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Chondroitin sulfate proteoglycan (CS-PG) expression is in-
creased in response to CNS injury and limits the capacity for
axonal regeneration. Previously we have shown that neurocan
is one of the CS-PGs that is upregulated (Asher et al., 2000).
Here we show that another member of the aggrecan family,
versican, is also upregulated in response to CNS injury. Label-
ing of frozen sections 7 d after a unilateral knife lesion to the
cerebral cortex revealed a clear increase in versican immuno-
reactivity around the lesion. Western blot analysis of extracts
prepared from injured and uninjured tissue also revealed con-
siderably more versican in the injured tissue extract. In vitro
studies revealed versican to be a product of oligodendrocyte
lineage cells (OLCs). Labeling was seen between the late A2B5-
positive stage and the O1-positive pre-oligodendrocyte stage.
Neither immature, bipolar A2B5-positive cells, nor differenti-
ated, myelin-forming oligodendrocytes were labeled. The

amount of versican in conditioned medium increased as these
cells differentiated. Versican and tenascin-R colocalized in
OLCs, and coimmunoprecipitation indicated that the two exist
as a complex in oligodendrocyte-conditioned medium. Treat-
ment of pre-oligodendrocytes with hyaluronidase led to the
release of versican, indicating that its retention at the cell
surface is dependent on hyaluronate (HA). In rat brain, approx-
imately half of the versican is bound to hyaluronate. We also
provide evidence of a role for CS-PGs in the axon growth-
inhibitory properties of oligodendrocytes. Because large num-
bers of OLCs are recruited to CNS lesions, these results sug-
gest that OLC-derived versican contributes to the inhospitable
environment of the injured CNS.
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Chondroitin sulfate proteoglycans (CS-PGs) inhibit axon growth
in vitro (Snow et al., 1990; Dou and Levine, 1994; Friedlander et
al., 1994; Milev et al., 1994; Yamada et al., 1997; Schmalfeldt et
al., 2000) and are thought to create exclusion zones for growing
axons in the embryo (Snow et al., 1990; Oakley and Tosney, 1991;
Brittis et al., 1992; Emerling and Lander, 1996). Their increased
expression in CNS injuries may therefore limit the capacity for
axon regeneration (McKeon et al., 1991; Pindzola et al., 1993;
Lips et al., 1995; Gates et al., 1996; Davies et al., 1997, 1999; Fitch
and Silver, 1997). Various CS-PGs have been shown to be present
at sites of CNS injury, including NG2 (Levine, 1994), phosphacan
(Laywell and Steindler, 1991; McKeon et al., 1995; Barker et al.,
1996; Deller et al., 1997; McKeon et al., 1999), neurocan (Haas et
al., 1999; McKeon et al., 1999; Asher et al., 2000), and brevican
(Jaworski et al., 1999; Thon et al., 2000). Definitive evidence of an
inhibitory role for these molecules in axon regeneration has been
lacking. However, recent work has shown that infusion of the
enzyme chondroitinase ABC, which denudes the core protein of
chondroitin sulfate, enables severed axons of the nigrostriatal
tract to regrow, and in some cases to reach their original target,

the ipsilateral striatum (Moon et al., 2001). Chondroitinase also
promoted regeneration of sensory axons in the dorsal columns of
the spinal cord (Bradbury et al., 2000).

Versican belongs to the aggrecan family of hyaluronate (HA)-
binding CS-PGs. It was first identified in the adult CNS as the
glial hyaluronate-binding protein (GHAP) (Perides et al., 1989),
which was later shown to constitute the N-terminal (hyaluronate-
binding) domain of versican (Zimmermann and Ruoslahti, 1989).
GHAP is a naturally occurring fragment that is thought to be
generated by the action of a matrix metalloproteinase(s) on
versican (Perides et al., 1995). Versican is highly expressed in
white matter tracts, and its expression is closely linked to myeli-
nation in the rat (Bignami et al., 1993). Four mRNA splice
variants have been identified, the three largest of which, V0, V1,
and V2, carry chondroitin sulfate (Dours-Zimmermann and Zim-
mermann, 1994). V0, V1, and V2 have been identified in the
human (Dours-Zimmermann and Zimmermann, 1994) and bo-
vine brain (Schmalfeldt et al., 1998). In the adult bovine brain,
the V2 isoform is by far the most abundant (Schmalfeldt et al.,
1998).

Versican interacts primarily with other components of the ex-
tracellular matrix (ECM). Versican binds to hyaluronate via its
N-terminal globular domain (LeBaron et al., 1992). The C-ter-
minal globular domain mediates binding to tenascin-R (Aspberg et
al., 1995), fibulin-1 (Aspberg et al., 1999), and certain sulfated
glycolipids (Miura et al., 1999).

Recently, bovine spinal cord-derived versican has been shown
to inhibit axon growth in vitro (Niederöst et al., 1999; Schmalfeldt
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et al., 2000). Oligodendrocytes in vitro labeled for versican and
treatment with proteoglycan synthesis inhibitors led to the loss of
cell surface versican and abolished the growth cone collapsing
activity of these cells (Niederöst et al., 1999). Clearly, these find-
ings point to an inhibitory role for versican in axon growth. In this
study, we set out to establish (1) whether versican is upregulated in
the damaged CNS, (2) which cells might be responsible for its
presence, (3) what factors affect its expression, (4) with what does
it associate in the ECM, and (5) whether CS-PGs contribute to the
axon growth-inhibitory properties of oligodendrocytes.

Some of these data have been published previously in abstract
form (Asher et al., 1999).

MATERIALS AND METHODS
Surgical procedures
Adult female Sprague Dawley rats (Charles River, Margate, Kent, UK;
approximate body weight 200 gm) were anesthetized under Fluorothane,
and the head was held in a stereotaxic apparatus with the incisor bar 2.5
mm below the interaural line. A fine scalpel blade was inserted ster-
eotaxically and vertically into the brain, through a parasagittal dorsal
craniotomy, to a depth of 3 mm below the dura and 2–3 mm lateral to the
midline. The knife was then moved in the horizontal plane to produce a
lesion 4–5 mm in length, midway between lambda and bregma. The
operation was performed unilaterally (on the right-hand side) with the
other hemisphere serving as a control. After 7–28 d, the animals were
terminally anesthetized with an intraperitoneal injection of 0.7 ml of
sodium pentabarbitone and decapitated. The brain was rapidly removed
and immediately frozen on dry ice or prepared for frozen sectioning.

Immunolabeling of frozen sections
Frozen, coronal sections (10 �m) were cut from unfixed tissue 7 and 14 d
post-lesion (dpl). Labeling was performed without fixation. Nonspecific
binding was blocked with PBS containing 3% BSA and 20 mM L-lysine
(PBS/BSA/Lys). The sections were incubated with the anti-versican
monoclonal antibody (mAb) 12C5 (undiluted hybridoma-conditioned
medium) (Asher et al., 1991) or a mouse myeloma-derived IgG1 (Sigma,
Poole, Dorset, UK; 11 �g/ml in PBS/BSA/Lys) for 1 hr. Bound antibod-
ies were visualized with biotinylated anti-mouse immunoglobulins
(1:100; Amersham, Little Chalfont, Bucks, UK) and Cy3-streptavidin
(1.0 �g/ml; Amersham) in the manner described previously (Asher et al.,
1995).

Sample preparation for SDS-PAGE
Brain tissue. Dissection was performed as rapidly as possible while the
brain was still semifrozen. A piece of tissue �2 � 4 � 6 mm containing
the lesion was excised. A similar sized piece was dissected from the same
location on the uninjured side. The tissue was immediately placed in 1.0
ml of ice-cold extraction buffer [0.05 M Tris-HCl, pH 7.0, 0.15 M NaCl,
1% SDS and Complete protease inhibitor mixture (Roche, Lewes, East
Sussex, UK)], and homogenized in a Teflon-glass Dounce homogenizer.
The homogenates were centrifuged at 13,000 � g for 10 min at 4°C.
Protein measurements were made with the BCA Protein Assay Kit
(Pierce, Chester, Cheshire, UK).

Cultured cells. Serum-free conditioned medium was removed from the
cells, and Complete protease inhibitors were added immediately. The
conditioned medium was then centrifuged (1000 � g for 5 min) and
concentrated in a Centricon 100 (Millipore, Watford, Herts, UK) to
approximately one-tenth of its initial volume. The protein content was
determined using the Coomassie Plus Protein Assay Reagent (Pierce).
Chondroitinase ABC (protease-free; Roche) digestion was performed
for 3 hr at 37°C using 0.01 U of enzyme per milliliter of conditioned
medium.

For the preparation of detergent lysates, cells were washed twice with
PBS and then solubilized in a small volume (�0.25 ml/25 cm 2 flask) of
0.05 M Tris-HCl, pH 7.0, 0.15 M NaCl containing 1% NP-40 (Calbio-
chem, Nottingham, Notts, UK), and Complete protease inhibitors. The
cells were removed with a cell scraper and placed on a gyro-rocker at 4°C
for 1 hr. The lysate was then centrifuged at 13,000 � g for 10 min at 4°C.
The supernatant is henceforth referred to as the detergent lysate. The
protein content was determined with the BCA Protein Assay Kit
(Pierce).

Electrophoresis and Western blotting
SDS-PAGE was performed in the manner described previously (Asher et
al., 2000). Proteins were transferred to nitrocellulose (Hybond-C pure,
Amersham) or polyvinyldifluoride (Hybond-P, Amersham) at 4°C for
15–18 hr, at a constant current of 150 mA.

All subsequent procedures were performed at room temperature. The
blots were rinsed twice in Tris-buffered saline (TBS; 0.9% NaCl, 10 mM
Tris-HCl, pH 7.5) containing 0.05% Tween 20 (TBS/Tween) and incu-
bated for a further 40 min in TBS/Tween. All washes and antibody
incubations were performed in TBS/Tween. The blots were then incu-
bated with the anti-versican mAb 12C5 (hybridoma-conditioned medium
diluted 1:60), the anti-neurocan mAb 1G2 (hybridoma-conditioned me-
dium diluted 1:60) (Oohira et al., 1994), an anti-brevican mAb (250
ng/ml; Transduction Labs, San Diego, CA), an anti-tenascin-R mAb (1.5
�g/ml) (Pesheva et al., 1989), mouse IgG1 (1.1 �g/ml), or rabbit anti-
NG2 proteoglycan (1.0 �g/ml) (gift of J. Levine, State University of New
York, Stony Brook, NY) for 2 hr. Reactive species were visualized with
peroxidase-conjugated anti-mouse or anti-rabbit IgG (100 ng/ml; Vector,
Peterborough, Cambs, UK) and a chemiluminescent substrate (ECL,
Amersham).

Immunoprecipitation
Formalin-fixed Staphylococcus aureus cells (Pansorbin, Calbiochem)
were preloaded with either the 12C5 anti-versican mAb or an anti-
tenascin-R mAb via rabbit anti-mouse IgGFC (Jackson, West Grove, PA).
Oligodendrocyte-conditioned medium was concentrated and precleared
with fixed S. aureus cells preloaded with rabbit anti-mouse IgGFC. The
preloaded S. aureus cells were then resuspended in the precleared con-
ditioned medium and shaken on ice for 1 hr. The cells were washed six
times in 50 mM Tris buffer, pH 7.5, containing 0.5 M sodium chloride and
0.1% Tween 20, and once in water. Immunoprecipitated proteins were
eluted by boiling for 5 min in sample buffer and subjected to Western blot
analysis.

Glial cell culture
All cell culture reagents were purchased from Invitrogen (Paisley, UK),
unless stated otherwise. Primary glial cell cultures were prepared from
the brains of newborn rats �3 d old, as described previously (Asher et al.,
2000).

Cultures enriched for oligodendrocyte lineage cells (OLCs) were
derived from the cells dislodged by shaking the primary culture. The
resultant cell suspension was filtered through 35 and 15 �m nylon mesh
and then preplated on non-tissue culture plastic to deplete it of macro-
phages/microglia. The nonattached cells were washed once in Ca 2�- and
Mg 2�-free HBSS and dispensed into either 24-well plates containing
poly-D-lysine-coated glass coverslips (for immunocytochemistry) or poly-
D-lysine-coated 6-well plates or 25 cm 2 flasks (for biochemistry) in
DMEM containing 10% FCS. The cells were allowed to adhere for 1–2
hr, and the medium was changed to either DMEM containing 0.01%
crystalline BSA, 5 �g/ml insulin, 50 �g/ml transferrin, 30 nM sodium
selenite, 10 nM D-biotin (Sigma), 10 nM hydrocortisone (Collaborative
Biomedical Products, Bedford, MA), and 3,3�5-triiodo-L-thyronine (Sig-
ma) (�oligodendrocyte differentiation medium) (Gard et al., 1995), or
DMEM containing BSA, insulin, transferrin, and sodium selenite (as
above), and 10 ng/ml platelet-derived growth factor (PDGF-AB; R&D,
Abingdon, Oxon, UK) and 10 ng/ml fibroblast growth factor 2 (FGF2;
Roche) (�division medium).

Astrocyte and meningeal cell cultures were prepared in the manner
described previously (Asher et al., 2000). For the preparation of menin-
geal cell-conditioned medium, the cells were grown for 3 d in DMEM
containing BSA, insulin, transferrin, sodium selenite, and 1% FCS.

Functional assay
Oligodendrocyte progenitor cells were grown on poly-D-lysine-coated 13
mm glass coverslips in differentiation medium for 33 hr. Chondroitinase
ABC (0.05 U/ml; Roche) or vehicle (HBSS) was then added to the
medium, and the plates were returned to the incubator for 3 hr. The cells
were washed in PBS and fixed in 4% paraformaldehyde for 20 min at 4°C.
Sterile conditions were maintained throughout the digestion, fixation,
and subsequent procedures. The cells were washed in PBS, and quenched
with 50 mM L-lysine in PBS. The coverslips were then used as a substrate
for the culture of dissociated neonatal (postnatal day 0–1) rat dorsal root
ganglion (DRG) neurons (Skaper et al., 1990). These cells were grown in
serum-free DMEM containing BSA, insulin, transferrin, sodium selen-
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ite, and NGF (10 ng/ml) for 40 hr. The cells were fixed in cold methanol
and labeled with the anti-neurofilament-associated protein mAb 3A10
(hybridoma-conditioned medium diluted 1:4; Developmental Studies Hy-
bridoma Bank, Iowa City, IA) (Serafini et al., 1996), biotinylated anti-
mouse Ig, and Cy3-streptavidin in the manner described below.

Quantification of axon growth
An estimate of the extent of axon growth on chondroitinase-treated and
untreated oligodendrocytes was obtained as follows. The number of
3A10-positive (neuronal) processes intersecting two parallel lines 2 mm
from the edge of the coverslip was counted. An assay consisted of 16
coverslips, 8 of which were treated with chondroitinase. Hence, n � 8 for
each condition. To determine whether chondroitinase affected neuronal
adhesion to the substrate, the number of 3A10-positive neurons was
counted in a 1 mm band 2 mm from the edge of each coverslip (i.e., in the
same region as the axon counts). Provided that the number of neurons is
constant, this assay is a reliable guide to any difference in axon growth.

Immunocytochemistry
Oligodendrocyte lineage cells were grown on poly-D-lysine-coated glass
coverslips. Versican labeling was performed at room temperature on
living cells in Liebovitz’s L-15 medium (Invitrogen) containing 2% FCS
(L-15/FCS). The cells were washed once in L-15/FCS and incubated
with the 12C5 anti-versican mAb (hybridoma-conditioned medium di-
luted 1:1) for 20 min. The cells were washed three times with L-15/FCS
and then incubated with biotinylated anti-mouse IgG, Fc� fragment
specific (12 �g/ml; Jackson) for 20 min. The cells were washed as before
and incubated with Cy3-streptavidin (1 �g/ml) for 20 min. The cells were
washed as before and incubated with either the A2B5 (hybridoma-
conditioned medium diluted 1:1; American Type Culture Collection,
Manassas, VA) or O1 (hybridoma-conditioned medium diluted 1:1; Eu-
ropean Collection of Animal Cell Cultures, Salisbury, Wilts, UK) mAb
for 20 min. These antigens were visualized with FITC anti-mouse IgM
(� chain specific, 15 �g/ml; Jackson). Finally, the cells were washed three
times in L-15/FCS, once in PBS, and fixed in cold (�20°C) methanol for
2 min. Nuclei were labeled with Hoechst 33342 (10 �g/ml; Sigma) for 30
min.

Double labeling for versican and hyaluronate and O1 and HA was
performed on living cells as follows. The cells were washed once in
L-15/FCS and incubated with 10 �g/ml biotinylated hyaluronate-binding
protein (Seikagaku, Falmouth, MA) for 20 min. The cells were washed
three times and incubated with Cy3-streptavidin (1.0 �g/ml) for 20 min.
The cells were washed as before, labeled with 12C5 and FITC anti-mouse
IgG (10 �g/ml; Dako, High Wycombe, Bucks, UK), or O1 and FITC
anti-mouse IgM (� chain specific), and fixed in the manner described
above.

Labeling for tenascin-R was performed on living cells with either
monoclonal or polyclonal antibodies (Pesheva et al., 1989). Double
labeling for tenascin-R and A2B5 or O1 was performed in the manner
described above for versican/A2B5 using an anti-tenascin-R mAb.
Versican/tenascin-R double labeling was performed on living cells using
rabbit antibodies against tenascin-R (20 �g/ml) and FITC anti-rabbit
IgG (15 �g/ml; Jackson), and the 12C5 anti-versican mAb, biotinylated
anti-mouse Ig, and Cy3-streptavidin. Doing the versican labeling before
the tenascin-R labeling made no difference to the outcome. Glial fibril-
lary acidic protein (GFAP) labeling was performed on methanol-fixed
cells with rabbit anti-GFAP (20 �g/ml; Dako) and FITC anti-rabbit IgG.

Sterile testicular hyaluronidase (1.0 mg/ml stock in DMEM; type IV;
Sigma) or Streptomyces hyaluronidase [100 turbidity reducing units
(TRU)/ml stock in DMEM; Seikagaku] was added directly to cell cul-
tures to yield a final concentration of 20, 50, or 100 �g/ml and 20
TRU/ml, respectively, and incubation continued for 3 hr at 37°C in a
CO2-containing atmosphere.

Hyaluronidase release of rat brain versican
Adult rat brains (Harlan Sera-Lab, Loughborough, Leics, UK) were
finely chopped while still frozen and then homogenized, using a Teflon-
glass Dounce homogenizer, in 0.1 M phosphate buffer, pH 5.3, containing
0.15 M NaCl, Complete protease inhibitors, and 2 �g/ml pepstatin A
(Calbiochem), at a ratio of �1 gm of (wet) tissue per 7.0 ml of buffer. The
homogenate was kept on ice for 10 min and then centrifuged at 3000 �
g for 10 min at 4°C. The resultant supernatant constitutes the first saline
extract. The pellet was rehomogenized four times in the manner de-
scribed above, giving rise to supernatants 2, 3, 4, and 5. The final
homogenate was incubated for 10 min at 37°C rather than 4°C. The

homogenate was then divided into two equal parts, to only one of which
was added testicular hyaluronidase (type IV; Sigma) to a final concen-
tration of 50 �g/ml. Both homogenates were incubated at 37°C for 2 hr.
An aliquot was removed from each after 30 min. The homogenates were
then centrifuged for 10 min at 3000 � g, and the pellets were washed
twice. Testicular hyaluronidase was added only to the homogenate not
previously exposed to the enzyme, and both homogenates were incu-
bated for a further 2 hr at 37°C. All of the supernatants (i.e., the five
saline extracts and those with and without hyaluronidase) were clarified
by centrifugation at 13,000 � g for 10 min and frozen on dry ice.
Chondroitinase digestion was performed by adding one-tenth volume 0.4
M Tris-acetate, pH 8.0, and 0.025 U chondroitinase ABC (Roche) per
milliliter of supernatant and incubating for 3 hr at 37°C.

RESULTS
Versican is upregulated in CNS injury
We investigated versican expression in the injured CNS by im-
munohistochemistry and Western blotting. The distribution of
versican was examined in unfixed frozen sections cut 7 d after a
unilateral knife cut lesion to the cerebral cortex. An increase in
versican labeling was seen around the lesion, in comparison with
the uninjured side (Fig. 1). A similar increase in versican labeling
was seen at 14 dpl. This increase was restricted to a region within
�100 �m of the knife cut. The appearance of the labeling was
consistent with an extracellular matrix localization and could not
be localized to a particular cell type. As reported previously,

Figure 1. Versican is upregulated in the injured CNS. Top, Immunolo-
calization of versican in the injured CNS. Coronal frozen sections were
labeled with the anti-versican mAb 12C5 7 d after a knife cut lesion to the
cerebral cortex. The dorsal surface of the brain is topmost. Labeling is
apparent around the injury (lesion), which is clearly lacking on the
uninjured side (control ). Bottom, Western blot analysis of versican in the
injured brain. SDS extracts were prepared from injured and uninjured
cerebral cortex. The extracts were equalized for total protein (162 �g),
run in a 4% gel under nonreducing conditions, and transferred to poly-
vinylidene difluoride. The blot was labeled with the anti-versican mAb
12C5 and then with rabbit antibodies against the NG2 proteoglycan. An
upregulation of both CS-PGs was clearly evident in the injured brain
extracts.
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versican expression was low in the cerebral cortex but much
higher in the subcortical white matter (Bignami et al., 1993).
Versican labeling was also seen in the glia limitans and around
some of the larger blood vessels.

For biochemical analysis, a piece of tissue �2 � 4 � 6 mm was
dissected from around the lesion and from the equivalent region
on the uninjured (contralateral) side. Care was taken to avoid the
underlying white matter, in which versican is highly expressed.
SDS extracts were prepared from the two pieces of tissue, and
equivalent amounts of protein were run under nonreducing con-
ditions in a 4% gel. Western blot analysis with the anti-versican
mAb 12C5 revealed a single high Mr species of �400 kDa in
injured and uninjured cortex (Fig. 1). This species comigrated
with the versican isoform (V2) found in normal rat CNS tissue
and is the smallest of the three high Mr species recognized by
12C5, all of which bear chondroitin sulfate (see Fig. 3). Quanti-
fication with NIH Image software revealed there to be two to
three times more versican in the injured tissue extract at 7 dpl
(Fig. 1). A similar increase was evident at 14 dpl but not at 28 dpl.
This is likely to underestimate the extent of the upregulation,
because the piece of tissue dissected from around the lesion was
considerably larger than the region in which versican was seen to
be upregulated in frozen sections.

To further characterize the GAG content of CNS versican,
DEAE cellulose, an anion exchange resin, was used to partially
purify CS-PGs from adult rat brain. The bound proteins were
eluted with increasing concentrations of sodium chloride. These
fractions were then assayed for versican by Western blotting. Most
of the versican (V2) was found in the 0.5 and 0.75 M NaCl
fractions (see Fig. 5, bottom). For a given protein, the length and
number of GAG chains will have a major influence on how well
it binds to the anion exchange resin. An increase in the overall
amount of GAG will lead to stronger binding and consequently
require a higher salt concentration to remove it. Hence, the shift
brought about by chondroitinase is more pronounced in the
higher salt fractions, because they contain versican core proteins
with a higher relative GAG content (see Fig. 5, bottom). Com-
pared with other CNS CS-PGs, such as neurocan (Asher et al.,
2000), versican carries relatively little chondroitin sulfate.

Versican is a product of oligodendrocyte lineage cells
in vitro
A recent report has shown that in vitro, differentiated oligoden-
drocytes label with antibodies against versican (Niederöst et al.,
1999). However, such cells could not account for the upregulation
of versican in the gray matter of the injured cerebral cortex. We
therefore examined versican expression in cells of the oligoden-
drocyte lineage at different stages of differentiation, and in astro-
cytes and meningeal cells, using immunocytochemistry and bio-
chemical techniques.

Immunocytochemistry
Oligodendrocyte lineage cells
Oligodendrocyte lineage cells were removed from mixed glial
cultures by shaking, and either plated directly in medium sup-
portive of oligodendrocyte differentiation (Gard et al., 1995) or
grown first for 2 d in medium containing PDGF and FGF2, which
drives their division, before being switched to differentiation
medium. The cells were double labeled with the anti-versican
mAb 12C5, and with either the A2B5 or O1 mAb, after 1–5 d in
culture. Such cultures contained cells at various stages of differ-
entiation. For comprehensibility, we describe the labeling pat-
terns by stage of differentiation.

Oligodendrocyte progenitor cells (A2B5�, O4�, O1�). Bipolar,
A2B5-positive oligodendrocyte progenitor cells (OPCs) were in-
variably versican negative (Fig. 2a–c).

Pro-oligodendroblast (A2B5�, O4�, O1�). Versican immuno-
reactivity first appeared on multipolar, weakly A2B5-positive
cells. Two different labeling patterns were distinguishable, one of
which was substrate associated and the other cell associated. The
former took the form of slightly fuzzy, stellate profiles, the to-
pography of which did not always correspond to the location of
the processes of the accompanying cell (Fig. 2a–c). This material
must be extracellular, because the labeling was performed on
living cells. To determine whether the 12C5-reactive material is
present on the cells or the substrate, the cells were removed with
1% NP-40 in water. The same 12C5-positive stellate profiles were
seen in the absence of the cells. Much of this material is therefore
associated with the substrate, rather than the cells themselves.
The substrate-associated versican was also unaffected by treat-
ment with 1 mM EDTA for 1 hr.

The other, cell-associated labeling pattern took the form of a
ring, partly or wholly encircling the cell body. Again, this labeling
is extracellular, because it was performed without any previous

Figure 2. Pro-oligodendroblasts and pre-oligodendrocytes, but not bipo-
lar oligodendrocyte precursor cells or myelin-forming oligodendrocytes,
label for versican. OPCs were grown for 1 d (a–c), 2 d (d–f ), or 5 d ( j–l )
in differentiation medium, or in division medium for 2 d and then in
differentiation medium for 2 d ( g–i). The cells were double labeled for
A2B5 (a) or O1 (d, g, j) and versican (b, e, h, k). The two are shown
together in the right-hand column (c, f, i, l ). The labeling was performed
on living cells, and the cells were post-fixed in cold methanol. In OPCs
plated directly in differentiation medium, versican is first seen to be
associated with weakly A2B5-positive, multipolar cells (a–c, arrowheads)
and subsequently with O1-positive cells (d–f ). In OPCs grown initially in
medium containing PDGF and FGF2 and then in differentiation medium,
versican appears as a ring on the dorsal (top) cell surface ( g–i). Neither
bipolar, A2B5-positive OPCs (a–c, arrows) nor myelin-forming oligoden-
drocytes ( j–l ) label for versican. Scale bars, 20 �m.
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fixation. The ring-type labeling was seen in OPCs plated directly
in differentiation medium, but at a much lower frequency than the
substrate-associated labeling. The two types of labeling were
occasionally seen in the same cell. The ring-type labeling was the
predominant pattern, however, in cells expanded in PDGF and
FGF2, and subsequently switched to differentiation medium (see
below).

Pre-oligodendrocytes (A2B5�, O4�, O1�). Both types of versi-
can labeling described above were also seen in multipolar, O1-
positive, A2B5-negative cells. The substrate-associated labeling
took the form of an irregular, circular patch, at the periphery of
which fuzzy processes were discernible (Fig. 2d–f). In growth
factor-exposed cells, the ring-type labeling was the predominant
pattern, in terms of both intensity and the number of cells involved
(Fig. 2g–i). The processes of such cells were generally not labeled
for versican. Growth factor-expanded, chondroitinase ABC-
treated pre-oligodendrocytes were labeled with the 2B6 and 3B3
mAbs, which react with the “stubs” remaining after chondroitinase
digestion of chondroitin-4-sulfate and chondroitin-6-sulfate, re-
spectively. The 2B6 mAb, but not the 3B3 mAb, labeled O1-
positive pre-oligodendrocytes in a manner identical to that seen
with the anti-versican mAb, and it may therefore be concluded that
the pre-oligodendrocyte-associated versican carries chondroitin-4-
sulfate. The CS-56 mAb, which reacts with an epitope peculiar to
certain chondroitin sulfate chains, did not react with these cells.

Myelin-forming oligodendrocytes (A2B5�, O4�, O1�). Myelin-
forming oligodendrocytes (i.e., O1-positive cells with large mem-
branous sheets) were not labeled for versican (Fig. 2j–l). Without
previous fixation, no labeling of the membranous sheets was seen,
although vestiges of the ring-type labeling were occasionally seen
on the cell body. A similar picture emerged in cells permeabilized
by fixation in cold methanol before labeling (data not shown).

Astrocytes
Oligodendrocyte cultures inevitably contain astrocytes, some of
which derive from OPCs (so-called type 2 astrocytes) and some
of which result from contamination with monolayer-derived cells
(type 1 astrocytes). No labeling for versican was ever seen on, or
in the environs of, type 1 astrocytes (data not shown). Some
versican labeling was seen, however, in a small proportion of what
by morphological criteria were type 2 astrocytes. This labeling
colocalized with the GFAP-positive processes of these cells.

Meningeal cells
The 12C5 mAb labeled fibronectin-positive cells derived from
newborn rat brain meninges (data not shown). This labeling took
the form of a fine reticular meshwork on the dorsal (upper) cell
surface.

Biochemistry
The conditioned medium of purified cultures of oligodendrocyte
lineage cells, astrocytes, meningeal cells, and microglia was as-
sayed for the presence of versican by Western blotting with the
12C5 mAb.

Oligodendrocyte lineage cells
Western blot analysis of chondroitinase-treated OLC-
conditioned medium with the 12C5 mAb revealed a single, very
large (�400 kDa) species (Fig. 3). In contrast to the versican
found in CNS tissues (Fig. 3), the OLC-derived species was
unable to enter a 4% gel without previous chondroitinase ABC
treatment (Fig. 3). It may therefore be concluded that the OLC-

derived versican bears more chondroitin sulfate than rat brain
versican. The OLC-derived versican core protein (i.e., after chon-
droitinase treatment) comigrated with the versican isoform found
in the adult rat CNS, i.e., V2 (Fig. 3). The amount of versican
present in the conditioned medium of cells grown in differentia-
tion medium was greater than that in cells in PDGF- and FGF2-
containing medium (Fig. 4), supporting the conclusion that ver-
sican expression increases when these cells exit the division cycle
or commence differentiation or both.

The OPC-like cell line CG4 was also tested for versican ex-
pression and found to be capable of producing all three large
versican isoforms (Fig. 3). The V2 isoform was by far the most
abundant, indicating that the cells have remained primarily true
to type as far as versican expression is concerned. Our ability to
detect low levels of the V0 and V1 isoforms may be related to the
high overall level of versican expression in these cells.

Meningeal cells
The 12C5 mAb recognized two species of Mr higher than 400 kDa
in the conditioned medium of cultured meningeal cells, both of
which failed to enter a 4% gel without previous chondroitinase
treatment (Fig. 3). These species correspond to the V0 and V1

isoforms.

Astrocytes and microglia
No form of versican was detected in the conditioned medium of
type 1 astrocytes (Fig. 3) (Asher et al., 2000). Neither was
versican detectable in the conditioned medium of newborn rat
brain-derived microglia (data not shown).

The 12C5 mAb therefore recognizes three large, chondroitin
sulfate-bearing species. On the basis of their Mr, the two larger
species produced by meningeal cells and CG4 cells correspond to
the V0 and V1 isoforms, and the smaller (�400 kDa) form,
produced by cells of the oligodendrocyte lineage and CG4 cells,
and the predominant form in the adult rat CNS, corresponds to
the V2 isoform.

Figure 3. Oligodendrocytes produce the same versican isoform (V2) as
that found in the rat CNS. The versican in adult rat brain (the 0.5 M NaCl
fraction from DEAE-bound material; see Fig. 5) was compared with that
in the conditioned medium of OLCs, astrocytes, meningeal cells, and the
OPC-like cell line CG4. A testicular hyaluronidase (test. hyal.) extract of
rat brain was overloaded to show that low levels of V0 and V1 are present
in adult rat brain. OLCs make only the V2 isoform, which is unable to
enter the gel without chondroitinase treatment. Astrocytes do not pro-
duce versican. Meningeal cells make only V0 and V1 , both of which
require chondroitinase digestion to enter the gel. As expected, CG4 cells
make mostly V2 , although small amounts of V0 and V1 were also detected.
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Versican is bound to hyaluronate in vitro and in vivo
Versican binds hyaluronate in vitro (LeBaron et al., 1992), and
there is evidence that it is associated with HA in vivo (Asher et
al., 1991). We therefore investigated whether the binding of
versican to oligodendrocyte lineage cells is mediated by HA. We
also examined in greater detail the association of versican with
HA in vivo.

Oligodendrocyte lineage cells in vitro
The biotinylated hyaluronate-binding domain of cartilage aggre-
can was used to localize HA in oligodendrocyte lineage cells. In
OLCs expanded in PDGF- and FGF2-containing medium and
then allowed to differentiate, labeling for HA gave rise to a cell
body-associated ring very similar to that seen with the anti-
versican mAb. Double labeling for HA and versican revealed the
two to be almost entirely coincident (Fig. 4c,d). In OLCs plated
directly in oligodendrocyte differentiation medium, in which the
predominant form of versican labeling is substrate associated, HA
labeling gave rise only to the cell-associated, ring-like pattern (in
a small proportion of the cells) and not to the substrate-associated
type.

To determine whether the attachment of versican to the surface
of these cells is mediated by HA, we pretreated the cells with
hyaluronidase before versican labeling. The ring-type versican
labeling in pre-oligodendrocytes was found to be sensitive to both
testicular and Streptomyces hyaluronidases (Fig. 4e,f). HA label-
ing was also completely abolished by pretreatment of the cells
with Streptomyces hyaluronidase. This enzyme is HA specific
(Ohya and Kaneko, 1970), unlike testicular hyaluronidase, which
also degrades chondroitin sulfate. Versican immunoreactivity was
unaffected by chondroitinase ABC. These findings imply that the
binding of versican to the surface of these cells is mediated by
HA. The substrate-associated labeling, however, was unaffected
by hyaluronidase, implying that HA is not involved in the attach-
ment of versican to the substrate.

If hyaluronidase indirectly liberates versican from the cell sur-
face by degrading HA, then it ought to be possible to detect intact
versican in the medium of hyaluronidase-treated cells. OLCs
were expanded in PDGF- and FGF2-containing medium and then
allowed to differentiate to the pre-oligodendrocyte stage. The
culture medium was removed and replaced with either medium
containing testicular hyaluronidase (flask 1) or medium alone
(flask 2) for 1 hr. This medium was then removed, and a second

Figure 4. Versican binding to pre-oligodendrocytes is hyaluronate-
dependent. Pre-oligodendrocytes were double labeled for O1 and versican
(a, b), hyaluronate and versican (c, d), and O1 and versican (e, f ). The cells
shown in e and f were digested with Streptomyces hyaluronidase before
labeling. Versican labeling takes the form of a ring, wholly or partly
encircling the cell body of O1-positive pre-oligodendrocytes (b, d). The
distribution of hyaluronate is identical to that of versican (c, d). Strepto-
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myces hyaluronidase abolished versican labeling ( f, shows Hoechst-
labeled nuclei). Scale bar, 20 �m. g, Two 25 cm 2 flasks of OPCs were
grown for 2 d in medium containing PDGF and FGF2 (div). This medium
was then changed to one supportive of oligodendrocyte differentiation
(diff ), and the cells were grown for a further 24 hr. This medium was then
removed and replaced with the same medium, either with (#1) or without
(#2) testicular hyaluronidase (50 �g/ml) for 1 hr. This medium was
removed and replaced with the same medium, except that the enzyme was
added to the flask not previously treated with hyaluronidase (#2), but not
to flask #1. The conditioned media were concentrated and treated with
chondroitinase ABC. An equal volume of each was run under nonreduc-
ing conditions in a 4% gel (for versican and neurocan) or under reducing
conditions in a 7% gel (brevican) and transferred to nitrocellulose. The
blots were labeled with the anti-versican mAb 12C5, the anti-neurocan
mAb 1G2, or an anti-brevican mAb. Versican, but not neurocan or
brevican, was released intact from pre-oligodendrocytes by hyaluronidase.
The amount of versican detected in the conditioned medium of differen-
tiating OLCs was greater than that in dividing cells. This was not the case
for either neurocan or brevican.
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1 hr incubation was initiated in which hyaluronidase was added to
the flask (flask 2) that had not previously received it. The various
media were then assayed for the presence of versican by Western
blotting with the 12C5 mAb. The addition of testicular hyaluron-
idase brought about the release of intact versican into the medium
of pre-oligodendrocytes (Fig. 4g). No versican was released in the
absence of the enzyme. That the hyaluronidase-released versican
comigrated with the versican normally present in the conditioned
medium is important, because it indicates that the release did not
occur as a result of proteolysis of the versican core protein (Fig.
4g). Versican was not detected in detergent lysates prepared after
exposure to hyaluronidase, indicating that all of the cell surface
versican is removed by the enzyme. Two other CS-PGs with
HA-binding domains, neurocan and brevican, were both detect-
able in the conditioned medium of these cells, yet neither was
released by hyaluronidase (Fig. 4g). This phenomenon is not
connected with link protein, which stabilizes the binding of ag-
grecan to HA in cartilage, because no link protein was detectable
in these cells (data not shown).

Adult rat brain
We then asked whether versican is bound to HA in the adult rat
brain. Serial extracts were prepared from whole rat brains in PBS,
pH 5.3, in the manner described in Materials and Methods. The
pellet was resuspended in the same buffer and divided into two
equal parts, to only one of which was added testicular hyaluron-
idase (50 �g/ml). Both homogenates, one with and the other
without the enzyme, were incubated for 2 hr at 37°C. An aliquot
was removed from each after 30 min. The homogenates were then
washed twice and incubated for a further 2 hr, this time with
hyaluronidase added to the homogenate not previously exposed
to the enzyme. All the resultant supernatants were then tested for
the presence of versican by Western blotting with the 12C5 mAb.

Substantial amounts of versican (V2) were detected in the first
PBS extract (Fig. 5, top). The subsequent four PBS extracts were
essentially devoid of versican. The release of (additional) versican
from the PBS-insoluble material required hyaluronidase. The
release of versican was essentially complete after 30 min at 37°C,
because the amount released after 2 hr was not greater. Impor-
tantly, the addition of hyaluronidase to the homogenate initially
incubated without the enzyme (and from which little versican had
been released) led to the release of versican, indicating that
versican release was not simply a consequence of prolonged
incubation at 37°C. Because the amount of versican released by
the enzyme was approximately equal to that detected in the first
PBS extract, we may conclude that approximately half of the
versican in the adult rat brain is bound to HA. As was the case
with the cultured cells, the hyaluronidase-released versican comi-
grated with the versican present in the first PBS extract, implying
that the release is mediated by HA degradation and not by
proteolysis of the versican core protein.

Versican colocalizes with and is physically associated
with tenascin-R in oligodendrocytes
Immunocytochemistry
At all stages of oligodendrocyte differentiation, labeling for
tenascin-R appeared very similar to that for versican. Labeling for
tenascin-R gave rise to both the ring-type and the substrate-
associated stellate profiles. Double labeling of OPCs maintained
for 1 d in differentiation medium (i.e., pro-oligodendroblasts)
with the 12C5 anti-versican mAb and rabbit anti-tenascin-R re-
vealed an almost identical distribution (Fig. 6a,b). Doing the

double labeling in the opposite direction (i.e., the rabbit anti-
tenascin-R first) made no difference to the outcome (i.e., the
tenascin-R antibodies did not inhibit the binding of the versican
antibody). As was the case for versican, myelin-forming cells
generally labeled poorly, if at all, for tenascin-R, and there was no
labeling of the membranous sheets.

The tenascin-R labeling of growth factor-exposed pre-
oligodendrocytes, although identical to that for versican, was
essentially unaltered by testicular hyaluronidase, although there
was some loss of intensity. This was confirmed by Western blot
analysis (Fig. 6c). Although tenascin-R was detected in the me-
dium of hyaluronidase-treated oligodendrocytes (presumably be-
cause of continued secretion), the amount was no greater than
that found in medium lacking hyaluronidase (Fig. 6c). Further-
more, substantial amounts of tenascin-R were detectable in cell
lysates made after hyaluronidase treatment (Fig. 6c). Hence,
although the distribution of tenascin-R is identical to that of
versican in these cells, its retention at the cell surface does not
depend on hyaluronate.

Coimmunoprecipitation
Their overlapping distributions in OLCs in vitro and the known
ability of (the C-type lectin domain of) versican to bind
tenascin-R (Aspberg et al., 1995) led us to ask whether the two

Figure 5. Versican can be released from adult rat brain with hyaluroni-
dase. Top, Serial extracts were prepared from adult rat brain with PBS, pH
5.3 (saline 1–5). After the fifth PBS extract, the homogenate was divided
into two equal parts, to only one of which was added testicular hyaluron-
idase (TH ). The homogenates were incubated at 37°C for 2 hr. An aliquot
was removed from each after 30 min. A second 2 hr incubation was then
set up, in which hyaluronidase was added to the homogenate not previ-
ously exposed to the enzyme. All extracts were treated with chondroiti-
nase ABC. The volume of each extract was adjusted according to the
amount of tissue from which it derived, run in a 4% gel under nonreduc-
ing conditions, and transferred to nitrocellulose. The blot was labeled with
the anti-versican mAb 12C5. Versican was present in the first saline
extract, but the release of additional amounts required hyaluronidase.
Bottom, The first and second saline extracts were pooled and DEAE
cellulose was added. The bound proteins were eluted with increasing
concentrations of NaCl. Versican (V2) bound to the anion exchange resin
and was eluted between 0.5 and 0.75 M salt. Chondroitinase brought about
a small but discrete shift, indicating that versican V2 carries little chon-
droitin sulfate.
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are physically associated in oligodendrocytes. The anti-versican
mAb 12C5 was found to immunoprecipitate tenascin-R from
oligodendrocyte-conditioned medium and from the medium of
hyaluronidase-treated oligodendrocytes (Fig. 6d), indicating that
the two do exist as a complex. The existence of such a complex in
the medium of hyaluronidase-treated oligodendrocytes presum-
ably means that some tenascin-R was released from the cells by
hyaluronidase (accounting for the loss of intensity), but that the
majority remained cell associated. Antibodies against tenascin-R
were also found to immunoprecipitate versican (data not shown).

Control of versican expression in oligodendrocyte
lineage cells
Our studies on versican expression in cultured CNS glia pointed
to oligodendrocyte lineage cells as the likely source of versican in
the injured CNS. The increased expression must be brought
about, directly or indirectly, by cytokines and growth factors
released after injury. Cytokines and growth factors known to be
upregulated in response to CNS injury were therefore screened
for their effect on versican expression in OLCs. The amount of
versican in OLC-conditioned medium was assessed by Western
blotting with the 12C5 mAb. We examined versican expression in
both dividing (i.e., in the presence of PDGF and FGF2) and
differentiating OLCs. The samples were equalized according to
the protein content of the (NP-40) cell lysate from which the
conditioned media were collected.

Dividing OLCs
OLCs were grown for 24 hr in medium containing PDGF and
FGF2. The medium was then changed, and the cells were cultured
for a further 2 d in the presence of PDGF and FGF2 and the
cytokine or growth factor under investigation. In the presence of
PDGF and FGF2, TGF� clearly led to an increase in the amount
of versican present (Fig. 7a). The effects of TGF� and EGF were
investigated in more detail, and those of TGF� were clearly
reproduced (Fig. 7b). Versican expression was unaffected by
EGF, however.

Differentiating OLCs
OLCs were grown for 2 d in medium containing PDGF and
FGF2. The medium was then changed to differentiation medium
containing the cytokine/growth factor to be tested. Only IL-1�
and CNTF consistently brought about an increase in versican
expression under these conditions (Fig. 7c).

Chondroitin sulfate proteoglycans contribute to the
axon growth-inhibitory properties of oligodendrocytes
Recently, it has been suggested that chondroitin sulfate proteo-
glycans are responsible for the growth cone-collapsing activity of
oligodendrocytes (Niederöst et al., 1999). Because versican is one
of the major CS-PGs expressed by these cells, the implication is
that versican is at least partly responsible for this activity. We
have investigated whether the axon growth-inhibitory effects of
oligodendrocytes, grown under conditions shown to promote
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on oligodendrocyte-conditioned medium with an isotype-matched control
antibody (IgG1), the anti-versican mAb 12C5, or an anti-tenascin-R mAb.
The products were run in a 7% gel under reducing conditions, transferred
to nitrocellulose, and labeled with the same anti-tenascin-R mAb. The
anti-versican mAb immunoprecipitated tenascin-R, indicating that the
two are physically associated in oligodendrocyte-conditioned medium.

Figure 6. Versican colocalizes with tenascin-R, and the two exist as a
complex in oligodendrocyte-conditioned medium. OPCs were grown for
1 d in differentiation medium and then double labeled with the 12C5
anti-versican mAb (a) and a polyclonal (rabbit) anti-tenascin-R (b). The
distributions of the two appear identical. Scale bar, 25 �m. c, Two flasks
of OPCs were grown for 2 d in differentiation medium. This was then
removed and replaced with the same medium, either with (#1) or without
(#2) testicular hyaluronidase (50 �g/ml) for 1 hr. This medium was
removed and replaced with the same medium, except that the enzyme was
added to the flask not previously treated with the enzyme (#2), but not to
flask #1. The conditioned media were concentrated and equalized ac-
cording to the protein content of the (NP-40) cell lysate. The samples
were run under reducing conditions in a 7% gel, transferred to nitrocel-
lulose, and labeled with an anti-tenascin-R mAb. Large amounts of
tenascin-R were detected in the conditioned medium of oligodendrocytes
(CM ). Although tenascin-R was present in the hyaluronidase-treated cells
(#1 �HAse), the amount was no greater than that present in the condi-
tioned medium of the untreated cells (#2 �HAse). The failure of hyal-
uronidase to release tenascin-R is also evidenced by the presence of
tenascin-R in the cell lysates (NP40). Note that the smaller tenascin-R 160
predominates in the conditioned media, whereas the 180 kDa form
predominates in the cell lysates. d, Immunoprecipitation was performed
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maximal versican expression, can be alleviated by the removal of
chondroitin sulfate.

The enzyme chondroitinase ABC was used to remove chon-
droitin sulfate from the environs of differentiating oligodendro-
cytes. Oligodendrocyte progenitor cells were grown for 36 hr in
differentiation medium, resulting in the deposition of versican on
the substrate. It should be noted that these cells do not form a
confluent monolayer and that versican is deposited on the sub-
strate in the spaces between the cells. The cells were treated with
chondroitinase ABC for the final 3 hr and then fixed in 4%
paraformaldehyde. The cells were fixed to prevent further differ-
entiation of the OPCs and concomitant loss of versican immuno-
reactivity during the course of the axon growth assay (2 d). The
effectiveness of the chondroitinase digestion was assessed with the
2B6 mAb, which recognizes the stubs remaining on the core
protein after chondroitinase digestion of chondroitin sulfate

GAG chains. The digested and fixed cells were used as a substrate
for the growth of dissociated DRG neurons. Removal of the
chondroitin sulfate, much of which will be carried by versican, led
to a significant increase in neurite outgrowth (Fig. 8). Neuronal
adhesion to the substrate was not affected by chondroitinase
treatment (Fig. 8). This assay was performed on three separate
occasions, with the same outcome. Hence, the removal of chon-
droitin sulfate alleviates the axon growth-inhibitory properties of
immature oligodendrocytes.

DISCUSSION
Versican is upregulated in the injured CNS
In the adult rat brain, immunohistochemistry has shown there to
be high levels of versican in white matter tracts (Bignami et al.,
1993). In gray matter, versican expression is more variable. Al-
though it is readily detectable in spinal cord gray matter, very
little versican is detectable in the cerebral cortex (Bignami et al.,
1993). Here, we demonstrate a substantial increase in versican
immunoreactivity around a knife lesion to the cerebral cortex,
and Western blot analysis of extracts prepared from injured and

Figure 7. Versican is upregulated by TGF� in dividing OPCs and by
IL-1� and CNTF in differentiating oligodendrocytes. Dividing cells were
maintained for 2 d in medium containing PDGF and FGF2 and the
cytokine/growth factor (10 ng/ml) being tested (a, b). Differentiating cells
were grown for 2 d in medium containing PDGF and FGF2, and then for
a further 2 d in differentiation medium containing the cytokine/growth
factor (10 ng/ml) under investigation (c). The conditioned media were
collected, concentrated, and treated with chondroitinase ABC. The sam-
ples were equalized according to the protein content of the cell lysates,
run under nonreducing conditions in a 4% gel, and transferred to nitro-
cellulose. The blots were labeled with the anti-versican mAb 12C5. TGF�
led to an increase in the amount of versican present in the conditioned
media of dividing OPCs (a, b). In differentiating cells, IL-1� and CNTF,
but not TGF�, brought about an increase in the amount of versican in the
conditioned medium (c).

Figure 8. Chondroitin sulfate proteoglycans contribute to the axon
growth-inhibitory properties of oligodendrocytes. Dorsal root ganglion
neurons growing on untreated (a, c) and chondroitinase ABC-treated (b,
d) paraformaldehyde-fixed pro-oligodendroblasts were labeled with 3A10
(a, b) and Hoechst 33342 to visualize nuclei (c, d). Scale bar, 100 �m. e,
Quantification of neurite outgrowth on pro-oligodendroblasts. Chon-
droitinase treatment led to a significant increase in DRG neurite out-
growth (**p � 0.001; Student’s t test) without affecting neuronal adhesion
to the substrate. These findings suggest that axon growth in an oligoden-
droglial environment is impaired by chondroitin sulfate.
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uninjured tissue revealed there to be two to three times more
versican in the injured tissue. The injury-induced versican comi-
grated (at 400 kDa) with that in the normal, uninjured rat brain
and is therefore the V2 isoform. Rat CNS versican has been
shown to carry little chondroitin sulfate (Asher et al., 1995). The
injury-induced versican migrated as a single, discrete band with-
out chondroitinase treatment and comigrated with normal rat
brain versican, indicating that it too carries little chondroitin
sulfate. The axon growth-inhibitory properties of brain-derived
versican have been shown to reside in both the core protein and
the chondroitin sulfate GAG chains (Schmalfeldt et al., 2000).
Despite its relatively low level of glycanation, therefore, the
injury-induced versican would be expected to exert an inhibitory
effect on regenerating axons in the injured CNS.

Versican is a product of oligodendrocyte lineage cells
The distribution of versican in the normal (Bignami et al., 1993)
and injured CNS is indicative of a glial origin. We have screened
various glial cell types for versican expression. Versican was
present in the conditioned media of OLCs and meningeal cells,
but not in that of astrocytes or microglia. However, although
meningeal cells produced the V0 and V1 isoforms of versican,
OLCs were only capable of producing the smaller V2 isoform.
OLCs, then, are uniquely capable of producing the isoform that
predominates in the normal and injured CNS, and this suggests
that they are the major source of CNS versican. Although cul-
tured OLCs make the same isoform of versican as that found in
the CNS, OLC-derived versican was unable to enter a 4% gel
without previous chondroitinase treatment. OLC-derived versi-
can therefore carries large amounts of chondroitin sulfate. The
pattern of versican expression in the normal and injured CNS is
entirely consistent with it being produced by OLCs, which are
recruited to lesions in large numbers (Levine et al., 2001).

Versican expression increases in differentiating OLCs
Western blot analysis of conditioned medium revealed there to be
higher levels of versican in differentiating oligodendrocytes than
in dividing progenitor cells. Furthermore, no versican labeling
was seen in dividing, bipolar OPCs. The labeling of large num-
bers of cells occurred only after the removal of the growth factors
and was seen only on or around multipolar cells. These observa-
tions suggest that versican expression in OLCs requires some
differentiation or their exit from the division cycle or both.
Versican labeling was first seen at the late A2B5-positive stage,
suggesting that versican expression begins at this early stage.
Previously, it has been reported that oligodendrocytes label for
versican V2 (Niederöst et al., 1999). Our data are in agreement
with this conclusion and show, furthermore, that cells of the
oligodendrocyte lineage acquire the ability to produce versican at
an early stage in their differentiation.

Versican is bound to hyaluronate in vitro and in vivo
Any attempt to remove versican from the injured CNS will
require an understanding of how, and with what, it interacts in the
ECM. In common with the other members of the aggrecan
family, versican possesses a hyaluronate-binding domain at its
N-terminal (Zimmermann and Ruoslahti, 1989) and has been
shown to bind to hyaluronate in vitro (LeBaron et al., 1992).

Two types of labeling were seen in OLCs in vitro: substrate-
associated, stellate profiles and ring-like labeling of the cell body.
As noted above, both first appeared at the same stage (i.e., late
A2B5 positive). The substrate-associated labeling was the pre-
dominant pattern in OLCs plated directly in differentiation me-

dium (i.e., not exposed to growth factors), whereas the ring-type
labeling was the predominant pattern in differentiating cells that
had been exposed to growth factors. The question arises then as
to why the ring-type labeling becomes more prevalent in growth
factor-treated cells. The labeling of the cells is indicative not only
of the ability of the cell to make versican, but also its ability to
retain it at the cell surface. The ability of OLCs to retain versican
is dependent on HA, because (1) labeling for HA gave rise to a
pattern identical to that for versican, (2) the ring-type versican
labeling was sensitive to hyaluronidase, and (3) hyaluronidase
brought about the release of intact versican into the medium.
Hyaluronate synthesis increases in dividing cells (Laurent and
Fraser, 1992), and this explains why growth factor-driven OLCs
retain versican at their surface. Although versican binding to
these growth factor-driven cells is entirely HA dependent, versi-
can binding to the substrate is not.

It was possible to solubilize approximately half of the versican
in the adult rat brain with PBS. Hyaluronidase brought about the
release of additional versican, after which no further versican
could be extracted with SDS. The amount released by the enzyme
was roughly equal to that solubilized by PBS. Hence, approxi-
mately half of the versican in the adult rat brain exists in associ-
ation with HA. Preliminary data suggest that HA itself is upregu-
lated in the injured CNS (R. A. Asher, D. A. Morgenstern, and
J. W. Fawcett, unpublished observations) and could therefore
play a pivotal role in anchoring versican and other HA-binding
CS-PGs (e.g., neurocan) in the glial scar.

A versican/tenascin-R complex exists
in oligodendrocytes
Versican also has the ability to interact with tenascin-R, via its
C-type lectin domain (Aspberg et al., 1995). Here we have shown
that tenascin-R colocalizes with versican in OLCs and that anti-
bodies against one can immunoprecipitate the other. Hence,
some of the versican and tenascin-R produced by these cells exists
as a complex. Such a complex may well be present in the lesion
environment, because transection of the postcommissural fornix
led to an increase in tenascin-R expression (Probstmeier et al.,
2000). The properties of the ECM as a whole may not be entirely
explicable in terms of its constituent parts. For this reason, an
understanding of how, and with what, each component interacts
in the glial scar will be important.

Regulation of versican expression in OLCs
TGF� brought about an increase in the amount of versican
detected in the conditioned medium of dividing OPCs, and IL-1�
and CNTF brought about an increase in differentiating cells.
Such studies are complicated by the fact that versican expression
increases as these cells differentiate. Because TGF� is known to
promote differentiation in these cells (McKinnon et al., 1993), it
is possible that the increase in versican expression is an indirect
consequence of TGF�-induced differentiation, rather than a di-
rect effect on versican expression. Nevertheless, the ability of
TGF� to bring about an increase in versican expression suggests
that it may also play some part in the upregulation of versican in
the injured CNS.

Oligodendrocyte-derived chondroitin sulfate
(proteoglycans) inhibit axon growth
Recently, it has been shown that the growth cone-collapsing
activity of oligodendrocytes is related to the presence of CS-PGs
(Niederöst et al., 1999). Growth of these cells in the presence of
�-D-xyloside, an inhibitor of GAG synthesis, led to the disappear-
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ance of versican at the cell surface and to the loss of contact-
mediated growth cone-collapse (Niederöst et al., 1999). Our data
also point to an inhibitory role for CS-PG GAG chains in axon
growth in an oligodendroglial environment, because the removal
of chondroitin sulfate led to an increase in axon growth on
oligodendrocytes grown under conditions shown to favor versican
expression and glycanation. It has been reported that immature
oligodendrocytes do not induce growth cone collapse (Schwab
and Caroni, 1988). The cells used in our bioassay were mostly
A2B5 negative and expressed versican at much higher levels than
the (A2B5-positive) cells reported previously not to induce
growth cone collapse. Regardless of their precise stage, our data
suggest something rather different, namely that immature oligo-
dendrocytes create an environment (i.e., ECM) that is unsup-
portive of axon growth, without the need to induce growth cone
collapse.

Previously, we have shown that DRG neurons growing on a
monolayer of living Neu7 cells do not avoid patches of versican
(Fidler et al., 1999). However, these patches also contained lami-
nin, and this may have been sufficient to override the inhibitory
effects of versican.

Conclusions
Here we show that versican, an axon growth-inhibitory CS-PG, is
upregulated in the injured CNS and is therefore present in the
environment in which axon regeneration fails. We have identified
oligodendrocyte lineage cells as the likely source of this versican
and now believe these cells to be a major source of axon growth-
inhibitory CS-PGs in the damaged CNS. Oligodendrocyte lin-
eage cells are present throughout the normal adult CNS and are
recruited to injuries in large numbers (Levine et al., 2001). These
cells express the inhibitory CS-PG NG2 at their surface (Levine,
1994) and release proteolytically shed forms of it into the lesion
environment (Morgenstern, 2000). These cells are also active in
the synthesis of neurocan (Asher et al., 2000), phosphacan
(Canoll et al., 1996), brevican (Seidenbecher et al., 1998; present
work), and tenascin-R (Pesheva et al., 1997), all of which exert
inhibitory effects on neurite outgrowth in vitro (Pesheva et al.,
1993; Friedlander et al., 1994; Yamada et al., 1997; Garwood et
al., 1999). A possible strategy for encouraging axon regeneration,
therefore, would be to prevent the recruitment of OLCs to CNS
injuries. Complement killing with gal-C antibodies, which would
be expected to target versican-producing cells, has in fact been
shown to promote axon regeneration in the rat spinal cord (Dyer
et al., 1998). Also, the infusion of an anti-mitotic into the lesioned
nigrostriatal tract prevented OLC recruitment and promoted
axon regeneration (Rhodes et al., 2000).
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(2000) The chondroitin sulphate proteoglycan brevican is upregulated
by astrocytes after entorhinal cortex lesions in adult rats. Eur J Neu-
rosci 12:2547–2558.

Yamada H, Fredette B, Shitara K, Hagihara K, Miura R, Ranscht B,
Stallcup WB, Yamaguchi Y (1997) The brain chondroitin sulfate pro-
teoglycan brevican associates with astrocytes ensheathing cerebellar
glomeruli and inhibits neurite outgrowth from granule neurons. J Neu-
rosci 17:7784–7795.

Zimmermann DR, Ruoslahti E (1989) Multiple domains of the large
fibroblast proteoglycan, versican. EMBO J 8:2975–2981.

2236 J. Neurosci., March 15, 2002, 22(6):2225–2236 Asher et al. • Versican Upregulation in CNS Injury and Oligodendrocytes


