS) scores (4), foot-stepping angles (B), rump-height indices (€), and extension-flexion ratios (D) before surgery (day 0) and at 1,3, and 6 weeks after
injury. Numbers of animals are given in parentheses; asterisks indicate significant differences between group mean values at a given time point ( p << 0.05, one-way ANOVA for repeated measurements with
Tukey post hoc test). E, F, Representative images of immunofluorescent stainings for neurofilament at the lesion epicenter (arrow) in (D24 */* littermate (E) and (D24 ~/~ (F) mice. Left is rostral, right is
caudal. G, Mean numbers of TH-positive and NF-positive fibers crossing an arbitrary border 250 m caudally from the lesion site at 6 weeks after the lesion (*p << 0.05; Wilcoxon—Mann—Whitney test).
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Figure 10.  (D24-mediated neurite outgrowth of hippocampal, cortical, and spinal cord neurons. A, Hippocampal neurons
from wild-type mice were grown on PLL, (D24, or laminin. B, Wild-type spinal cord neurons were grown on PLO or (D24. The
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an edge length of 15-20 m. C, Wild-type cortical neurons were grown on PLL or (D24. The culture contains non-motoneurons
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Error bars indicate SD from three independent experiments. Bars marked by asterisks ( p << 0.05) or double asterisks ( p < 0.01)
are significantly different from the control (PLL, PLO, or laminin; Student’s ¢ test).

quired for carbohydrate-dependent stimulation of neurite
outgrowth of cerebellar neurons or inhibition of outgrowth of
DRG neurons by CD24. We thus provide evidence for the role
of glycans in mediating and modulating glia—neuron interac-

tions. However, it is possible that these
glycans also mediate neuron—neuron or
glia—glia interactions.

Heterophilic interaction of L1 with
TAG-1 and Contactin

A functional heterophilic interaction of L1
with TAG-1 has been shown by colocaliza-
tion on DRG neurons (Kuhn et al., 1991)
and coimmunoprecipitation from cells co-
transfected with the two molecules (Kunz
et al., 1998; Malhotra et al., 1998) or from
DRG neurons (Buchstaller et al., 1996).
Other reports have also documented an
interaction of Contactin and L1 (Briim-
mendorf et al., 1993; Olive et al., 1995).
The sites involved in heterophilic interac-
tion of L1 with TAG-1 have been mapped
to the four Ig-like domains of TAG-1
(Rader et al., 1996; Malhotra et al., 1998)
and the four Ig-like domains of Contactin
have been shown to mediate neurite out-
growth (Briitmmendorfetal., 1993). Inter-
estingly, these sites coincide with the pro-
posed binding sites for Lewis™ within
TAG-1 and Contactin. However, it is still
not known whether the heterophilic inter-

actions between L1 and TAG-1 or Contactin are mediated by
direct protein—protein interactions or whether carbohydrates are
involved. Although we only provide evidence for the involvement
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of glycans in heterophilic trans interac- cerebellum DRG
tions of L1, TAG-1 and/or Contactin with
CD24, we cannot exclude that heterophilic astrocyte Schwann cell

cis interactions are also influenced by
glycans.

Roles of TAG-1 and Contactin as
coreceptors in L1-mediated
carbohydrate-dependent

neurite outgrowth

We have shown that TAG-1 and Contactin
are neuronal receptors for Lewis™ carrying
glycans on glial CD24 glycoforms, while L1
is the neuronal receptor for a2,3-linked
sialic acids on these CD24 glycoforms. In
the cerebellum, TAG-1 and Contactin are
present in a complex together with L1 as
indicated by coimmunoprecipitation. Ac-
cordingly, «2,3-linked sialic acid and
Lewis™ glycans of glial CD24 mediate the
heterophilic frans interaction with the
neuronal cis-interacting L1, TAG-1 and
Contactin molecules (Fig. 11) leading to signal transduction
events that stimulate neurite outgrowth. So far it is not known
which of these proteins directly interact and if there are other cell
adhesion molecules involved in this process.

We showed that CD24-mediated neurite outgrowth of cere-
bellar neurons depends on Contactin and TAG-1, but is indepen-
dent of their binding partners Casprl and Caspr2. This notion is
supported by findings that Contactin acts independently of
Casprl in cerebellar morphogenesis, such as parallel fiber orien-
tation: while orientation of parallel fibers in the cerebellar molec-
ular layer is impaired in Contactin-deficient mice (Berglund et
al., 1999; Boyle et al., 2001), this feature is unaffected in Caspr1-
deficient mice (Pillai et al., 2007).

In DRG neurons, a2,3-sialyl residues and Lewis® on CD24
trigger an interaction either between L1, TAG-1 and Caspr2 or
between L1, Contactin, and Casprl. Our results indicate that the
CD24-induced glycan-dependent functional coupling of Con-
tactin and its cis-interacting partner Casprl (Faivre-Sarrailh et
al., 2000; Bonnon et al., 2003) with L1 inhibits neurite outgrowth
of DRG neurons. Similarly, the coupling of TAG-1 and its cis-
interacting partner Caspr2 (Poliak et al., 2003) with L1 also in-
hibits neurite outgrowth of DRG neurons. Thus, both Caspr1 and
Caspr2 exert inhibitory functions on neurite outgrowth of DRG
neurons (Fig. 11). It is interesting in this respect that Casprl and
Contactin are involved in the organization of the paranodal sep-
tate junction of myelinated axons (Rios et al., 2000; Salzer, 2003),
while the association between Caspr2 and TAG-1 is essential for
the organization of the juxtaparanodal regions of myelinating
axons (Poliak et al., 2003; Traka et al., 2003). Paranodes and
juxtaparanodes are specialized membrane subdomains and pos-
sess distinct compositions in ion channels and cell adhesion mol-
ecules (Salzer, 2003). The juxtaparanodal region and the paran-
odal junction are involved in the organization of the node of
Ranvier, which plays a crucial role in the generation and rapid
propagation of action potentials in myelinated axons. The spe-
cialized cellular subdomains at the node of Ranvier are formed
through multiple contacts between the axonal and glial mem-
branes. Deficiency in either Casprl or Contactin results in the
disorganization of the paranodal loops and a reduction in nerve
conduction velocity (Bhat et al., 2001; Boyle et al., 2001), while
deficiency of Caspr2 and TAG-1 showed no alterations in the

neuron

Figure 11.

promotion of
neurite outgrowth

[.ldsu;)-

neuron

inhibition of
neurite outgrowth

Scheme of a working model: role of Lewis * and «2,3-linked sialic acid in modulating glia—neuron interactions. L1
on neurons binds to «2,3-linked sialicacid carried by glia-derived (D24, and neuronal TAG-1and Contactin bind to Lewis * carried
by glia-derived (D24. In the case of cerebellar neurons, a complex formed by neuronal L1, TAG-1, and Contactin leads to signal
transduction promoting neurite outgrowth. Inhibition of neurite outgrowth in DRG neurons is induced by two independent
complexes of either L1, TAG-1, and Caspr2 or L1, Contactin, and Caspr1.

electrophysiological properties of peripheral nerves, although the
enrichment of K™ channels at the juxtanodal region was severely
disrupted (Poliak et al., 2003; Traka et al., 2003). In the case of
DRG neurons, it is conceivable that glycans on CD24 present on
Schwann cells or astrocytes and their receptors L1, Contactin, or
TAG-1 on axons mediate the formation of cell contacts between
glial and neuronal cells and/or foster cis interactions between L1,
TAG-1, and Caspr2 or between L1, Contactin, and Caspr1 (Fig.
11). These interactions may trigger signal transduction pathways
leading to the inhibition of neurite outgrowth and thereby allow-
ing the initiation of the formation of paranodes and juxtaparan-
odes. It is striking that CD24 binds to clusters of L1 and TAG-1 or
L1 and Contactin that occur with regular intervals. That these
may represent preformed sites for directed subsequent glial en-
sheathment preceding myelination is very tempting to speculate.
As neurite outgrowth mediated by CD24 in vivo occurs before the
onset of myelination, it is likely that glia-derived CD24 binds to
receptors at the neuronal cell surface. Whether CD24 forms pro-
tein complexes at nodes of Ranvier and colocalizes with such
protein is presently not possible to determine because of the dif-
ficulties to obtain clear immunohistological images with the pres-
ently available antibodies. It is, however, tempting to speculate
that glycans and their receptors contribute to the formation and
maintenance of complex structures in dependence on the glycan
composition of the interacting adhesion molecules. Interestingly,
the glycosylation pattern of Contactin regulates its binding to
Casprl (Bonnon et al., 2007); only Contactin carrying mannose-
rich N-glycans associates with Casprl and neurofascin-155,
which is the glial binding partner of Contactin at paranodes,
whereas Contactin which carries complex N-glycans is not asso-
ciated with Casprl and does not interact with neurofascin-155.
As CD24 promotes neurite outgrowth of cerebellar and hip-
pocampal neurons as well as non-motoneurons from spinal cord
and cortex, but inhibits outgrowth of DRG neurons, retinal gan-
glion cells and motoneurons, the neuronal receptors must be
different between the neuronal cell types that show enhanced
versus reduced neurite outgrowth. Both cerebellar and hip-
pocampal granule cells consist of mainly unmyelinated neurons,
whereas axons from retinal ganglion cells, DRG neurons and
motoneurons are ensheathed by oligodendrocytes or Schwann
cells. Thus, these different properties generate functional differ-
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ences in CD24 mediated neurite outgrowth. Our observations on
axonal regeneration and functional recovery after spinal cord
injury provide evidence that CD24 is also involved in neurite
outgrowth in vivo. Although it would be difficult to assess contri-
bution of each individual axonal pathway to functional recovery,
our data suggest that CD24 has an overall enhancing impact on
regeneration after injury.

It will be important to investigate how glia-derived CD24 in-
terdigitates in the network of glycans and their receptors at ax-
onal cell surfaces in the central and peripheral nervous systems
and how this network induces specific signal transduction path-
ways in the subsequently functionally specialized nodal subdo-
mains, in particular with a view on the mechanisms of neuron—
glia interactions not only in normal development and structural
maintenance in the adult, but also in demyelinating diseases.
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