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Neurons Produce a Neuronal Cell Surface-Associated Chondroitin

Sulfate Proteoglycan
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Monoclonal antibody Cat-315 recognizes a chondroitin sulfate
proteoglycan (CSPG) expressed on the surface of subsets of
neurons in many areas of the mammalian CNS (Lander et al.,
1997). The cell type-specific expression exhibited by the Cat-
315 CSPG and other perineuronal net CSPGs imparts a distinct
molecular surface identity to a neuron (Celio and Blumcke,
1994; Lander et al., 1997). The cell type(s) producing these
surface-associated proteins and yielding this cellular diversity
has remained in question. The expression of the Cat-315 CSPG
in primary rat cortical cultures has permitted an examination of
the cellular source of the Cat-315 antigen, as well as a deter-
mination of its spatial relationship to the neuronal surface.
Live-cell labeling of primary neuronal cultures demonstrates
that the Cat-315 CSPG is on the extracellular surface of neu-
rons. Furthermore, extraction experiments demonstrate that
the Cat-315 CSPG lacks a transmembrane domain and that the
entire molecule is extracellular and, therefore, can be consid-

ered a constituent of brain extracellular matrix. Several lines of
evidence indicate that neurons with cell surface staining pro-
duce the Cat-315 CSPG. First, neurons with cell surface stain-
ing also show intracellular Cat-315 immunoreactivity. Second,
B-xyloside or monensin, reagents that inhibit the synthesis and
transport of CSPGs, increase intracellular Cat-315 immunore-
activity within neurons that express cell surface Cat-315 immu-
noreactivity. Third, double labeling with Cat-315 and a poly-
clonal antibody for the Golgi complex demonstrates a precise
colocalization of the intracellular Cat-315 immunoreactivity with
the Golgi. Together, these observations demonstrate that neu-
rons contribute to the extracellular matrix of brain and that the
Cat-315 CSPG is produced by the neurons that carry Cat-315
cell surface immunoreactivity.
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Although some components of the extracellular matrix (ECM) of
brain are expressed throughout both gray and white matter, other
ECM constituents are found in extremely restricted patterns, in
association with the surface of subsets of neurons. These peri-
neuronal nets, which are likely to represent the neuronal extra-
cellular matrix, are composed of glycoproteins, the glycosamino-
glycan hyaluronan, and an increasingly complex array of
proteoglycans, principally of the chondroitin sulfate class (Celio
and Blumcke, 1994; Lander and Hockfield, 1997). A number of
reagents, including monoclonal antibodies and lectins, reveal the
perineuronal nets; in addition, histochemical-staining techniques
indicate that perineuronal nets surround most, if not all, neurons
within the brain (for review, see Hockfield, 1990; Celio and
Blumcke, 1994).

Although the molecular composition of the perineuronal nets is
not yet known in great detail, it is clear from a number of studies
that the constituents of these nets are highly heterogeneous and
that different neuronal subsets can be distinguished by the com-
plement of chondroitin sulfate proteoglycans (CSPGs) that their
nets contain (Hockfield and McKay, 1983; Fujita et al., 1989;
Watanabe et al., 1989; Bertolotto et al., 1990, 1991, 1996; Hock-
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field et al., 1990; Lander et al., 1997). Brain proteoglycans exhibit
heterogeneity in core protein composition (Oohira et al., 1988;
Gowda et al., 1989; Herndon and Lander, 1990; Hockfield et al.,
1990; Lander et al., 1997) and in the patterns of glycosylation or
sulfation; further heterogeneity is seen among proteoglycans with
the same core protein, which can differ through developmentally
regulated alternative splicing or proteolytic processing (for re-
view, see Hardingham and Fosang, 1992; Margolis and Margolis,
1993; Oohira et al., 1994a). The diverse components of individual
perineuronal nets could regulate the extracellular microenviron-
ment surrounding each neuron and subserve cell type-specific
functions.

Despite over a decade of work on the identification and char-
acterization of neuronal cell surface CSPGs, the cellular source
of most of these proteins remains uncertain. We have approached
this issue by using the monoclonal antibody Cat-315 in a series of
experiments on primary neuronal cultures. Cat-315 was shown
previously to recognize a perineuronal CSPG found in associa-
tion with specific subsets of neurons in intact cat (Lander et al.,
1997) and rat (C. Lander and S. Hockfield, unpublished observa-
tions) cortex. Here, we show that the Cat-315 antibody also
recognizes a CSPG in primary neuronal culture and demonstrate
that the Cat-315 antigen expressed in culture shares many prop-
erties with the Cat-315 antigen characterized in vivo. The in vitro
system has permitted us to determine that the entire Cat-315
molecule, and not just the Cat-315 epitope, is extracellular and,
therefore, is a constituent of the ECM. We also demonstrate that
the Cat-315 CSPG is produced by neurons, providing important
evidence that neurons contribute to the ECM of brain and that
the cell type-specific association exhibited by neuronal cell sur-
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face CSPGs may be determined by cell type-specific gene
expression.

MATERIALS AND METHODS

Cell culture. Cerebral cortices from embryonic day 16 (E16) Sprague
Dawley rats were dissected free of meninges, washed in calcium- and
magnesium-free Dulbecco’s PBS (DPBS; GIBCO, Grand Island, NY),
and digested with trypsin (0.05% in DPBS plus 0.53 mm EDTA) at 37°C
for 20 min. The resulting cell suspension was washed in medium [50%
DMEM, 25% HBSS, 0.38% HEPES, 0.5% glucose, 8% fetal bovine
serum (FBS), and 20 ng/ml 2.5 S NGF] (Redmond et al., 1997) and
triturated with a fire-polished pasteur pipette. Dissociated cells were
pelleted by centrifugation at 1000 X g for 5 min; the resulting superna-
tant was discarded, and the cell pellet was resuspended in fresh medium.
The cell suspension was plated at a density of 100,000 cells/well in
24-well plates containing polyornithine- (PORN; 0.01 mg/ml) and lami-
nin (2 pg/ml)-coated glass coverslips. For cell homogenates, cells were
plated at a density of 500,000 cells/well.

For drug treatment of cultures, E16 or neonatal (P0) cultures were
plated onto PORN- and laminin-coated coverslips at a density of 100,000
cells/well and maintained in serum-containing medium for a range of
culture days before the addition of drug. For monensin (Calbiochem, La
Jolla, CA), PO cultures were maintained for 7 d and then incubated in
monensin-containing medium (1 X 10 ¢ M) for § additional hours. For
B-xyloside (Sigma, St. Louis, MO), E16 cultures were plated for 3 d and
then maintained in B-xyloside-containing medium (1.5 um) for 10 addi-
tional days.

For astrocyte cultures, cerebral cortices from PO rats were dissected
free of meninges and dissociated, as described above. Dissociated cells
were plated onto poly-L-lysine (0.1 mg/ml; Sigma)-coated tissue culture
flasks in DMEM plus 10% FBS. Twenty-four hours after plating, cul-
tures were shaken to remove neurons and oligodendrocytes (Smith et al.,
1990). Cell homogenates and culture supernatants were collected after
7 d in culture.

Immunocytochemistry. Cultures plated onto PORN- and laminin-
coated coverslips were fixed in 4% paraformaldehyde for 10 min and then
rinsed extensively in phosphate buffer. Coverslips were incubated in
permeabilization medium (DMEM, 0.2% Triton X-100, 0.01% lycine,
and 0.01% glycine) for 1.5 hr and then rinsed in phosphate buffer
immediately before antibody staining.

Coverslips were incubated overnight at 4°C in the monoclonal antibody
Cat-315 (an IgM), followed by 2 hr in Texas Red-conjugated goat
anti-mouse IgM (Southern Biotechnology, Birmingham, AL). For
double-labeling experiments, coverslips were incubated overnight in a
rabbit polyclonal antibody raised against rat liver Golgi membranes
(Louvard et al., 1982; a generous gift from Pietro deCamilli), an IgG
monoclonal antibody to class III B-tubulin (TuJ1; Lee et al., 1990a; a
generous gift from Anthony Frankfurter), rabbit polyclonal or IgG
monoclonal anti-glial fibrillary acidic protein (GFAP; Sigma), or the IgG
monoclonal antibody Rat-401, which recognizes the intermediate fila-
ment protein nestin (Hockfield and McKay, 1985), followed by 2 hr in
FITC-conjugated goat anti-mouse IgG (for TuJ1, GFAP, and nestin
incubations) or FITC-conjugated goat anti-rabbit (for Golgi and GFAP
polyclonal incubations) secondary antibody (Southern Biotechnology).
Cultures were rinsed extensively in phosphate buffer and then incubated
overnight in Cat-315, followed by a 2 hr incubation with Texas Red-
conjugated goat anti-mouse IgM secondary antibody. Control experi-
ments showed no cross-reactivity between the subclass-specific secondary
antibodies and the inappropriate first antibodies. Immunocytochemical
labeling was visualized and photographed using a Nikon fluorescence
microscope. Cellular localization was also analyzed using a Bio-Rad
confocal microscope.

For live-cell staining, unfixed, unpermeabilized cultures were rinsed in
DMEM without serum and then incubated in Cat-315 (without sodium
azide) for 30 min. Cultures were again rinsed in DMEM and then
incubated for 30 min with Texas Red-conjugated goat anti-mouse IgM
secondary antibody. Cultures were rinsed in DM EM and then fixed for
10 min in 4% paraformaldehyde.

Cell and tissue homogenates. Postnatal day 1 (P1) rat brains were
homogenized in DPBS (5 ml/gm of tissue) containing a cocktail of
protease inhibitors (5 ug/ml leupeptin, 5 mm aminocaproic acid, and 5
mM N-ethylmaleamide dissolved in 5 mM sodium phosphate buffer; 1 mm
phenylmethylsulfonyl fluoride and 5 pg/ml leupeptin dissolved in
DMSO). For cell homogenates, 100 wl of DPBS (plus protease inhibitors)
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was added to each well, and cells were collected by scraping cultures with
a pipette tip.

Immunoprecipitation. Cat-315 was adsorbed to goat anti-mouse IgM
agarose beads (Sigma) by mixing overnight at 4°C. Beads were washed
and then mixed overnight at 4°C with conditioned medium from E16
cortical cultures that had been maintained on PORN- and laminin-coated
coverslips for a variety of incubation periods (1-21 d). Antigens were
eluted by boiling in SDS-PAGE sample buffer with B-mercaptoethanol or
by digestion with bovine testicular hyaluronidase (Wydase; see below).

Enzymes. Enzymes used were as follows: bovine testicular hyaluroni-
dase, which has both hyaluronidase and chondroitinase activity (Wydase;
75 U/ml; Wyeth-Ayerst, Philadelphia, PA), chondroitinase ABC (0.25
U/ml; ICN Biomedicals, Cleveland, OH), and phosphatidylinositol phos-
pholipase C (PI-PLC; 5SmU/ml; Boehringer Mannheim, Indianapolis,
IN). For each, samples were incubated overnight at 37°C in the presence
of enzyme and protease inhibitors and were analyzed by Western blot-
ting. For PI-PLC digestion, 0.16% Triton X-100 (w/v) was added during
enzyme incubation.

Determination of mechanism of membrane association. For analysis of
the mechanism of association of the antigen with the particulate fraction,
cell homogenates were separated by centrifugation (30,000 X g for 1 hr)
into pellet and supernatant fractions. The pellet was rehomogenized in
DPBS with protease inhibitors, centrifuged at 30,000 X g for 1 hr, and
then resuspended in PBS (with protease inhibitors) twice. Aliquots of
this suspension were incubated in PBS, 0.1 M Na,COj; buffer at pH 11,
1% Triton X-100, or PI-PLC (as described above). After digestion,
samples were again centrifuged, and supernatant and pellet fractions
were analyzed by Western blotting.

Western blot analysis. Samples were combined with gel-loading buffer
(20 mM Tris-HCI, pH 6.8, 3% SDS, 10% glycerol, and 0.01% bromphenol
blue) and B-mercaptoethanol, boiled for 5 min, and electrophoresed on
3-8% acrylamide gradient gels in 50 mm Tris base, 0.38 M glycine, and
0.2% SDS. Proteins were electrophoretically transferred to nitrocellulose
overnight at 100 mA in 25 mm Tris, 0.192 M glycine, 0.1% SDS, and 20%
methanol. Blots were blocked in 5% nonfat dry milk in TBS for 1 hr,
washed, and incubated with primary antibody containing 0.5% Triton
X-100 overnight. Blots were washed and then incubated with alkaline
phosphatase-conjugated goat anti-mouse IgM secondary antibody (Cap-
pel, West Chester, PA) for Cat-315 (diluted in DM EM plus 5% FCS and
0.5% Triton) for 2 hr. Immunoreactive bands were visualized with nitro
blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Sigma).

RESULTS

Monoclonal antibody Cat-315 identifies neurons

in vitro

Monoclonal antibody Cat-315 was one product of an immuniza-
tion strategy designed to generate antibodies that recognize neu-
ronal cell surface-associated CSPGs (Lander et al., 1997). Cat-
315 recognizes a CSPG that is distributed along the surface of
cell bodies and proximal dendrites of a subset of neurons in many
areas of the mammalian CNS. Although many neuronal cell
surface CSPGs have now been identified, the cellular source of
most of these cell type-specific proteins, as well as their mecha-
nism of association with the cell surface, has not been resolved.
Here, we have used neuronal primary cultures to address these
two issues.

One property of the Cat-315 antigen is an association with the
perimeter of cortical neurons in tissue sections. We first asked
whether Cat-315 also stains cortical neurons in vitro. Primary
cultures of dissociated cerebral cortices from E16 rats were main-
tained in either serum-containing or serum-free medium for a
range of time periods [1, 3, 7, 14, and 21 culture days (CD)];
cultures from each time point were fixed, permeabilized, and then
stained with Cat-315 (Fig. 1). Cat-315 labeled cells with the
morphological appearance of neurons at all time points and from
cultures maintained with or without serum. Surface-associated
staining along cell bodies and neurites was observed at the earliest
time point examined (1 CD; Fig. 14,C). After longer periods in
culture (Fig. 1B,D), Cat-315 immunoreactivity increased, with
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Figure 1.

Monoclonal antibody Cat-315 recognizes cells with the morphological appearance of neurons in primary cultures of rat cortex. A, C, Low (A)

and high (C) magnification photomicrographs of cultures from E16 rats were maintained in culture for 1 d (E16 plus 1 CD) and then fixed and stained
with Cat-315. Cat-315 immunoreactivity is detected in association with cell surfaces. In addition to the surface-associated staining, immunoreactivity is
also seen in an intracellular compartment (arrows). B, D, Low (B) and high (D) magnification photomicrographs of E16 plus 7 CD cultures stained with
Cat-315 demonstrate that, after longer periods in culture, cell surface immunoreactivity increases, extensively labeling cells and their processes. Scale

bars: A, B, 50 um; C, D, 25 pm.

extensive labeling of cell bodies and processes. In addition, at all
culture time points, intracellular Cat-315 immunoreactivity was
frequently observed in cells that also displayed cell surface-
associated labeling (Fig. 14,C, arrows). This suggested that the
cells with cell surface-associated staining may be the site of the
synthesis of the Cat-315 antigen (addressed in more detail
below).

In the intact brain, Cat-315 immunoreactivity is associated
with neurons (Lander et al., 1997). To determine the cell type
labeled by Cat-315 in vitro, we double labeled cultures with
Cat-315 and cell type-specific markers (Fig. 2). Nestin, recog-
nized by monoclonal antibody Rat-401, is an intermediate fila-
ment protein expressed by neural progenitor cells and immature
astrocytes, including radial glial cells (Hockfield and McKay,
1985). There was no overlap between the set of cells labeled by
Cat-315 (Fig. 24) and the set that was positive for Rat-401 (Fig.
2B). GFAP is expressed by astrocytes, and in our cultures, GFAP
identified cells with a flat morphology. There was no overlap
between the set of cells labeled by Cat-315 (Fig. 2C) and the set
labeled by antibodies to GFAP (Fig. 2D). Together, these two
results indicate that Cat-315 does not label precursor cells or
differentiated astrocytes. Class III neuron-specific B-tubulin is a

cytoskeletal protein, identified by the monoclonal antibody Tull,
that is expressed by neurons during or directly after their final
mitotic division (Lee et al., 1990a,b). In marked contrast to the
results with GFAP and nestin, all Cat-315-positive cells (Fig. 2E)
also expressed class III B-tubulin (Fig. 2F), demonstrating that
Cat-315 selectively labels neurons. Importantly, although all Cat-
315 cells expressed class III B-tubulin, not all cells that were class
III B-tubulin-positive were labeled by Cat-315 (Fig. 2E,F). At all
culture time points examined and in the presence or absence of
serum, the Cat-315-positive cells represented a subset of the class
IIT B-tubulin-positive cells. This observation is consistent with
our observations in intact rat (unpublished observations) and cat
(Lander et al., 1997) cerebral cortex, in which Cat-315 labels only
a subset of cortical neurons. All of the double label studies taken
together demonstrate that in vitro, as in vivo, Cat-315 recognizes
a subset of cortical neurons.

Cat-315 recognizes a CSPG

Monoclonal antibody Cat-315 identifies a CSPG that migrates as
a high molecular weight, polydisperse band on Western blots of
guanidine extracts of cat visual cortex (Lander et al., 1997) and
rat cortex (unpublished observations). We next asked whether the
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Figure 2. Cell surface Cat-315 immunoreactivity is associated with
neurons and not with non-neuronal cells. Double label immunofluores-
cence experiments with Cat-315 and cell type-specific markers demon-
strate that Cat-315 labels a subset of cortical neurons in culture. 4, B, An
E16 plus 3 CD culture double labeled with Cat-315 (A4) and Rat-401 (B)
demonstrates that the cells labeled by Cat-315 are not labeled by Rat-401,
and vice versa. There is no overlap in the cells stained with these two
antibodies. C, D, An E16 plus 7 CD culture double labeled with Cat-315
(C) and GFAP (D) demonstrates that the cells labeled by Cat-315 are
negative for GFAP. Again, there is no overlap in the cells stained with
these two antibodies. E, F, An E16 plus 7 CD culture double labeled with
Cat-315 (E) and an antibody to the neuron-specific TuJ1 (F) demon-
strates that all cells labeled by Cat-315 are also labeled by TuJ1; Cat-315
therefore labels neurons. Although all Cat-315-positive cells are TuJ1-
positive (arrows), not all TuJ1-positive cells are Cat-315-positive (aster-
isks). This shows that Cat-315 labels only a subset of neurons. Scale bars:
A-D, 50 um; E-F, 25 pm.

antigen recognized by Cat-315 in vitro was biochemically related
to the antigen identified in vivo.
Conditioned medium and cell homogenates from primary cor-
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tical cultures (E16 plus 7 CD) as well as cortical tissue from
animals of an equivalent age (P1) were analyzed by Western
blotting. Conditioned medium (CM) was collected from cortical
cultures and immunoprecipitated with goat anti-mouse IgM aga-
rose beads preadsorbed to Cat-315 (an IgM). Adherent cells from
cortical cultures (cell homogenates) and P1 rat cortices were
homogenized in PBS (plus protease inhibitors) and, along with
the CM immunoprecipitates, subjected to enzymatic digestion
before Western blot analysis (Fig. 3).

In all preparations, Cat-315 recognized a polydisperse band at
~680 kDa (Fig. 34, lanes 1,3, B, lanes 1,3,7). Digestion with
either of two enzymes that remove chondroitin sulfate glycosami-
noglycans, bovine testicular hyaluronidase (Fig. 3) or chondroiti-
nase ABC, produced an apparent tightening of the immunoreac-
tive band and a shift in mobility to ~580 kDa (Fig. 34, lanes 2,4,
B, lanes 2,4,8). The Cat-315 antigens in both in vitro and in vivo
preparations comigrated on Western blots both before (Fig. 34,
lanes 1,3, B, lanes 1,3,7) and after (Fig. 34, lanes 2,4, B, lanes
2,4,8) removal of chondroitin sulfate. Cat-315 immunoreactivity
was not detected in serum-containing medium that was not con-
ditioned by cell cultures (data not shown). This experiment
demonstrates that in vitro, as in vivo, Cat-315 recognizes a CSPG
and also provides evidence that the in vivo antigen is likely to be
the same as, or closely related to, the in vitro antigen.

The Cat-315 epitope is extracellular

We reported previously that Cat-315 immunoreactivity is associ-
ated with neuronal cell surfaces (Lander et al., 1997). To deter-
mine whether the cell surface-associated staining observed with
Cat-315 in culture was localized to the intracellular or extracel-
lular surface of neurons, we stained unfixed and unpermeabilized
cultures with Cat-315 (Fig. 4). In the absence of fixation or
permeabilization, Cat-315 immunoreactivity was still detected in
association with neuronal cell surfaces at all culture time points
(Fig. 4B,D). The surface-associated staining in live-cell labeling
experiments showed a distribution very similar to that observed
in cultures that had been fixed and permeabilized before staining
(Fig. 44,C). In addition to the surface-associated immunoreac-
tivity, Cat-315-positive neurons in fixed and permeabilized prep-
arations showed intracellular immunoreactivity, which was not
observed after live labeling (addressed further below). The
surface-associated immunoreactivity appeared somewhat less in
nonpermeabilized cells as compared with that in fixed and per-
meabilized cells. This difference may be attributable to the
shorter antibody incubation times for the live labeling experi-
ments (30 min each in primary and secondary antibodies) com-
pared with the times for the labeling of fixed, permeabilized cells
(48 hr in primary antibody and 2 hr in secondary antibody). The
persistence of surface-associated immunoreactivity on live, un-
permeabilized cells indicates that the Cat-315 epitope, and pos-
sibly the entire Cat-315 molecule, is localized to the extracellular
surface of the neuronal membrane.

As shown in Figure 3, the Cat-315 antigen is found both
secreted into the culture medium and in association with neuronal
surfaces. To determine the mechanism of association of the
Cat-315 antigen with the cell surface, we subjected the particulate
fraction of cell culture homogenates to extraction with various
reagents. Cell homogenates were separated into supernatant and
particulate (PBS insoluble fraction containing cell membranes,
extracellular matrix, and cytoskeletal elements) fractions by cen-
trifugation, and the particulate fraction was washed three times by
resuspension in PBS. Aliquots of the final particulate fraction
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Figure 3. Cat-315 recognizes a CSPG of the same apparent molecular
weight in vivo and in vitro, which is primarily produced by neurons. A4,
Cat-315 immunoprecipitates of conditioned medium from mixed cultures
(lanes 1, 2) and cortical homogenates from postnatal day 1 rats (lanes 3, 4)
incubated in the presence (+) (lanes 2, 4) or absence (-) (lanes 1, 3, 5) of
an enzyme that removes chondroitin sulfate glycosaminoglycans were
Western blotted and probed with Cat-315. Removal of chondroitin sulfate
glycosaminoglycans produces an increase in the mobility of the antigen
recognized by Cat-315 (lanes 2, 4), indicating that Cat-315 recognizes a
CSPG. The CSPG detected by Cat-315 from in vivo and in vitro prepa-
rations has the same apparent molecular weight both before and after the
removal of chondroitin sulfate, suggesting that Cat-315 recognizes the
same CSPG in both preparations. For cortical homogenates, each lane
was loaded with 25 ug of protein. The deglycosylating enzyme did not
produce a shift in mobility of neurofilament (data not shown), which lacks
chondroitin sulfate chains, indicating that the increase in mobility on
Western blots of the Cat-315 antigen is specifically caused by the removal
of glycosaminoglycans and not by proteolysis. Lane 5, To test the efficacy
of B-xyloside in prohibiting the addition of glycosaminoglycans, we main-
tained E16 plus 3 CD cultures in B-xyloside-containing medium for an
additional 10 d. Cat-315 immunoprecipitates from conditioned medium
from B-xyloside-treated cultures contain an immunoreactive band that
migrates to the same molecular weight as the Cat-315 antigen from which
chondroitin sulfates have been enzymatically removed. This shows that
B-xyloside effectively inhibited glycosaminoglycan addition. B, Cell ho-
mogenates (lanes 1, 2, 5, 6) and Cat-315 immunoprecipitates of condi-
tioned medium (lanes 3, 4, 7, 8) from mixed (lanes 1-4) and pure
astrocyte (lanes 5-8) cultures incubated in the presence (+) (lanes 2, 4, 6,
8) or absence (-) (lanes 1,3, 5, 7) of bovine testicular hyaluronidase (which
has chondroitinase activity) were Western blotted and probed with Cat-
315. Cat-315 immunoreactivity was detected in both cell homogenates
and conditioned medium from mixed cultures. Cell homogenates from
pure astrocyte cultures were devoid of Cat-315 immunoreactivity; how-
ever, trace amounts of Cat-315 immunoreactivity were detected in con-
ditioned medium from these cultures. For cell culture homogenates, each
lane was loaded at 50 g of protein per lane (compare with cortical
homogenates in 4 loaded at 25 ug per lane).

were resuspended in PBS and incubated with either PBS, 1%
Triton X-100, 0.1 m Na,C0O; buffer at pH 11, or the enzyme
PI-PLC. The resulting digests were again separated into super-
natant and pellet fractions and were analyzed by Western blotting
(Fig. 5). PBS (Fig. 5, lanes 1,2) did not release Cat-315 immuno-
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Figure 4. The Cat-315 epitope is extracellular. E16 plus 1 CD (4, B) and
E16 plus 7 CD (C, D) cultures were fixed and permeabilized before
immunostaining (4, C) or reacted with antibody Cat-315 before fixation (B,
D). The cell surface-associated immunoreactivity seen in fixed and perme-
abilized cultures is retained when cultures are stained without fixation or
permeabilization, whereas the intracellular staining is not seen in the
unfixed, unpermeabilized cultures. This demonstrates that the surface-
associated Cat-315 epitope is extracellular. Scale bars: 4-D, 25 um.

reactivity from the pellet fraction into the supernatant fraction.
Although Cat-315 was also not released into the supernatant by
either Triton X-100 (Fig. 5, lanes 3,4) or PI-PLC (data not
shown), treatment with Na,CO0; (Fig. 5, lanes 5,6) resulted in a
partial release of Cat-315 immunoreactivity into the supernatant
from the particulate fraction. The inability to extract the Cat-315
antigen from the particulate fraction with Triton X-100, although
not eliminating the possibility that some Cat-315 molecules may
contain a transmembrane domain, does indicate that such an
anchor is unlikely to exclusively localize the Cat-315 antigen to
the neuronal surface. The partial release of the Cat-315 antigen
from the particulate fraction with high pH (pH 11) carbonate
buffer demonstrates that at least a proportion of this CSPG exists
as a peripheral membrane protein, as would be expected for an
ECM protein that is first secreted into the medium and subse-
quently bound to the neuronal surface via interactions with other
surface macromolecules. Together with the ability of the Cat-315
antibody to bind to the surface of live, unpermeabilized cells,
these data provide evidence that at least a proportion of the
Cat-315 antigen is entirely extracellular and therefore part of the
extracellular matrix of brain.
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Figure 5. The Cat-315 CSPG is a constituent of the extracellular matrix.
Cell homogenates were separated into particulate and soluble fractions by
centrifugation. The particulate fraction was rinsed several times by resus-
pension in PBS followed by centrifugation. The washed particulate frac-
tion was subjected to extraction with various reagents and then separated
again into supernatant and particulate fractions. These final supernatant
and particulate fractions were Western blotted and probed with Cat-315;
each lane contains 25 pg of protein. Neither PBS (lanes 1, 2) nor Triton
X-100 (lanes 3, 4) released Cat-315 immunoreactivity from the particu-
late into the soluble fraction. Na,CO; (lanes 5, 6) partially released
Cat-315 immunoreactivity from the particulate to the soluble fraction.
Together with the ability of Cat-315 to stain the surfaces of unfixed,
unpermeabilized cells, these data indicate that at least a portion of the
Cat-315 CSPG is entirely extracellular and peripherally attached to the
neuronal surface and thus is a constituent of the extracellular matrix. P,
Particulate fraction; S, soluble fraction.

The Cat-315 CSPG is produced by neurons

Although many neuronal cell surface CSPGs have been de-
scribed, the extracellular location of these proteins has made
definitive determination of their cellular sites of synthesis prob-
lematic. Three experimental observations indicate that neurons
are the site of synthesis of the Cat-315 CSPG. First, as described
above, substantial amounts of Cat-315 immunoreactivity were
detected in the supernatant and cell homogenates from mixed
neuronal cultures (Fig. 3). In contrast, no immunoreactivity was
detected in cell homogenates from pure astrocyte cultures (Fig.
3B, lanes 5,6). Only trace amounts of immunoreactivity were
observed in Cat-315 immunoprecipitates of astrocyte conditioned
medium (Fig. 3B, lanes 7,8).

Second, in fixed and permeabilized cultures, neurons with
surface-associated Cat-315 immunoreactivity also frequently ex-
hibited intracellular immunoreactivity (see Figs. 14,C, 44). The
intracellular Cat-315 staining had a perinuclear distribution, sug-
gesting an association with the Golgi complex, the site of glycos-
aminoglycan addition to proteoglycans. To determine the subcel-
lular localization of the intracellular Cat-315 immunoreactivity,
we double labeled fixed and permeabilized cortical cultures with
Cat-315 and an antibody raised against rat liver Golgi fractions
(Louvard et al., 1982). Confocal microscopy (Fig. 6) showed
Cat-315 immunoreactivity distributed over the neuronal cell sur-
face (in green) and anti-Golgi immunoreactivity in intracellular
compartments (in red). The intracellular Cat-315 immunoreac-
tivity showed a perinuclear distribution and appeared yellow,
because of its precise colocalization with immunoreactivity for
the anti-Golgi antibody.

The third approach to determine the site of synthesis of the
Cat-315 antigen was based on the demonstration that the Cat-315
antigen is a CSPG. Monensin and B-xyloside interfere with the
synthesis and/or secretion of CSPGs. In the presence of monen-
sin, proteoglycan core protein continues to be produced but is
retarded within the Golgi complex; in addition, glycosaminogly-
can chain addition and sulfation are inhibited (Nishimoto et al.,
1982). B-Xyloside serves as an exogenous substrate for glycosami-
noglycan addition; in the presence of B-xyloside, the core protein
of proteoglycans continues to be produced, but the addition of the
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Figure 6. Double label, confocal microscopy demonstrates that intracel-
lular Cat-315 immunoreactivity localizes to the Golgi complex. E16 plus
3 CD cultures were fixed, permeabilized, and then double labeled with
Cat-315 (green) and a polyclonal antibody that recognizes the Golgi
apparatus (red). Cat-315 immunoreactivity is distributed along the neu-
ronal cell surface ( green surface staining). The intracellular Cat-315 signal
appears yellow, because of signals from both antibodies. In every case,
intracellular Cat-315 immunoreactivity precisely colocalizes with immu-
noreactivity for the anti-Golgi antibody (yellow). However, there are
many cells with Golgi labeling but without Cat-315 labeling (red). The
figure shows a 2-um-thick confocal image, in which antibodies were
visualized with FITC- or Texas Red-conjugated, species-specific second-
ary antibodies.

chondroitin sulfate chains is inhibited (Schwartz, 1977). Cortical
cultures were treated with monensin (Fig. 74,B) or B-xyloside
(Fig. 7C.,D) and analyzed immunobiochemically (Fig. 34, lane 5)
and immunohistochemically (Fig. 7). On Western blots, Cat-315
immunoprecipitates from conditioned medium of B-xyloside-
treated cultures showed an increase in the mobility of the Cat-315
antigen equivalent to that seen in material treated with enzymes
to remove chondroitin sulfate glycosaminoglycans, indicating the
inhibition of glycosaminoglycan addition. Immunohistochemical
analysis of treated cultures showed an increase in the amount of
intracellular Cat-315 immunoreactivity and a marked decrease in
cell surface-associated Cat-315 immunoreactivity, especially of
neurites (Fig. 7B,D). Double labeling with TuJl (Fig. 74',B")
showed that immunoreactivity for Cat-315 was markedly de-
creased on neurites (Fig. 7B,B’) compared with control cultures
(Fig. 74,A4"). In cultures treated with B-xyloside (Fig. 7D), there
was a pronounced reduction in the surface-associated staining of
neurites and a pronounced increase in the intracellular pool of
Cat-315 immunoreactive material. Although treatment with ei-
ther B-xyloside or monensin reduced the staining of neurites, all
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Figure 7. Treatment of cortical cultures with reagents that
inhibit the synthesis and/or secretion of CSPGs leads to a
retention of the Cat-315 CSPG in neurons with cell surface
Cat-315 immunoreactivity. Primary cortical cultures from
PO rats were maintained for 7 d in serum-containing me-
dium followed by an additional 8 hr without (4, 4") or with
(B, B") monensin and then fixed, permeabilized, and dou-
ble labeled with Cat-315 and TuJ1. Cultures from E16 rats
were maintained for 3 d in serum-containing medium and
then maintained for an additional 10 d with (D) or without
(C) B-xyloside. A, PO cultures at 7 d plus 8 hr in control
medium show robust Cat-315 surface-associated staining.
A’, The same culture visualized for TuJ1 shows that TuJ1-
immunoreactive processes are Cat-315-positive. B, PO cul-
tures at 7 d plus 8 hr in monensin show a marked increase
in intracellular Cat-315 immunoreactivity (arrows) and a
reduction of Cat-315 labeling of neurites. B’, TuJ1 immu-
nroeactivity shows that TuJ1-labeled neurites lack surface-
associated Cat-315 staining. C, Three-day-old E16 cultures
maintained for an additional 10 d in control medium show
Cat-315 labeling of neuron cell bodies, against a dense
background of Cat-315-positive neurites. D, After 10 d of
B-xyloside treatment, there is a marked decrease in Cat-
315 labeling of neurites and a marked increase in intracel-
lular Cat-315 immunoreactivity (arrows). These experi-
ments provide evidence that the Cat-315 CSPG is
synthesized by the neurons that carry cell surface Cat-315
immunoreactivity. Scale bars: A-D, 50 um.

cells that showed intracellular Cat-315 immunoreactivity still
showed some cell surface immunoreactivity. Taken together,
these observations demonstrate that the Cat-315 CSPG is syn-
thesized by the neurons that carry cell surface Cat-315
immunoreactivity.

DISCUSSION

Here we have used monoclonal antibody Cat-315 to identify a
CSPG in primary cortical cultures that exhibits many of the
properties of the Cat-315 antigen characterized in vivo. Both in
vivo and in vitro, Cat-315 immunoreactivity is found in association
with the extracellular surface of a subset of cortical neurons, and
the CSPGs recognized by Cat-315 in cortical culture and in
cortical homogenates comigrate on Western blots before, as well
as after, the removal of chondroitin sulfate glycosaminoglycans.
These observations indicate that the Cat-315 antibody is likely to
recognize the same (or a closely related) antigen in both prepa-
rations. We further demonstrate that neurons synthesize the
Cat-315 CSPG, providing one important possible mechanism for
the cell type specificity exhibited by neuronal cell surface CSPGs.

Neurons contribute to the extracellular matrix of brain

Because the brain lacks many of the features that define ECMs in
other tissues, until relatively recently the existence of an ECM
surrounding the neurons and glia of the brain was debated (Sanes,
1989). However, histochemical techniques that fix as well as stain
ECM components, along with the generation of antibodies that
identify specific components of the matrix, have permitted the
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demonstration of molecules characteristic of non-CNS ECMs as
well as novel molecules that are unique to the brain matrix
(Sanes, 1989; for review, see Hockfield, 1990). One of the more
unusual features of the ECM of brain, in comparison with other,
non-neural matrices, is its heterogeneous composition. Some con-
stituents of brain ECM, in addition to outlining neuronal sur-
faces, are expressed more or less ubiquitously throughout the
brain. These molecules include the glycoproteins tenascin (Celio
and Chiquet-Ehrismann, 1993) and versican (Bignami et al., 1992,
1993) and the glycosaminoglycan hyaluronan (Bignami and
Asher, 1992; Bignami et al., 1993). Other components of brain
ECM are expressed in extremely restricted patterns, exclusively
in association with the surface of subsets of neurons. The mole-
cules comprising these perineuronal nets may, then, represent the
ECM of neurons.

Since the first description of the perineuronal net, the cellular
origin of this structure has been the subject of considerable
debate. Immunohistochemical experiments with lectins and anti-
bodies recognizing CSPGs at both light and electron microscopic
levels reveal reaction product interposed between glial processes
and neuronal surfaces (Hockfield and McKay, 1983; Nakagawa et
al., 1986; Zaremba et al., 1989; Bertolotto et al., 1991; Bruckner
et al,, 1993; Schweizer et al., 1993). However, because these
reagents could bind extracellular epitopes present on molecules
with transmembrane domains, immunoreactive constituents have
been interpreted by various investigators as being localized to
glial end feet, the neuronal surface, or the extracellular space in
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between (for review, see Lafarga et al., 1984; Celio and Blumcke,
1994; Blumcke et al., 1995). Held [1902, in Celio and Blumcke
(1994)] first proposed that the perineuronal net consists of a
syncytium of glial processes, and until quite recently, the glial
nature of this structure was widely accepted (Brauer et al., 1982,
1984; Lafarga et al., 1984; Schweizer et al., 1993). However, two
recent studies examining the relationship between lectin-positive
perineuronal nets and astrocytic processes indicate that glial
processes and perineuronal nets represent distinct structures that
are often, but not always, in register (Blumcke et al., 1995;
Derouiche et al., 1996). In addition, each astrocyte can impinge
on many perineuronal nets; conversely, each perineuronal net
may be contacted by many astrocytes (Blumcke et al., 1995;
Derouiche et al., 1996). Consistent with this, several of the
“ubiquitously”-expressed components of perineuronal nets, in-
cluding tenascin, hyaluronan, and versican, have been demon-
strated to be produced by glia (Grumet et al., 1985; Asher and
Bignami, 1991; LeBaron, 1996).

A second class of constituents of the perineuronal nets, prin-
cipally CSPGs, is expressed on the surfaces of specific subsets of
neurons. The particular complement of CSPGs in a perineuronal
net imparts a unique molecular surface identity to each neuronal
subset. Although several mammalian CNS proteoglycans have
been demonstrated to be produced by neurons (Hoffman et al.,
1988; Engel et al., 1996), few of the genes encoding the perineu-
ronal CSPGs recognized by lectins and monoclonal antibodies
have been identified. Therefore, despite the demonstration of an
association of these CSPGs with the extracellular surface of
neurons by electron microscopy (Hockfield and McKay, 1983;
Bertolotto et al., 1991) or live-cell labeling in vivo (Zaremba et
al., 1989), the cellular source of neuronal cell surface CSPGs has
remained in question. Several observations suggested that these
neuron-specific components of the ECM might be produced by
the neurons themselves. First, lectins that recognize
N-acetylgalactosamine, the amino sugar present in chondroitin
sulfate disaccharides (Hardingham and Fosang, 1992), outline
subpopulations of neurons in various areas of the CNS (Naka-
gawa et al., 1986; Kosaka and Heizmann, 1989; Naegele and Katz,
1990; Hartig et al., 1992, 1994; Luth et al., 1992; Bruckner et al.,
1993; Schweizer et al., 1993; Seeger et al., 1994; Koppe et al,,
1997). Lectin binding sites also have been detected in association
with the Golgi complex of neurons, consistent with neuronal
production of the respective glycoconjugates (Nakagawa et al.,
1986; Streit et al., 1986; Schweizer et al., 1993). However, because
lectins recognize multiple glycoproteins, as evidenced by the
multiple immunoreactive bands that they identify on Western
blots (Naegele and Katz, 1990; Schweizer et al., 1993), whether or
not the Golgi-associated immunoreactivity corresponds to the
same protein or proteins localized by the lectins on the neuronal
cell surfaces remains unresolved. Second, phosphacan/6B4 pro-
teoglycan, a CSPG identified by the 6B4 monoclonal antibody,
has been reported by one group to be detected on the surface of
subsets of neurons and to be produced predominantly by neurons
in primary culture (Oohira et al., 1994b; Maeda et al., 1995).
However, another group has reported that phosphacan is associ-
ated with and produced by glia (Engel et al., 1996; Meyer-Puttlitz
et al.,, 1996). Neuronal production of perineuronal CSPGs would
provide a biological basis for the cell type-specific expression
exhibited by these molecules.

In the culture system used here, the appearance of Cat-315
reaction product within neurons as well as on their extracellular
surfaces is consistent with the synthesis of the Cat-315 CSPG by
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neurons. However, although Cat-315 did not label non-neuronal
cells, the intracellular antigen might reflect production of the
CSPG by other cell types and subsequent endocytosis by neurons.
Three lines of evidence indicate that neurons are the most likely
cellular source of the Cat-315 CSPG. First, although high levels
of antigen were detected in mixed neuronal cultures, we never
observed a Cat-315-positive cell double labeled with an astrocytic
marker, and almost undetectable levels were detected in pure
astrocyte cultures, demonstrating that astrocytes alone are not
the major source of the Cat-315 CSPG. Second, because the
Cat-315 antibody recognizes a protein epitope (Lander et al.,
1997), it should be possible to visualize the antigen soon after
translation of its protein core. A series of post-translational mod-
ifications, including glycosaminoglycan addition, occurs during
the intracellular transport of proteoglycan core proteins from the
endoplasmic reticulum through the Golgi complex (Alberts et al.,
1994). If the Cat-315 CSPG is produced by neurons, it should,
therefore, be detectable within the Golgi complex as well as in
association with the neuronal surface. Here we have demon-
strated a precise colocalization of the intraneuronal, perinuclear
Cat-315 immunoreactivity with a marker for the Golgi complex.
Third, treatment of primary cultures with reagents that lead to a
retention of the proteoglycan core proteins within the endoplas-
mic reticulum or Golgi led to an increase in the intracellular,
perinuclear Cat-315 immunoreactivity exclusively in neurons
with cell surface Cat-315 immunoreactivity. Other investigators
have used similar methodologies for determining which cell
type(s) produces extracellular matrix molecules; for example,
treatment of cortical cultures with brefeldin A, another reagent
that inhibits protein transport, reveals neuronal production of
fibronectin (Sheppard et al., 1995). Together, these data provide
convincing evidence that the Cat-315 antigen is produced by
neurons.

To our knowledge, the Cat-315 CSPG is the first mammalian
perineuronal CSPG shown definitively to be produced by neu-
rons. Based solely on apparent molecular mass, the Cat-315
CSPG is not likely to be identical to neurocan (Rauch et al., 1992;
Oohira et al., 1994b), BEHAB/brevican (Jaworski et al., 1994;
Yamada et al., 1994), versican (LeBaron, 1996), NG2 (Stallcup et
al., 1983), or any of the CSPGs identified by Herndon and Lander
(1990). Several CSPGs do fall within a molecular weight range
similar to that determined for the Cat-315 CSPG, such as the
DSD-1 proteoglycan (Faissner et al., 1994). However, although
the DSD-1 proteoglycan associates with subsets of neurons in the
adult cerebral cortex, antibodies recognizing this CSPG associate
with glial, but not neuronal, surfaces in cerebellar cultures
(Faissner et al., 1994; Wintergerst et al., 1996). As discussed
above, the cellular source of phosphacan, another large CSPG,
has been debated. When the gene for the Cat-315 CSPG is
cloned, it will be possible to determine the relationship between
this and other neural CSPGs.

Different subsets of neurons express different complements of
cell surface CSPGs, suggesting that CSPGs may variably regulate
the extracellular microenvironment surrounding the neurons
with which they associate. Some of the more ubiquitously ex-
pressed components of perineuronal nets, such as tenascin, ver-
sican, and hyaluronan, have been shown to be produced by glia.
The results presented here provide evidence that neurons con-
tribute to the extracellular matrix of brain. They also suggest that
the distinct molecular surface identity imparted by CSPGs is
regulated at the level of cell type-specific protein expression.
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