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Bovine CNS Myelin Contains Neurite Growth-Inhibitory Activity
Associated with Chondroitin Sulfate Proteoglycans
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The absence of fiber regrowth in the injured mammalian CNS is
influenced by several different factors and mechanisms. Be-
sides the nonconducive properties of the glial scar tissue that
forms around the lesion site, individual molecules present in
CNS myelin and expressed by oligodendrocytes, such as NI-
35/NI-250, bNI-220, and myelin-associated glycoprotein
(MAG), have been isolated and shown to inhibit axonal growth.
Here, we report an additional neurite growth-inhibitory activity
purified from bovine spinal cord myelin that is not related to
bNI-220 or MAG. This activity can be ascribed to the presence
of two chondroitin sulfate proteoglycans (CSPGs), brevican and
the brain-specific versican V2 splice variant. Neurite outgrowth
of neonatal cerebellar granule cells and of dorsal root ganglion
neurons in vitro was strongly inhibited by this myelin fraction
enriched in CSPGs. Immunohistochemical staining revealed
that brevican and versican V2 are present on the surfaces of

differentiated oligodendrocytes. We provide evidence that treat-
ment of oligodendrocytes with the proteoglycan synthesis in-
hibitors B-xylosides can strongly influence the growth permis-
siveness of oligodendrocytes. B-Xylosides abolished cell
surface presentation of brevican and versican V2 and reversed
growth cone collapse in encounters with oligodendrocytes as
demonstrated by time-lapse video microscopy. Instead, growth
cones were able to grow along or even into the processes of
oligodendrocytes. Our results strongly suggest that brevican
and versican V2 are additional components of CNS myelin that
contribute to its nonpermissive substrate properties for axonal
growth. Expression of these CSPGs on oligodendrocytes may
indicate that they participate in the restriction of structural
plasticity and regeneration in the adult CNS.
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Although the postnatal mammalian nervous system allows a lim-
ited degree of plasticity of fiber circuits that permits short-range
rearrangements in connectivity, there is no evidence of changes
in the main direction of long axonal projections once develop-
ment is completed. Similarly, injuries to the mature mammalian
brain and spinal cord are followed by permanent deficits because
of a lack of regrowth of severed fiber tracts. One of the main
impediments to axonal growth appears to be the nonconducive
environment of central white matter, because peripheral nerve
transplants into the adult mammalian CNS were shown to pro-
vide adequate substrate properties for growth of injured CNS
fiber tracts (David and Aquayo, 1981; Friedman and Aguayo,
1985). In particular, the presence of the neurite growth-inhibitory
molecules N1-35/250 associated with oligodendrocyte membranes
and myelin sheaths (Caroni and Schwab, 1988a; Spillmann et al.,
1998) is thought to play an important role for the lack of fiber
regeneration and the limited plastic responses in the adult mam-
malian CNS. The monoclonal antibody (mAb) IN-1 raised
against these proteins was shown to neutralize their growth-
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inhibitory effects in vitro and in vivo, resulting in long-distance
fiber growth and increased plastic sprouting within the adult CNS
(Caroni and Schwab, 1988b; Bandtlow et al., 1990; Schnell and
Schwab, 1990; Bregman et al., 1995; Thallmair et al., 1998;
Z’Graggen et al., 1998). Besides NI35/250, myelin-associated
glycoprotein (MAG), another myelin component, can inhibit
fiber growth of a variety of neuronal cells in culture (McKer-
racher et al., 1994; Mukhopadhyay et al., 1994; Li et al., 1996).
The physiological importance of M AG for axonal regeneration in
the CNS, however, is still controversial; one study reports an
enhancement of axonal regeneration in MAG ~/~ mice (Li et al.,
1996), whereas another study shows no such improvement (Bar-
tsch et al., 1995).

More recently, proteoglycans, cell surface molecules, and con-
stituents of the extracellular matrix were shown to act on axonal
growth in vitro. In particular, chondroitin sulfate proteoglycans
(CSPGs) can inhibit neurite outgrowth from various neuronal
cell types (Carbonetto et al., 1983; Snow et al., 1990a,b; Fichard
et al.,, 1991; Dou and Levine, 1994; Friedlander et al., 1994;
Yamada et al., 1997). These properties are often associated with
the glycosaminoglycan (GAG) moieties of these molecules but
are sometimes found to reside in the protein backbone of the core
protein (Katoh-Semba and Oohira, 1993; Dou and Levine, 1994).
Although these in vitro studies indicate a functional role of
proteoglycans in axonal pattern formation, the in vivo evidence is
rather sparse. Recent observations show, however, that distinct
proteoglycans are expressed in discrete areas, such as in the roof
plate of the developing spinal cord (Snow et al., 1990a; Meyer-
Puttlitz et al., 1996), the optic fissure (Snow et al., 1991), and in
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posterior somites (Landolt et al., 1995) in which they may act as
barriers to axon advance.

In this paper, we describe the presence of an additional inhib-
itory activity for neurite growth in bovine myelin, identified as the
CSPGs brevican and versican V2. Both molecules are expressed
by differentiated oligodendrocytes in vitro and contribute to the
contact-mediated growth cone collapse of extending neurites.

MATERIALS AND METHODS

Reagents. Monoclonal antibody IN-1 against the myelin components
NI-35/250 and monoclonal antibody O-1 were described previously
(Sommer and Schachner, 1981; Caroni and Schwab, 1988b). Polyclonal
antibodies GAGa and GAG recognizing V2/V0 and V1/VO0 splice
variants of versican, respectively, were described by Dours-Zimmermann
and Zimmermann (1994) and Schmalfeldt et al. (1998). Monoclonal
antibody CS56 against chondroitin sulfate proteoglycans was purchased
from Sigma (Buchs, Switzerland). Polyclonal antibodies against rat brevi-
can (Yamada et al., 1994) were a kind gift of Dr. Y. Yamaguchi (The
Burnham Institute, San Diego, CA), polyclonal anti-MAG antibodies
were kindly provided by Dr. J. Salzer (Department of Cell Biology, New
York University Medical Center, New York, NY), polyclonal anti-
tenascin antibodies were a kind gift of Dr. A. Faissner (Department of
Neurobiology, University of Heidelberg, Heidelberg, Germany), and
polyclonal anti-neurocan antibodies were from Dr. U. Rauch (Experi-
mental Pathology, Lund University, Lund, Sweden). The monoclonal
antibody Forse-1 recognizing phosphacan (Allendoerfer et al., 1995) was
obtained from the Developmental Studies Hybridoma Bank (University
of Iowa, Iowa City, IA).

Tissue culture. Dorsal root ganglia were isolated from embryonic day
15 (E15) chicken. Ganglia were cleaned, cut into smaller pieces, and
placed in DM EM-F-12 medium (Life Technologies, Gaithersburg, MD)
containing 10% fetal bovine serum (FBS), 2% chick serum (Life Tech-
nologies), and 50 ng/ml nerve growth factor. Cerebellar granule cells
were purified from trypsin dissociates of postnatal day 5-8 rat cerebellar
on discontinuous Percoll gradients as described previously by Hatten
(1985). Neurons were seeded on poly-L-lysine-coated culture dishes
(20,000 cells per well) in DM EM-F-12 medium supplemented with N1
(Sigma), 1% FBS, and 20 ng/ml bFGF. Rat oligodendrocyte cultures
were obtained by a modified procedure of McCarthy and DeVellis
(1980). Briefly, mixed glial cells of newborn rat pubs were grown for 9-11
d in DMEM-F-12 medium containing 10% FBS. To dislodge microglial
cells, primary cultures were shaken horizontally for 2-3 hr at 200 rpm at
37°C. Dislodged cells were removed, fresh medium was added, and
cultures were shaken overnight at 250 rpm. Cells were harvested by
pelletation, resuspended in DM EM-F-12 supplemented with N1 and 15
nM triiodothyronine (all from Sigma), and grown for 3—4 d on poly-L-
lysine at a density of 10* cells/cm?. For encounter experiments with
DRG neurons, oligodendrocytes were grown in either the absence or
presence of proteoglycan synthesis inhibitors (1.5 mwm methyl-
umbelliferyl B-p-xyloside or 1.5 mM methyl-B-D-xylopyranoside; Sigma)
for 5 d. Chick DRG explants were then added to the cultures in the
absence of inhibitors, and cultures were investigated the next day by
time-lapse video microscopy as described previously (Bandtlow et al.,
1990, 1993).

Myelin preparation from bovine spinal cord. Bovine spinal cords were
obtained from the slaughterhouse, removed from meninges, and cut into
pieces of 20-30 gm (wet weight) for homogenization in 0.25 M sucrose—
HEPES buffer, pH 7.2, including various protease blockers, such as 1 mm
PhMeSO,F, 2.5 mM iodoacetamide, 1 mm EDTA, 2 pg/ml aprotinin, 1
ng/ml pepstatin, and 1 pug/ml bestatin. The homogenate was first centri-
fuged at 2000 rpm in a Sorvall HB-4 rotor for 10 min to remove cell
debris and nuclei and then fractionated on a sucrose density gradient as
described previously (Colman et al., 1982). After centrifugation for 4 hr,
the resultant interface was collected, dispersed in 20 vol of 20 mm
HEPES, pH 7.4, and centrifuged in a TI60 rotor (Beckman Instruments,
Fullerton, CA) at 24000 rpm. The pellet was resuspended in 20 mm
HEPES, pH 7.4, and washed in 10 vol of 100 mM sodiumcarbonate, pH
11, to remove soluble and membrane-associated proteins, before it was
neutralized to pH 7.4 and extracted with 2% Chaps in 20 mm Tris, pH
8.0, and 0.1 M NaCl in the presence of protease blockers. Protein
concentration was determined using the Bradford dye-binding assay
(Bio-Rad, Hercules, CA) according to the manufacturer’s recommenda-
tion with bovine serum albumin (type IV; Bio-Rad) as standard.
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Anion exchange chromatography. Extracted proteins were separated by
anion exchange chromatography on Q-Sepharose (Amersham Pharmacia
Biotech, Uppsala, Sweden) equilibrated in buffer A (20 mm Tris, pH 8.0,
0.1 M NaCl, and 0.5% Chaps). Proteins were eluted stepwise with buffer
A and increasing ionic strength. After measurement of protein concen-
tration and substrate properties in the various bioassays, active samples
containing proteoglycans were pooled and precipitated by 3 vol of etha-
nol and 1.3% potassium acetate.

Immunodepletion of versican V2 or brevican from the myelin proteogly-
can fraction. Proteoglycan fraction (100-200 ug) was combined with an
equal volume of a polyclonal rabbit antibody specific to bovine versican
V2 or brevican and incubated for 2 hr while rotating at 4°C. Protein
A-conjugated Sepharose beads (20 ul), washed three times with 20 mMm
Tris, pH 7.5, 200 mMm NaCl, and 0.5% Nonidet P-40 containing buffer,
were added to the mixture and incubated with rotation at 4°C for an
additional hour. Lysates were then separated from the beads by centrif-
ugation. Beads were resuspended in 20 ul of 20 mm Tris, pH 7.5, 200 mm
NaCl, 0.5% Nonidet P-40, and 1% SDS containing buffer and pelleted
again. Protein concentration was determined in all samples, and 50 ug of
each fraction was mixed with 100 pg/ml laminin-1 and analyzed in the
neurite outgrowth assay as described above. As a control, purified bovine
versican V2 was used as described by Schmalfeldt et al. (1998).

Alcian blue dot-blot assay. To monitor the presence of proteoglycans
after anion exchange, an aliquot of each fraction (2.5 or 5 ug of total
protein) was dot-blotted on Gene Screen Plus membranes (DuPont
NEN, Wilmington, DE) and stained with Alcian blue according to Buee
et al. (1991).

Enzymatic analysis of proteoglycans. Proteoglycan-enriched fractions
were digested with protease-free chondroitinase ABC (Boehringer
Mannheim, Indianapolis, IN) in 40 mm Tris, pH 8.0, 40 mM sodium
acetate, and 0.1 mg/ml BSA. Typically, 5-8 ug of protein were incubated
with 0.02 U of chondroitinase ABC at 37°C for 2 hr. The reaction
mixture was cooled on ice, and 1 mm CaCl, was added to inactivate the
enzyme. In control experiments, samples were treated with heparinase.
For every digestion, an aliquot of the reaction mixture was run on a 6%
polyacrylamide gel to monitor completeness of digestion, before samples
were tested in the bioassays or used for Western blotting.

SDS-PAGE and immunoblotting. High-resolution SDS-PAGE was per-
formed using 6% (w/v) SDS-polyacrylamide gels according to the
method of Laemmli (1970). Gels were either silver-stained (Morrissey,
1981) or transferred onto Immobilon-P membranes (Millipore, Bedford,
MA) in 20 mm Trisbase, 192 mm glycine, pH 8.3, 0.037% (w/v) SDS, and
20% methanol (Towbin et al., 1979) with a semidry transfer apparatus
(Trans Blot SD; Bio-Rad). Transfer time was 2 hr at 0.8 mA/cm?
Blocking reagent (1 hr at room temperature) was 3% gelatin in TBS (20
mM Tris-Cl, pH 7.5, 150 mm NaCl, and 0.4% Tween 20). Incubation time
for the first antibody was usually overnight at 4°C. HRP-conjugated
anti-mouse IgG or anti-rabbit secondary antibody (1:2000) was incubated
for 1 hr at room temperature. Finally, the ECL chemiluminescence
system was used for detection (Amersham Pharmacia Biotech). Primary
antibodies were polyclonal anti-MAG (1:2000), monoclonal IN-1 anti-
body (hybridoma supernatant; 1:5), polyclonal anti-brevican (1:1000),
polyclonal antibody anti-bovine versican GAGa and GAG B (1:1000),
polyclonal anti-neurocan (1:200), monoclonal anti-phosphacan (hybrid-
oma supernatant 1:5), and monoclonal anti-CS proteoglycan CS56 (1:50).

Neurite outgrowth assay. To determine the growth-modulating proper-
ties of the different fractions, 100 ul aliquots were evaluated using
nitrocellulose-coated four-well Greiner dishes (Greiner, Nirtingen, Ger-
many) according to Lagenaur and Lemmon (1987). Briefly, each well (1
cm?) was coated with 5 pl of nitrocellulose dissolved in methanol (5 cm?
nitrocellulose in 12 ml of methanol) and air-dried in a tissue culture
hood. Test wells were coated for 10 min with protein fractions of each
separation step. After aspiration, wells were washed with DM EM con-
taining 10% FBS and blocked in that medium for 2 hr at 37°C, before
cerebellar granule cells or chick DRG explants were plated. Assays were
stopped after 24 hr in culture by adding 4% (w/v) formalin buffered with
NaCl/P; (137 mm NaCl, 2.7 mm KCl, 1.5 mm KH,PO,, and 8 mm
Na,HPO,, pH 7.4). For assaying inhibitory substrate properties, the
proportion of total cells bearing neurites longer than the diameter of the
cell body (i.e., neurite outgrowth was successfully initiated) was deter-
mined. Under control conditions, in the absence of myelin proteins, 70%
of the cerebellar granule neurons formed processes. To assess neutral-
ization of inhibitory activity, substrate-coated wells were incubated with
either the IN-1 hybridoma supernatant or the recombinant Fab fragment
(dialyzed against NaCl/P;) in varying amounts for 20 min at 37°C. The
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wells were then washed briefly with HBSS (Life Technologies), and cells
were applied in the presence of either the IN-1 containing hybridoma
supernatant diluted 1:1 with medium or varying concentrations of Fab
fragment. As a control, O1 hybridoma supernatant was used, which
recognizes an oligodendrocyte-specific galactocerebroside (Sommer and
Schachner, 1981).

Immunocytochemistry of cultured oligodendrocytes. For live-cell stain-
ing, unfixed, unpermeabilized oligodendrocyte cultures (grown in either
the presence or absence of B-xylosides) were rinsed in DM EM without
serum and then incubated in antibodies against M AG, CS56, brevican, or
versican V1/V0 and versican V2/V0, respectively, for 1 hr. Cultures were
rinsed in DMEM and fixed in 4% paraformaldehyde before incubation
with either FITC-conjugated secondary IgGs to reveal MAG and CS56
staining or with anti-mouse HRP-conjugated secondary antibodies with
subsequent reaction with the Vecta-Stain Complex system (Vector Lab-
oratories, Burlingame, CA) according to the manufacture’s recommen-
dation to reveal brevican and versican V2. Control experiments showed
no cross-reactivity in the absence of the appropriate primary antibodies.
To reveal intracellular localization of brevican and versican V2, cultures
were fixed in 4% paraformaldehyde for 10 min, permeabilized in the
presence of 0.1% Triton X-100 for 30 min, and then rinsed in phosphate
buffer immediately before antibody staining.

RESULTS

Previous experiments have led to the identification of MAG
(McKerracher et al., 1994) and the neurite growth inhibitor
bN1-220 (Spillmann et al., 1998) as the main constituents present
in bovine CNS myelin exerting inhibitory neurite growth prop-
erties on a variety of neurons in vitro. To identify other neurite
growth-inhibitory activities present in myelin of bovine spinal
cord, a myelin Chaps extract was chromatographed on a strong
anion exchange column. Partially purified cerebellar granule neu-
rons were used in a 24 hr bioassay to test the different fractions for
their substrate properties on cell attachment and neurite growth.
As shown in Figure 1, B and G, cell attachment and neurite
outgrowth were severely reduced when a CNS myelin Chaps
extract (20 pg/ml) was used as a substrate. In contrast, laminin
(10 pg/ml) promoted extensive attachment of granule cells and in
70% of adherent cells, robust neurite growth, with an average
neurite length of 70 wm (Fig. 14,G). As shown previously by us
and others (McKerracher et al., 1994; Spillmann et al., 1998), at
least three different peaks of inhibitory activity could be eluted
with a NaCl salt step gradient when a spinal cord myelin Chaps
extract was fractionated on a strong anion exchange column (Fig.
2A). Immuno-dot-blots with anti-M AG and anti-bNI-220 (IN-1)
antibodies of the separately pooled active fractions revealed that
MAG did correlate with inhibitory activity eluting at 150 mm
(peak I), whereas bNI-220 was mainly found in the protein
fractions eluting at 400 mm NaCl (peak II) (Fig. 2B). Interest-
ingly, neither of the two polypeptides were enriched in the pro-
tein peak eluting at high ionic strength (peak IIT) at 0.8 M NaCl
(Fig. 2B). This observation demonstrates that one or more addi-
tional inhibitory activities are present in CNS myelin. Evaluation
of the polypeptide profile obtained by 6% SDS-PAGE showed
that the fractions eluting at high ionic strength were enriched in
proteins that barely entered the gel and migrated as a broad
smear at high molecular weight (Fig. 2C). Semiquantitative dot-
blot analysis with Alcian blue staining revealed that these frac-
tions were ~10-fold enriched in proteoglycans (Fig. 2B) com-
pared with the starting material. Furthermore, Figure 2C shows
that digestion with chondroitinase ABC caused the high-
molecular weight smear to disappear and increased the relative
amount of several components migrating at 400, 320, 180, and 140
kDa. Digestion with heparinase had no effect on the electro-
phoretic mobility of the high-molecular weight smear (data not
shown), indicating a lack of heparin sulfate chains in the sample.
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These results demonstrate that several inhibitory activities
could be separated form CNS myelin extract and that at least one
of these activities seems to be enriched in chondroitin sulfate
proteoglycans.

Inhibition of neurite outgrowth of cerebellar granule
cells by the proteoglycan-enriched myelin fraction

As reported previously by us and others, CNS myelin reduces cell
adhesion and inhibits neurite outgrowth by at least 80%, as shown
in Figure 1, B and G, for cerebellar granule neurons. A similar
inhibition was observed for neurons grown on a fraction of myelin
proteins eluting at high salt (peak III), containing chondroitin
sulfate proteoglycans (10 ug/ml) (Fig. 1D,G). Interestingly, the
IN-1 antibody, which has been shown to successfully reduce the
inhibitory activity exerted by total CNS myelin by 50% (Fig.
1C,G) and to completely abolish the effect of bN1-220 (Spillmann
et al.,, 1998), had no apparent effect on the inhibitory activity
found in the proteoglycan-enriched myelin fraction (Fig. 1E,G)
or on the MAG-enriched fractions (data not shown). Together
with the dot-blot assay (Fig. 2B), it seems therefore likely that the
activity found in peak III results from the proteoglycans and not
from a residual contamination of bNI-220 or MAG.

Extending neurites avoid the intact
proteoglycan fraction
To determine whether elongating neurites growing on a growth-
promoting substrate avoid surfaces coated with the PG-enriched
fractions of peak III, we examined the patterns of neurite growth
of chick DRG explants at borders of laminin and the
proteoglycan-enriched fraction (peak IIT). These borders were
created by coating half of the nitrocellulose-covered dish with
laminin (10 ug/ml) and the other half with protein fractions of
peak III (20 mg/ml). Figure 3 demonstrates that, in a choice
situation, DRG neurites extending on the laminin surface did not
grow over the border into the peak III containing area. Instead,
neurites deflected at the border and maintained to grow on the
laminin-coated substrate.

These results demonstrate that, in a choice situation, extending
DRG neurons avoid areas containing the intact proteoglycan-
enriched fraction.

CS GAG chains have only moderate influence on the
inhibitory activity

The GAG moieties of proteoglycans have been shown to exert
both repulsive and supportive influences on neurite growth in
vitro. To determine whether the CS GAG chains are required for
the growth-inhibitory activity found associated in peak III, we
digested the PG-enriched fractions with chondroitinase ABC and
assayed the digestion products for their growth properties on
cerebellar granule neurons. As shown in Figure 1, F and G, only
15% of the cerebellar granule neurons plated on chondroitinase
ABC-digested material were able to put out processes, indicating
that the CS chains of the PG-enriched fractions contribute only to
a minor extent to the inhibition of neurite growth of cerebellar
neurons and that the major activity seems to reside in the protein
cores.

Identification of versican V2 and brevican present in
the proteoglycan-enriched myelin fraction

Recent results have provided evidence that a variety of proteo-
glycans are expressed in the adult brain. In particular, hyalectans,
a family of chondroitin sulfate proteoglycans, are most abundant.
To identify the components enriched in the proteoglycan frac-
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Mpyelin fractions enriched in proteoglycans do not support cell attachment and neurite outgrowth. Partially purified cerebellar granule neurons

were seeded onto nitrocellulose-coated culture dishes absorbed with various myelin fractions as described in Material and Methods and were allowed
to grow for 24 hr. The substrates are as follows: 4, laminin (10 ug/ml); B, spinal cord myelin Chaps extract (10 ug/ml); C, spinal cord myelin Chaps
extract (10 ug/ml) preincubated with the mAB IN-1 (1:1); D, proteoglycan-enriched myelin fraction (5 ug/ml); E, proteoglycan-enriched myelin fraction
(5 pg/ml) preincubated with the mAB IN-1 (vol 1:1); F, proteoglycan-enriched myelin fraction after chondroitinase ABC treatment. Whereas cell
attachment and neurite growth was extensive on laminin, there is reduced adhesion and outgrowth of cells on spinal-cord myelin extract or on a
proteoglycan-enriched myelin fraction. Note that the mAB IN-1 could partially neutralize the effect of the spinal cord myelin extract but not of the
proteoglycan-enriched myelin fraction. Treatment with chondroitinase ABC partially abolishes the latter activity. G, Quantification of neurite outgrowth
of cerebellar granule cells on various substrates. The results are the mean = SEM of five independent experiments. LN, Laminin-1; myelin, total myelin

extract; PG, proteoglycan-enriched fraction. Scale bar, 50 wm.

tions of bovine myelin (peak III), we tested various antibodies
against chondroitin sulfate proteoglycan candidates known to be
present in the brain. Immunoblotting showed that antibodies
against rat brevican react with two bands of 145 and 80 kDa (Fig.
4) on chondroitin ABC-treated protein samples derived from
PG-enriched myelin fraction, corresponding to the intact core
protein of bovine brevican and its C-terminal proteolytic product
(Yamada et al., 1994). In addition, antibody GAGa recognizing
the brain-specific V2/V0 splice variant of bovine versican recog-
nized a broad smear in the undigested material and a band at 400
kDa in the chondroitinase ABC-treated sample, corresponding to
the molecular weight of versican V2 purified from bovine brain
(Schmalfeldt et al., 1998). Interestingly, antibody GAGf recog-
nizing the V1/VO0 versican splice variant did not recognize any

specific band, indicating that the larger VO and V1 splice variants
are mainly absent from this myelin fraction and that the 400 kDa
band is indeed representing the intact versican V2 core protein.
Furthermore, the myelin fraction seemed not to contain any other
chondroitin sulfate proteoglycans, such as neurocan or phospha-
can (Rauch et al., 1991; Margolis et al., 1996) or any tenascin-
isoforms because no immunoreactivity could be detected with the
corresponding antibodies (data not shown). To exclude that pro-
teins other than versican V2 and/or brevican may contribute to
the neurite growth-inhibitory activity found in peak III of bovine
CNS myelin, we immunodepleted versican V2 or brevican from
this fraction and tested the remaining activity in the in vitro
bioassay. As shown in Figure 54, there was a considerable loss of
inhibitory activity of peak III, whereas activity was found in the
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Figure 2. Analysis of neurite growth-inhibitory activity after separation of myelin proteins by anion exchange chromatography. A, The elution profile
of the Q-Sepharose column is shown. A4, Chaps-extract of spinal cord myelin was loaded onto a Q-Sepharose column and eluted by a step salt gradient
as indicated (0.1-1 m NaCl). Activity of each fraction was tested in the bioassay. Three activity peaks (indicated by arrows) eluting at 150 (peak I), 400
(peak II), and 800 (peak III) mm NaCl could be determined. B, Dot-blot profile of active fractions to monitor distribution of myelin-associated neurite
growth inhibitors. Active fractions of each peak were pooled, and aliquots of 5 ug each were dotted on membranes and probed with anti-MAG, IN-1
antibodies, and Alcian blue, respectively. Note that the presence of MAG correlates with peak I, the IN-1 antigen with peak II, and the enrichment of
proteoglycans with peak III. C, Aliquots (2 pg/lane) of each activity pool were electrophoresed on 6% SDS-polyacrylamide gels and visualized by silver
staining. Lane 1, Activity peak I; lane 2, activity peak II; lane 3, activity peak III, proteins appear as a mixture of a high-molecular weight smear; lane
4, activity peak III digested with chondroitinase ABC. Enzyme treatment causes the disappearance of the smear and increases the amount of components
at 400, 320, 180, and 140 kDa. The mobility of the molecular weight marker is indicated by the arrows to the left. Laminin was used as a marker for 400 kDa.

versican V2 immunoprecipitate, even in the presence of laminin-1
(Fig. 5B,E). A similar, although less pronounced, reduction was
seen after immunodepletion of brevican (Fig. SC,E). Further-
more, we show that purified versican V2 strongly inhibited cere-
bellar neurite outgrowth under the same experimental conditions
(Fig. 5D,E).

Together, these data strongly suggest that versican V2 and
brevican are indeed the main components in peak III that cause
neurite growth inhibition.

Differentiated oligodendrocytes express brevican and
versican V2

To assess whether differentiated oligodendrocytes express brevi-
can and/or versican on their cell surface, we stained life cultures
of enriched oligodendrocytes with antibodies directed against
brevican and specific splice variants of versican, respectively. We

found that highly branched oligodendrocytes, but also flat cells,
which are presumably astrocytes, are immunoreactive for brevi-
can (Fig. 64) and for versican V2/V0 (Fig. 6B) but not for
versican V1/VO (Fig. 6C). The surface-associated staining in
live-cell labeling experiments showed a distribution very similar
to that observed in cultures that had been fixed and permeabil-
ized before staining (Fig. 6D-F). In addition to the surface-
associated immunoreactivity, brevican-positive (Fig. 6D) and ver-
sican V2/VO0-positive (Fig. 6EF) cells in fixed and permeabilized
preparations showed intracellular immunoreactivity, which was
not observed after live labeling. A similar, although weaker,
staining pattern was obtained with the CS56 antibody recognizing
chondroitin sulfate proteoglycans (Fig. 6F). No specific intracel-
lular labeling was seen with antibodies against versican V1/V0
(data not shown). The persistence of surface-associated immu-
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Figure 3. DRG neurites avoid sub-
strates enriched in the proteoglycan-
containing myelin fraction in a choice
situation. 4, A chick DRG explant shows
robust outgrowth on a laminin sub-
strate (10 pg/ml). B, The proteoglycan-
enriched myelin fraction (10 ug/ml) does
not support outgrowth of chick DRG
neurites. C, Neurites of a DRG explant
extending on a laminin-substrate do not
cross the border (indicated by the dotted
line) into the proteoglycan-containing
substrate area. Scale bar, 50 um.

noreactivity on live unpermeabilized cells indicates that the
epitopes of both hyalectans are localized to the extracellular
surface of the glial membrane.

Increased axon growth over oligodendrocytes grown

in the presence of proteoglycan synthesis inhibitors
Because we have shown that brevican and V2/V0 versican are
present on oligodendrocyte surfaces and that the myelin fraction
enriched in brevican and versican V2 inhibits neurite outgrowth
of cerebellar granule neurons and DRG explants, we tested the
relative contribution of these proteoglycans for the contact-
mediated growth cone collapse. For this purpose, oligodendro-
cytes were grown in the presence or absence of the proteoglycan
synthesis inhibitors methyl-umbelliferyl-B-p-xyloside or methyl-
B-D-xylopyranoside (1.5 mm each). These inhibitors have been
shown to interrupt normal proteoglycan synthesis by serving as
artificial acceptors for galactosyltransferases. The addition of
B-D-xylosides to cell cultures results in the production of in-
creased amounts of free GAG chains and decreased amounts on
intact proteoglycan monomers (Schwartz, 1977). Such a loss of
intact proteoglycan production could be revealed by immuno-
staining of oligodendrocytes with the anti-CS proteoglycan anti-
body CS56. Oligodendrocytes grown in the absence of B-p-
xylosides showed intense cell surface staining with the CS56
antibody (Fig. 74). In cultures treated with B-p-xyloside, there
was a pronounced reduction in the surface-associated staining of
oligodendrocytes (Fig. 7B) and a pronounced increase in the
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intracellular pool of CS56-immunoreactive material seen in
fixed—permeabilized cells (data not shown). Moreover, cells
showed an increased intracellular staining with anti-brevican and
anti-versican V2 antibodies but a reduced cell surface staining
(data not shown), indicating a retention of these proteoglycan
molecules. To prove that addition of B-p-xylosides did not result
in an overall disruption or change of cell surface protein synthe-
sis, oligodendrocytes were stained with anti-M AG antibodies. As
shown in Figure 7C, a strong immunopositive signal for MAG
was detected on B-D-xyloside-treated cells, indicating that synthe-
sis of proteins other than proteoglycans is not affected. Interac-
tions of DRG neurites with oligodendrocytes was investigated by
video time-lapse microscopy to assess whether treatment of oli-
godendrocytes with these inhibitors results in a reduced ability of
the cells to inhibit neurite growth. In the absence of B-b-
xylosides, growth cones of extending E15 chick DRG neurites
collapsed and subsequently retracted on contact with highly
branched rat oligodendrocytes, as seen in ~80% of all encounters
(Fig. 7D). However, when oligodendrocytes were grown in the
presence of the proteoglycan synthesis inhibitors methyl-
umbelliferyl-B-p-xyloside or methyl-B-p-xylopyranoside (1.5 mm
each), no contact-mediated arrest of growth cones with subse-
quent collapse was observed (n = 6). Instead, growth cones either
grew into the oligodendrocyte processes network and then even-
tually stopped for several hours (n = 5) (Fig. 7F) or grew along
the margin of the processes and passed the oligodendrocyte by



Niederdst et al. « CSPGs Present in CNS Myelin Inhibit Neurite Outgrowth

anti-GAGo.  anti-GAGJ anti-brevican
Ch'ase - + -+ 5 %
kDa ok
kDa y
400—
217—
217~
16—
16— 97—
97—
66—
1 2 3 4 5 6

Figure 4. Presence of brevican and versican in proteoglycan-enriched
myelin fraction. Aliquots of peak III activity pool (5 ug each) without
(lanes 1, 3, 5) or with (lanes 2, 4, 6) chondroitinase ABC digestion were
electrophoresed on 5 or 6% SDS-polyacrylamide gels under nonreducing
conditions and immunoblotted with anti-GAGa (1:1000) recognizing
V2/V0 bovine versican, GAG (1:1000) recognizing V1/V0 bovine ver-
sican, and anti-brevican antibodies (1:1000).

“side-stepping” (n = 5) (Fig. 7E). Both types of growth cone
reactions indicate that oligodendrocytes have become more per-
missive for extending neurites when intact proteoglycans are
lacking on the cell surface or are retained intracellularly.

DISCUSSION

In the present in vitro studies, we have attempted to identify
components associated with bovine CNS myelin that exert inhib-
itory substrate properties for neuronal growth. In summary, these
studies demonstrate the following: (1) besides the previously
described inhibitory molecules MAG and bN1-220, another neu-
rite growth-inhibitory activity is found to be enriched in the
CSPGs; (2) the two CSPGs versican V2 and brevican were
identified as the main constituents to inhibit neurite outgrowth
from cerebellar granule cells and DRG neurons in vitro; (3) both
hyalectans are localized on the surface of highly branched oligo-
dendrocytes, cells that have been demonstrated previously to
evoke contact-mediated collapse and retraction of growth cones;
and (4) oligodendrocytes grown in the presence of proteoglycan
synthesis inhibitors are less inhibitory for neurite growth than
untreated cells.

Previous studies have reported that CNS myelin extracts chro-
matographed on an anion-exchange column consistently revealed
several peaks of neurite growth-inhibitory activity. This lead to
the identification of MAG (McKerracher et al., 1994) and bN1I-
220 (Spillmann et al., 1998) as inhibitory molecules. However,
both studies report on the presence of additional inhibitory ac-
tivities of unknown molecular identity. Here, we demonstrate
that the inhibitory activity we identified in the high-salt eluate of
CNS myelin is different from either MAG or bNI-220 but ac-
counts from the presence of the two CSPGs brevican and the
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Figure 5. Brevican and versican V2 are the main inhibitors of neurite
outgrowth in the proteoglycan-enriched myelin fraction. Cerebellar gran-
ule cells were plated on peak III substrate immunodepleted with anti-
versican V2 (A) or anti-brevican (C) antibodies. In contrast, inhibitory
activity is retained in the versican immunoprecipitate (B). Purified ver-
sican V2 (50 pg/ml) was used for comparison (D). All tested substrates
were supplemented with 100 wg/ml laminin-1. Quantification of these
results is shown in E. The results are the mean = SEM of three indepen-
dent experiments. Scale bar, 50 wm.

brain-specific versican splice variant V2/V0. Although we are
aware of the presence of additional proteins in the CSPG-
enriched myelin fraction, several aspects speak against the possi-
bility that they are responsible for the inhibitory activity. First,
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Figure 6. Immunolocalization of brevican and versican on the surface of
differentiated oligodendrocytes. Enriched oligodendrocyte cultures were
immunostained before (A4-C) or after fixation and permeabilization (D—
F). Immunostaining was performed with anti-brevican (4, D), anti-
versican GAGa antibodies (B, E), anti-versican GAG antibodies (C),
and CS56 antibodies (F). Immunoreactivity seen in fixed and permeabil-
ized cultures is intracellularly retained (arrows) when cultures are stained
after fixation and permeabilization, whereas the intracellular staining is
not seen in untreated cultures. This demonstrates that the surface-
associated brevican and versican V2 staining on differentiated oligoden-
drocytes and unidentified flat cells (arrowhead) is extracellular. No spe-
cific staining of cells was seen with anti-versican GAGp antibodies
revealing the absence of versican V1/V0. Scale bar, 50 um.

immunodepletion of versican, as well as brevican, resulted in a
significant loss of the inhibitory activity. It is certainly well known
that hyalectans can interact with other proteins, in particular with
tenascin-R (Aspberg et al., 1997), a molecule with neurite
growth-inhibitory properties (Pesheva et al., 1993). However, the
possible coprecipitation of tenascin seems rather unlikely because
no tenascin-R could be immunodetected in the proteoglycan-
enriched myelin fraction. Second, and most importantly, our
study clearly demonstrates that purified versican V2 can inhibit
neurite growth of cerebellar granule cells, even in the presence of
laminin. Likewise, the present results concur with a recent study
showing that soluble brevican can be inhibitory for cerebellar
granule cells in vitro (Yamada et al., 1997). The presence of
brevican in myelin-associated fractions may not be completely
surprising because it was reported recently that the GPI-linked
form of brevican was mainly found in membrane preparations
from optic nerve (Seidenbecher et al., 1998). Moreover, in situ
hybridization revealed a strong expression of glycosylphosphati-
dylinositol (GPI)-linked brevican in white matter areas of the rat
brain (Seidenbecher et al., 1995). At present, the relative abun-
dance of each hyalectan in the myelin fraction and its contribution
to the inhibitory activity is difficult to establish. Although the
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inhibitory activity of brevican seems to reside in the GAG side
chains (Yamada et al.,, 1997), the numerous negatively charged
chondroitin sulfate side chains and sialic acid groups of versican
V2 are apparently not directly responsible for the inhibitory ac-
tivity (M. Schmalfeldt, C. E. Bandtlow, M. T. Dours-Zimmer-
mann, K. H. Winterhalter, and D. R. Zimmermann, unpublished
observations). Interestingly, the growth inhibition described in
this study seems to be relatively independent of the covalently
attached CS GAG chains, because digestion of the myelin CSPG
fraction with chondroitinase ABC only moderately altered the
ability of the CSPGs to inhibit neurite growth. This observation
suggests a higher abundance of versican V2 versus brevican in
the myelin CSPG fraction, because otherwise a more drastic de-
crease in the inhibitory activity would have been expected.

How versican V2 and brevican could inhibit axonal growth
remains open. Most likely they would transmit their neurite
growth-inhibitory effects through the species-conserved globular
domains at the ends of the core protein. Because these domains
are present in each of the four splice variants of versican, one
would expect a certain degree of redundancy of the versican
isoforms with regard to axon growth inhibition. Because the
C-terminal domain of hyalectans contains a C-type lectin do-
main, it is possible that certain cell surface carbohydrates are
involved in the interaction with versican and brevican. Recent
evidence suggests that this lectin domain binds to the cell surface
through an interaction with sulfated glycolipids (Miura et al.,
1999), but at present no neuronal ligands for the C-terminal
globular domains of brevican and versican has been identified.

In the enriched oligodendrocyte culture system used here, the
presence of brevican and versican V2, but not of versican VO/V1
immunoreactivity within oligodendrocytes as well as on their
surfaces, is consistent with the idea that this cell type synthesizes
brevican and versican V2. However, although the intracellular
antigen might reflect production of the CSPGs, we cannot exclude
that the positive staining pattern may result from a possible
endocytosis of CSPGs produced by contaminating cells. Three
lines of evidence indicate that oligodendrocytes are the most
likely cellular source of brevican and versican V2. First, because
the antibodies used recognize a protein epitope (Yamada et al.,
1994; Schmalfeldt et al., 1998), it should be possible to visualize
the antigens soon after translation of their protein core. Second,
treatment of primary cultures with B-xylosides, that result in a
retention of the proteoglycan core proteins within the endoplas-
mic reticulum or Golgi, led to an increase in the intracellular,
perinuclear brevican and versican V2 immunoreactivity and to a
reduced cell surface staining. Similar results have been obtained
for the distribution of Cat-105 in cortical cultures treated with
B-xylosides (Lander et al., 1998). Third, both proteins were found
to be present in protein fractions purified from myelin as revealed
by Western blotting (Fig. 4). Moreover, in situ hybridization
studies of versican V2 show a typical oligodendrocyte-specific
expression pattern in the cerebellum (Schmalfeldt, Bandtlow,
Dours-Zimmermann, Winterhalter, and Zimmermann, unpub-
lished observations). Little is known about the physiological
function of versican V2 or brevican in the brain. The relatively
late appearance of versican V2 and brevican in the CNS (Yamada
et al.,, 1997; Milev et al., 1998) suggests that their capacity to
inhibit axonal growth may be linked to the stabilization of the
mature neuronal network rather than to axonal guidance pro-
cesses. Studies of the developing rat cerebellum demonstrated the
expression of brevican on the surface of astrocytes that form
neuroglial sheaths surrounding glomeruli in the protoplasmic
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islets of the granule cell layer (Yamada et al.,, 1997). Because
mossy fibers form synapses with other neurons of the cerebellum
within such glomeruli, it was suggested that brevican may restrict
the infiltration of axons and dendrites into maturing glomeruli
(Yamada et al., 1997). A more recent immunohistochemical re-
port demonstrated that brevican and hyaluronan are also present
in perineuronal nets in a number of nuclei of postnatal rat brain,
often colocalized with tenascin-R (Hagahira et al., 1999). Al-
though the physiological relevance of such perineuronal nets is
mainly unknown, their postnatal appearance suggests a role in
preventing the establishment of new synaptic contacts. The as-
sembly of a hyalectan-associated matrix on the surface of mature
neurons may provide such a barrier against further synapse
formations. Similarly, the expression of versican V2 in white
matter areas (Schmalfeldt, Bandtlow, Dours-Zimmermann, Win-
terhalter, and Zimmermann, unpublished observations) and its
presence with brevican in CNS myelin suggests a role in restrict-
ing structural plasticity and regeneration of CNS fiber tracts. The
capacity for plasticity and regeneration in the CNS decreases
during postnatal development (Kuang and Kalil, 1990; Firkins et
al., 1993), a process that coincides in time with the formation of
myelin (Kapfhammer and Schwab, 1994). Interestingly, preven-
tion of myelin formation in the spinal cord results in the persis-
tence of the sprouting capacity in adult rats (Schwegler et al.,
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Figure 7. Encounter of chick DRG neurons with oligoden-
drocytes grown in the absence or presence of proteoglycan
synthesis inhibitors. Treatment of oligodendrocyte cultures
with B-xylosides that inhibit the synthesis and/or secretion of
CSPGs leads to a retention of CSPG, as revealed with cell
surface CS56 immunoreactivity, but has no apparent effect
on protein synthesis of cell surface proteins. Primary oligo-
dendrocytes cultures were maintained for 5 d with (B, C) or
without (A) 1.5 mm methyl-umbelliferyl-p-p-xyloside. A,
Control cultures show robust CS56 surface-associated stain-
ing. After 5 d of B-D-xyloside treatment, there is a marked
decrease in CS56 cell surface labeling of oligodendrocytes
(B) but no apparent reduction of MAG staining (C). D-F
shows time-lapse sequences of chick E15 DRG growth cones
encountering differentiated oligodendrocyte grown in the
absence (D) or presence (E, F) of 1.5 mM methyl-
umbelliferyl-B-D-xyloside. Note that contact of differentiated
oligodendrocytes leads to arrest and subsequent collapse of
the growth cone (D). No such response is seen on contact
with B-D-xyloside-treated oligodendrocytes (E, F). Instead,
growth cones grew either into the oligodendrocyte processes
network and then eventually stopped for several hours (F) or
they grew along the margin of the processes and passed the
oligodendrocyte by side-stepping (E).

1995; Vanek et al., 1998). Previous studies have shown that the
inhibitory effect of CNS myelin on fiber outgrowth, sprouting,
and regeneration is caused by the presence of growth-inhibitory
molecules, such as MAG, NI-35/250, and bNI-220 (Caroni and
Schwab, 1988a; Bandtlow et al., 1990; McKerracher et al., 1994;
Spillmann et al., 1998) (for review, see Schwab and Bartholdi,
1996). In particular, the presence of NI1-35/250 and MAG on rat
oligodendrocytes is thought to be responsible for the contact-
mediated collapse of growth cones encountering oligodendro-
cytes (Bandtlow et al., 1990, 1993; Shibata et al., 1998). The
present data show that the inhibition of proteoglycan synthesis
with B-xylosides makes primary oligodendrocytes more permis-
sive to neurite outgrowth, indicating that proteoglycans, such as
brevican and versican, associated at the cell surface are also
involved in the inhibitory effect. It is interesting to note that, in
the presence of B-xylosides, contact-mediated growth cone col-
lapse was abolished, despite the presence of MAG on the oligo-
dendrocyte surface. Whether inhibition of proteoglycan synthesis
acts indirectly by interfering with the proper presentation of
MAG and possibly also of NI-35/250 remains open. Nevertheless
our findings suggest that a fine balance in the relative abundance
of each constituent is required to evoke contact-mediated growth
cone collapse.

Together, our results suggest that brevican and versican V2 may
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act as additional components restricting structural plasticity in the
nervous system and preventing the infiltration of excess numbers
of dendrites and axons into target areas. Furthermore, our results
suggest that modifying the CNS extracellular matrix by alternat-
ing its proteoglycan composition might have a considerable effect
on the regenerative capacity of axons.
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