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Neuronal Subsets Express Multiple High-Molecular-Weight
Cell-Surface Glycoconjugates Defined by Monoclonal

Antibodies Cat-301 and VC1.1
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Departments of 'Neuroanatomy and 2Ophthalmology and Visual Science, Yale University School of Medicine, New Haven,
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Cat-301 and VC1.1 are monoclonal antibodies that recog-
nize surface-associated molecules on subsets of mamma-
lian CNS neurons. Earlier work demonstrated that Cat-301
recognizes a 680-kDa chondroitin suifate proteoglycan (PG).
VC1.1 has been shown to recognize 3 polypeptide bands
on Western blot analysis; a major band at 95-105 kDa and
additional bands at 145 kDa and 170 kDa.

in the present report, we show that VC1.1 also reacts with
a high-molecular-weight glycoconjugate. Immunoprecipita-
tion experiments and biochemical characterizations indicate
that Cat-301 and VC1.1 define at least 3 distinct high-mo-
lecular-weight antigens. The VC 1.1 antigens react with anti-
keratan sulfate antibodies, while the Cat-301 antigens do
not. By immunodepletion, we show that some VC1.1 anti-
gens are Cat-301 positive, while others are Cat-301 nega-
tive. In addition, Cat-301-reactive proteoglycans are heter-
ogeneous with respect to the presence or absence of VC1.1
epitopes. Double-label immunofluorescence studies with
these 2 antibodies are consistent with the biochemical re-
sults and show that there are 3 classes of immunoreactive
neurons in the cat CNS: Cat-301+/VC1.1+, Cat-301-/VC1.1+,
and Cat-3G1+2/C1.1.. These resul's indicata that structural
microheterogeneity exists among Cat-301 and VC1.1 high-
molecular-weight glycoconjugates. This heterogeneity may
be a reflection of the diverse neuronal phenotypes that are
recognized by Cat-301 and VC1.1 in the mammalian CNS.

The morphological diversity of neurons in the adult mammalian
CNS has been recognized since the time of Ramon y Cajal. It
has been suggested that this diversity is partially reflected by
the selective expression of specific genes by different subpopu-
lations of neurons. Such molecular diversity is likely to include
surface macromolecules that might function in adhesive pro-
cesses that subserve such phenomena as neuronal migration,
axon fasciculation and guidance, target recognition, selective
synapse formation, and synapse stabilization. In recent years, a

Received Jan. 23, 1990; revised Apr. 27, 1990; accepted May 1, 1990.

This work was supported by Grants EY06511 to S.H. and EY00785, EY05206,
and EY07119 to C.J.B. S.H. and J.R.N. are Klingenstein Fellows in the Neu-
rosciences. C.J.B. is a Jules and Doris Stein Research to Prevent Blindness Pro-
fessor. The authors wish to thank Phillippe Malle, Richard LaPlante, and Bob
Brown for photographic assistance and Hugh Fryer, Lawrence Molinaro, Jr., and
Laura Milroy for technical help.

Correspondence should be addressed to Dr. Susan Hockfield, Section of Neu-
roanatomy, Yale University School of Medicine, 333 Cedar Street, New Haven,
CT 06510.

Copyright © 1990 Society for Neuroscience 0270-6474/90/092985-11803.00/0

powerful approach for identifying cell-surface molecules on sub-
populations of neurons has been the generation of specific im-
munological probes by hybridoma technology (Kohler and Mil-
stein, 1975).

Cat-301 (Hockfield and McKay, 1983) and VCI1.1 (Arimatsu
et al., 1987) are 2 such monoclonal antibody probes that rec-
ognize antigens associated with the surface of mammalian CNS
neurons. Each antibody outlines subsets of neurons throughout
the neuraxis. Although the distributions of Cat-301 and VC1.1
immunoreactive neurons overlap in some areas, each antibody
exhibits a distinctive pattern in other areas. For example, in the
cat visual system, Cat-301 stains neuronal subsets in area 17
and the lateral geniculate nucleus (LGN), but not in the retina.
In contrast, VC1.1 selectively labels some neurons in area 17
and in the retina, but not in the LGN.

We and others have suggested that subset-specific surface
markers such as Cat-301 and VC1.1 might recognize individual
members of a biochemically distinct family of molecules. There
1s increasing evidence that high-molecular-weight (HMW) gly-
coconjugates on cell surfaces and in the extracellular matrix play
critical roles in regulating cell—cell interactions during the de-
velopment ¢f the nervous system (for reviews, see, Ruoslahti,
1988; Margolis and Margolis, 1989). Previous studies have shown
that the neuronal surface staining obtained with Cat-301 is due
to the presence of a 680-kDa chondroitin sulfate proteoglycan
(Zaremba et al., 1989). In the present report, we show that VC1.1
also reacts with a similar HMW glycoconjugate. This HMW
antigen shares some common structural features with the Cat-
301 proteoglycan, and, in fact, some of the HMW molecules
react with both antibodies. However, several lines of evidence
indicate that other HMW antigens react with one antibody but
not the other. Double-label immunofluorescence confirms and
extends these biochemical observations by showing that, in some
CNS regions, VC1.1 and Cat-301 recognize different subsets of
neurons, while in other regions, the 2 antibodies recognize the
same neurons. These findings, along with other recently pub-
lished reports (Watanabe et al., 1989; Fujita et al., 1989) are
consistent with the hypothesis that distinct mammalian CNS
neurons may express cell-type-specific surface HMW glycocon-
jugates, including proteoglycans.

Materials and Methods

Immunological reagents. The generation and subtyping of monoclonal
antibodies Cat-301 (IgG,), Rat-302 (IgM) and VC1.1 (IgM) have been
described previously (McKay and Hockfield, 1982; Arimatsu et al.,
1987; Hockfield, 1987). Cat-301 and Rat-302 were used as an undiluted
hybridoma supernatant, and VC1.1 was used as a diluted ascites fluid.
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Figure 1.

Immunoperoxidase localization of VC1.1 and Cat-301 on neuronal surfaces in cat visual cortex. A photomicrograph through layers 4

and 5 of the cat visual cortex showing that VC1.1 (4) and Cat-301 (B) recognized surface-associated or extracellular antigens on subsets of neurons.

Scale bar, 100 gm.

Monoclonal antibody to keratan sulfate was obtained from ICN (Costa
Mesa, CA). Previous chdracterizitiofis indicate that this ntibody spé-
cifically recognizes sulfated keratan sulfate moieties of a minimum hexa-
saccharide chain length (Caterson et al., 1983; Mehmet et al., 1986;
Tang et al., 1986). The HNK-1 hybridoma cell line was obtained from
American Type Culture Collection (Rockville, MD), and the antibody
was used as a diluted ascites fluid. HNK-1 was subtyped as an IgM
(Abo and Balch, 1981) and has been shown to recognize a carbohydrate
antigen characterized as a sulfated glucuronic acid present on some
glycolipids, as well as on several glycoproteins (Kruse et al., 1984; Chou
et al., 1985).

Biochemical studies. All biochemical experiments were performed on
fresh CNS tissue from adult cats. Preparation of homogenates, partial
purification of antigens on DEAE and Sepharose CL-2B chromatogra-
phy, and enzymatic digestions have been described previously (Zaremba
et al., 1989).

For SDS-PAGE and Western blot analysis, some samples were con-
centrated by trichloroacetic acid (TCA) precipitation (Bensadoun and
Weinstein, 1976). Samples were prepared for electrophoresis by boiling
in 10 mm sodium phosphate (pH, 6.8), 3% SDS, 10% glycerol, 0.01%
bromophenol blue, and 1% p-mercaptoethanol (SDS-PAGE buffer).
Electrophoresis was performed according to the method of Laemmli
(1970), using gradients of 3-8% acrylamide in the resolving gels and
3% in the stacking gels. Gels were transferred to nitrocellulose (Towbin
et al., 1979), with the modifications previously described (Zaremba et
al., 1989). In the blotting experiments, the primary antibodies were used
at 1:20,000-50,000 (VC1.1), 1:10,000 (anti-HNK-1), 1:500 (anti-ker-
atan sulfate), and undiluted hybridoma supernatants (Cat-301 and Rat-
302). Binding of primary antibodies was detected using alkaline-phos-
phatase-conjugated secondary antibodies (anti-mouse IgG from
Promega, anti-mouse IgM from Cappel).

Immunoadsorptions. Samples were dialyzed against 50 mm sodium
phosphaté (pH, 74) containidg 0.15 M NaCl and 0.1% 3-[(3-cholami-
dopropyl)dimethylammonio] 1 -propanesulfonate (CHAPS) to remove
urea. Dialyzed samples were mixed overnight in the cold room with
beads that had been precoated with the appropriate antibody. Cat-301
was adsorbed onto Protein G beads (Pharmacia) and VCI1.1 (1:500
dilution) was adsorbed onto anti-mouse IgM Actigel (Sterogene, San
Gabriel, CA). In the immunodepletion experiments, the unbound frac-
tion from each round of adsorption was transferred to a fresh aliquot
of the antibody-coated beads. Bound antigen was released from the
beads for electrophoresis by boiling in SDS-PAGE buffer.

Immunofluorescence double labeling. Three adult cats were deeply
anesthetized with pentobarbital and intracardially perfused with 0.1 M
sodium phosphate buffer (pH, 7.4) containing 0.9% saline (PBS), fol-
lowed by 4% paraformaldehyde in PBS. The brains were removed,
blocked, and fixed an additional 1-5 hr by immersion in the same
fixative. The blocks were then rinsed in PBS and cryoprotected according
to the method of Eldred et al. (1983), immersed in Tissuetek (O.C.T.
compound, Miles), frozen on dry ice, and stored at —80°C. Immuno-
peroxidase staining for Cat-301 or VC1.1 was done on 50-um-thick,
free-floating vibratome sections, using the avidin-biotin system (Vector
Labs) as described previously (Naegele et al., 1988).

For double-label immunofluorescence staining, cryostat sections were
cut at 12-15 ym and dried onto gelatin-coated glass slides. Double
labeling with VC1.1 and Cat-301 was carried out as described previously
(Arimatsu et al., 1987), with slight modifications. The initial blocking
step was performed with 5% normal goat serum (NGS) in PBS for 30
min, then sections were incubated in a mixture containing Cat-301
hybridoma supernatant (diluted 1:10-40) and VCI.1 ascites (diluted
1:500-1000) for 1 hr at room temperature or overnight at 4°C. These
dilutions were determined optimal for obtaining strong staining with
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Figure2. Western blot analysis reveals HMW V1.1 antigen. Aliquots
of cat cortex homogenate (20 ug total protein) were electrophoresed on
3-8% acrylamide gradient SDS-PAGE, transferred to nitrocellulose, and
blotted with Cat-301, VCI.1, and Rat-302 (a control mouse IgM). Mo-
lecular weight standards were unreduced laminin (900 kDa), laminin A
and B subunits (440 and 220 kDa, respectively), 8-galactosidase (116
kDa), phosphorylase B (94 kDa), and bovine serum albumin (68 kDa).
Arrowheads indicate the positions of the Cat-301 and VC1.1 antigens.

both antibodies by comparing a wider range of dilutions in pilot studies.
After incubation in primary antibody, sections were then washed in 5%
NGS in PBS, incubated for 1 hr at room temperature in a mixture of
fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgM (u-
chain specific, Sigma) and rhodamine isothiocyanate (RITC)-conjugated
goat anti-mouse IgG Fc (Sigma). After extensive washing in PBS, sec-
tions were coverslipped in PBS and glycerol (1:1) and viewed using
filters for FITC or RITC. As a control for specificity of the secondary
antibodies, sections were incubated in monoclonal antibody VC1.1 or
Cat-301 alone and then incubated with fluorescent secondary antibody
mixture as described above. No cross-reactivity was found, and no
significant background fluorescence was encountered. Stained sections
were photographed with T-Max professional film (ASA 400) or Eck-
tachrome color slide film (ASA 600-1600).

To determine the proportions of neurons in cat area 17 that exhibited
one or both of the VCI.1 and Cat-301 epitopes, 3 representative cryostat
sections from area 17 of one animal were stained as described above,
and the labeled neurons were scored for single or double immunoflu-
orescence. The percentages of neurons in each category (Cat-301+/VCl1.1%,
Cat-301-/VC1.1*%, Cat-301+/VC1.1-) were then calculated.

Results

Cat-301 and VCI.1 were 2 of the first monoclonal antibodies
reported to recognize surface-associated antigens on subsets of
neurons in the mammalian CNS (Hockfield and McKay, 1983;
Arimatsu et al., 1987). Staining with these 2 antibodies in the
cat visual cortex is illustrated in Figure 1. Differences in the
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Figure 3. Distribution of Cat-301 and VCI.1 antigens in cat cortex
and retina. Homogenates of cat cortex (lanes 1, 3; 12.5 ug total protein)
or retina (lanes 2, 4; 57 ug total protein) were electrophoresed, trans-
ferred, and blotted with Cat-301 (lanes I, 2) or VCI1.1 (lanes 3, 4).
Arrowheads indicate the positions of the 680-kDa Cat-301 proteoglycan
and the HMW VCI.1 antigen. Note the absence of the 95-105-kDa
VCI1.1 antigen in the retina, a tissue that shows intense neuronal staining
with VCI1.1

laminar distribution and in the numbers of immunoreactive
neurons (see below) indicated that the distributions of Cat-301
and VCI.1 epitopes were only partially overlapping. Despite
these differences, both antibodies gave remarkably similar stain-
ing when viewed at higher magnification. Each antibody pro-
duced a latticework pattern of staining that extended across the
surface of neuronal cell bodies and onto proximal dendrites. At
the electron microscopic level, Cat-301 and VC1.l immuno-
reactivity was present extracellularly along intersynaptic regions
of the plasma membrane and in the extracellular space sur-
rounding synaptic terminal boutons, but was absent from syn-
aptic clefts (see Figs. 2, 3 in Hockficld and McKay, 1983; Figs.
2, 3 in Naegele et al., 1988).

Cat-301 and V]CI.1 identify HMW antigens

The similarity in surface staining patterns produced with these
2 antibodies prompted us to ask whether the respective antigens
were similar biochemically. Aliquots of unfractionated cat cor-
tex homogenates were electrophoresed and transferred under
conditions that permitted immunodetection of HMW species.
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Figure 4. Cross-reactivity of immunoprecipitates with Cat-301 and
VCI.1. Antigen partially purified through DEAE and Separose CL-2B
(Zaremba et al., 1989) was immunoadsorbed with Cat-301-coated beads
(lanes 1, 2) or VCl.1-coated beads (lanes 3, 4). Beads were washed,
eluted, electrophoresed, transferred, and blotted with Cat-301 (lanes I,
4) or VCI.1 (lanes 2, 3). Each immunoprecipitate contained HMW
antigens that reacted with both antibodies, but the Cat-301;VCI.1 stain-
ing ratio depended on the precipitating antibody.

Previous studies have shown that Cat-301 recognizes a 680-
kDa chondroitin sulfate proteoglycan (Zaremba et al., 1989).
VCL1.1 was previously reported to recognize proteins at 95-105
kDa, 145 kDa, and 170 kDa (Arimatsu et al., 1987). Figure 2
shows that VCI1.1 (lane 2) also recognized an HMW antigen in
addition to the previously described antigens. The size of the
HMW VCI.1 antigen, as extrapolated from a calibration curve
that included unreduced and reduced laminin, was approxi-
mately 650-700 kDa, a value close to that of the Cat-301 an-
tigen. This VC1.1 species was not an artifact of nonspecific
antibody binding, because the antigen was not detected with a
control mouse IgM, Rat-302 (Fig. 2, lane 3). Through the re-
mainder of this paper, the term “HMW VCI.1 antigen” will
refer to this 650-700-kDa band.

In order to determine whether the HMW VCI.1 antigen might
correspond to histologically detected antigens, Western blot
analysis was carried out on homogenates from different brain
regions (Fig. 3). The HMW VCl1.1 band was detected in ho-
mogenates of the cortex and retina. In addition, VCI.1 also
stained bands at 400 kDa and 200 kDa, which were most prom-
inent in tissue homogenates from the retina. The major band

Cat-301

1 2 3 4 5 6 7

Figure 5. Resolution of Cat-301 and VC1.1 HMW antigens. Partially
purified antigen (see Fig. 4) was immunoadsorbed with 6 sequential
rounds of Cat-301-coated beads (lanes I-6). The unbound fraction in
each case was applied to a fresh aliquot of antibody beads. Afier im-
munodepletion with Cat-301, the unbound fraction was applied to VC1.1-
coated beads (/ane 7). All immunoprecipitates were collected, washed,
and applied to duplicate gels for blotting with Cat-301 (top) or VCI.1
(bottom). Note that the final immunoprecipitate stained intensely for
the HMW VCI.1 antigen but not at all for Cat-301.

at 95-105 kDa, previously found to be enriched in cerebral
cortical membranes (Arimatsu et al., 1987), was not detected
in the retina sample. Identical samples stained with Cat-301
showed that the 680-kDa proteoglycan was present in the ce-
rebral cortex but not the retina. As we report below, the presence
of some VCI.1 antigens, but not Cat-301 antigens, in the retina
is supported by immunocytochemical staining,.

Cat-301 and V1.1 recognize overlapping sets of antigens

The Cat-301 antigen can be partially purified by a combination
of DEAE chromatography in 8 m urea at pH 4.9 and gel filtration
on Sepharose CL-2B (Zaremba et al., 1989). We determined
that this Sepharose fraction also contained the HMW VCI.1
antigen, thus demonstrating its partial copurification with the
Cat-301 antigen. This observation, combined with the similarity
in the electrophoretic mobility of Cat-301 and VCI.1 antigens
on Western blots, raised the possibility that the 2 antibodies
might recognize different epitopes on the same molecule. To
test this possibility directly, we immunoprecipitated the Sepha-
rose-purified fraction with each antibody, and then analyzed the
adsorbed species by Western blot analysis using both antibodies.

As shown in Figure 4, Cat-301 immunoprecipitated antigens
contained VC1.1 immunoreactivity, and VC1.1 immunopre-
cipitated antigens contained Cat-301 immunoreactivity. In each
case, the relative intensity of staining with the 2 antibodies was
dependent on the precipitating antibody. In the Cat-301 im-
munoprecipitate, Cat-301 staining was far more intense than



VC1.1 staining. In the VC1.1 immunoprecipitate, the reverse
was true. These observations are not consistent with the exis-
tence of a single class of HMW molecules reacting with both
antibodies. Rather, they suggested the presence of several dis-
tinct molecules, only some of which carry both the Cat-301 and
VCI.1 epitopes.

This hypothesis was confirmed in a series of immunodeple-
tion experiments (Figs. 5, 6). In these studies, an aliquot of
Sepharose-purified antigen was repeatedly immunoprecipitated
with one antibody, and the remaining soluble material was then
tested for the presence of antigens recognized by the second
antibody. In the first experiment, several consecutive rounds of
immunoprecipitation with Cat-301 produced precipitates with
decreasing immunostaining for both Cat-301 and VCI.1 (Fig.
5, lanes 1-6, top, bottom). Subsequent immunoprecipitation
with VC1.1 produced an HMW species that reacted with VCI.1,
but not with Cat-301 (lane 7, bottom, top). This indicated the
existence of separate VC1.1 antigens that were not recognized
by Cat-301.

Figure 6 shows a second series of immunodepletions, this
time performed first with VC1.1. These experiments indicated
that some HMW molecules possessed both Cat-301 and VCI.1
epitopes, while other HMW molecules contained one or the
other epitope alone. After several consecutive rounds of im-
munoprecipitation with VCI1.1, the final precipitates showed no
detectable VCI.1 staining (Fig. 6, lanes 1-5, top) and were mark-
edly reduced in Cat-301 staining (lanes 1-5, bottom). Immu-
noprecipitation of the remaining depleted supernatant with Cat-
301 produced a precipitate that stained intensely with Cat-301,
but not at all with VCI1.1 (lane 6, bottom, top). The results of
the immunodepletion experiments (Figs. 5, 6) are consistent
with the existence of 3 classes of HMW antigens: Cat-301+/
VCl.1%, Cat-301*/VCl1.1-, and Cat-301-/VCl.1".

The HMW VCI.1 antigen is a glycoconjugate

Treatment of cortical membranes with N-glycanase has been
shown to abolish VC1.1 immunoreactivity on Western blots,
indicating that the VCI1.1 epitope is probably an N-linked car-
bohydrate (Barnstable and Naegele, 1989). Additional studies
showed that the lower molecular weight glycoproteins defined
by VCI.1 also share the HNK-1 carbohydrate epitope (Barnsta-
ble and Naegele, 1989). As shown in Figure 7, the HMW an-
tigens immunoprecipitated by VC1.1 and Cat-301 also reacted
with the anti-HNK-1 antibodies (lanes 1, 2).

The Cat-301 antigen was previously shown to be a chondroi-
tin sulfate proteoglycan (Zaremba et al., 1989). Enzymatic and
immunological tests were performed on the Sepharose-purified
fraction to define further carbohydrate moieties on the HMW
antigens. As shown in Figure 7, chondroitinase treatment com-
pletely shifted Cat-301 immunoreactivity to a new position (lanes
3, 4). However, this same treatment resulted in only a partial
shift in the HMW VCI1.1 immunoreactive band (lanes 5, 6).
Most of the VC1.1 immunoreactivity remained at the control
position; the only new VC1.1 band generated by chondroitinase
migrated to the precise position of the chondroitinase-generated
band defined by Cat-301. This digestion suggested that not all
of the HMW VCl.1 antigens are chondroitin sulfate proteogly-
cans. The subset of HMW VC1.1 antigens that were sensitive
to chondroitinase may correspond to the set that also carried
the Cat-301 epitope.

Additional experiments indicated that some of the HMW
VCI.1 antigens contain keratan sulfate moieties. Monoclonal
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Figure 6. Presence and absence of VC1.1 epitopes on subsets of Cat-
301 proteoglycans. Partially purified antigen was immunoadsorbed with
5 rounds of VCl.l-coated beads (/anes 1-5), then immunoadsorbed
with Cat-301-coated beads (/ane 6). Inmunoprecipitates were applied
to duplicate gels and blotted with VCI1.1 (top) or Cat-301 (bottom).
Some Cat-301 proteoglycans contained VC1.1 immunoreactivity (/anes
1-5; see also Figs. 4, 5), while other Cat-301 proteoglycans were VCI.1
negative (lane 6).

antibodies to keratan sulfate chains reacted with the HMW
antigen in VCI1.1 immunoprecipitates, but not with the 680-
kDa antigen in Cat-301 immunoprecipitates (Fig. 7, lanes 7-
10). Furthermore, following incubation of samples with kera-
tanase, the HMW VCI.1 antigen still stained with VC1.1 but
no longer stained with anti-keratan sulfate antibody (lanes 11,
12). We therefore conclude that some of the HMW VCl.1 an-
tigens (excluding those molecules that are also positive for Cat-
301) are proteoglycans with keratan sulfate chains or are tightly
associated with such proteoglycans. We have recently deter-
mined that anti-keratan sulfate antibodies also stain the surfaces
of subsets of neurons in the adult cat CNS (Sam Zaremba and
Susan Hockfield, unpublished observations).

Double-label immunaofluorescence defines three sets of
Cat-301- and VCI1.1-positive netirons

Previous studies showed that both Cat-301 and VC1.1 recognize
subpopulations of neurons in area 17 of the cat cerebral cortex
(Hockfield et al., 1983; Hendry et al., 1988; Naegele et al., 1988;
Guimaries et al., 1990; reviewed in Naegele and Barnstable,
1989). In the present study, we used double-label immunoflu-
orescence to determine the overlap in the distribution of the
Cat-301 and VC1.1 antigens in different CNS regions. The an-
atomical findings were consistent with the biochemical studies
in that multiple classes of antibody-positive neurons were found:
those that were positive for both antibodies and those that were
positive for each antibody alone. In addition to labeling cell
bodies, both antibodies also stain elements of the neuropil. We
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Figure 7. Carbohydrate moieties on VCI.1 and Cat-301 HMW antigens. Lanes 1, 2, Partially purified antigen was immunoadsorbed either
with VCl.1-coated (lane 1) or Cat-301-coated (lane 2) beads. Immunoprecipitates were electrophoresed, transferred, and stained with HNK-1
antibody. Both immunoprecipitates contained HMW antigens that reacted with anti-HNK-1. Lanes 3-6, Antigen was incubated in the absence
(lanes 3, 6) or presence (lanes 4, 5) of chondroitinase ABC (C) and was stained with the indicated antibodies. Chondroitinase completely shifted
the Cat-301 immunostaining to a lower apparent molecular weight, but much of the HMW VC1.1 immunostaining remained at the control position.
The only new VCI1.1 immunoreactive band electrophoresed to the position of the chondroitinase-treated Cat-301 antigen (cf. lanes 5, 4). Lanes
7-12, Antigen was incubated in the absence (lanes 7—10) or presence (lanes 11, 12) of keratanase (K), then immunoadsorbed, electrophoresed, and
stained with the indicated antibodies. Some or all of the HMW V(1.1 antigens possessed keratan sulfate moieties, but the Cat-301 antigen did
not. In controls, keratanase treatment had no effect on VC1.1 staining, but abolished staining with anti-keratan sulfate.

have limited our analysis of colocalization to cell bodies. Al-
though the immunoreactive elements in the neuropil have not
yet been identified in all regions, it seems likely that in some
areas, most of this staining is due to the presence of immuno-
reactivity on dendrites of cells whose perikarya are also clearly
outlined.

Retina. In agreement with previously reported studies, VC1.1
stained the inner and outer plexiform layers and a subset of
horizontal cells and amacrine cells within the inner nuclear layer
(Fig. 84). Cat-301 immunoreactivity was not detected in the
retina (Fig. 8 B).

Dorsal lateral geniculate nucleus. VC1.1 immunoreactivity
was not associated with neuronal cell bodies in the LGN (Fig.
8C see also Arimatsu et al., 1987). In contrast, Cat-301 strongly
labeled large neurons within the cat LGN (Fig. 8D; Hockfield
et al., 1983; Hendry et al., 1984). Previous studies showed that
the Cat-301+* neurons correspond to the class I or Y-cells of the
LGN (Sur et al., 1988; Hockfield and Sur, 1990). Both VCI1.1
and Cat-301 also produced a light, diffuse staining of the neu-
ropil within the LGN. In contrast to the differences observed
in the LGN, VCI.1 and Cat-301 immunoreactivity showed
complete overlap on individual neurons in 2 other thalamic
nuclei, the perigeniculate nucleus (not shown), and thalamic
reticular nucleus (Fig. 9, 4, B).

Area 17. VC1.1 immunoreactivity outlined a subset of non-
pyramidal neurons primarily in cortical layer 4 and some ad-
ditional nonpyramidal neurons in other layers (Fig. 8E), con-
firming previous observations (Arimatsu et al., 1987; Naegele
et al., 1988). In contrast, Cat-301 immunoreactivity outlined
neurons with both pyramidal and nonpyramidal morphologies

in layers 2-5 (Fig. 8F), as reported previously (Hockfield et al.,
1983; Hendry et al., 1988; Guimaraes et al., 1990). Layers 1
and 6 contained very few neurons positive for either antibody.
A substantial number of neurons in the middle cortical layers,
mostly in layer 4, were immunoreactive for both Cat-301 and
VC1.1 (Fig. 8, E, F). The overlap in the distribution of Cat-301
and VC1.1 immunoreactivity was determined by counting im-
munoreactive neurons in layers 2-6 of area 17. These counts
revealed that 55% of the immunoreactive neurons were VC1.1*/
Cat-301+(336/614), 44% were VC1.1-/Cat-301+ (273/614) and
only 1% were VCI1.1+/Cat-301- (5/614).

Spinal cord. Much of the VC1.1 immunoreactivity in the
spinal cord was associated with axonal surfaces in the white
matter; however, some labeling of neuronal cell bodies was also
evident (Fig. 9F). In contrast, Cat-301 staining was largely lim-
ited to the grey matter of the spinal cord and outlined many
different classes of neurons, including motor neurons (Fig. 9F).
Many of the Cat-301-positive neurons also exhibited weak VCl1.1
immunoreactivity along the cell surfaces.

Cerebellum. VC1.1'and Cat-301 both outlined subsets of neu-
rons in the deep nuclei of the cerebellum. In this region, there
was complete overlap in the immunoreactive populations (Fig.
9, C, D). However, a very different distribution was found for
the 2 markers in the cerebellar cortex. In this region, VCI.1
immunoreactivity was present along the surfaces of distal den-
drites in the molecular layer and also stained some elements
that extended across the Purkinje cell bodies (Fig. 10, B, C,
arrowheads). It is not yet clear which cell type gives rise to these
processes. As reported previously, Cat-301 stained only a rel-
atively rare cell type, the Lugaro cell, whose cell bodies are
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Figure 8. Comparison of VC1.1 and Cat-301 immunoreactivity in the visual system using double-label immunofluorescence. In the retina, VC1.1
stained the inner and outer plexiform layers (IPL, OPL) and scattered subsets of neurons in the inner nuclear layer (INL) (4). Cat-301 immuno-
reactivity was not present in the retina (B). In the dorsal LGN, VCI.1 immunoreactivity was associated with elements in the neuropil, giving a
fine granular appearance to the staining (C). Cat-301 immunoreactivity in the LGN was primarily associated with large neurons that were negative
or faintly VCI1.1 positive (C, D; solid arrows). In the visual cortex, VCI.1 and Cat-301 immunoreactivity colocalized on some but not all neurons
(E, F; open arrows). Asterisks indicate blood vessels to facilitate matching sets of photomicrographs. OS, outer segments; ONL, outer nuclear layer;

GCL, ganglion cell layer. Scale bar, 50 pm.

located just below the Purkinje layer (Fig. 104; Hockfield et al.,
1983: Sahin and Hockfield, 1990).

Discussion

The present study provides support for the hypothesis that
distinct members of a family of HMW, surface-associated gly-
coconjugates are expressed selectively by subsets of neurons.
Monoclonal antibodies Cat-301 and VCI.1 recognize surface-
associated antigens on 3 classes of immunoreactive neurons in

the cat CNS. Although the 2 antibodies react with different
neuronal subsets in some brain regions, both antibodies react
with the same neuronal subset in other regions. Our biochemical
studies now indicate that these antibodies recognize distinct
HMW, acidic antigens that contain sulfated carbohydrate chains
characteristic for proteoglycans.

Diversity among proteoglycans in the developing and the adult
mammalian brain has recently become evident, caused in part
by the introduction of new antibody probes and other tech-
niques. Margolis and colleagues (Gowda et al., 1989) have dem-
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Figure 9. Comparison of VC1.1 and Cat-301 immunoreactivity in some thalamic and cerebellar nuclei and spinal cord. In the thalamic nucleus
reticularis, both neurons and processes were strongly VCI1.1 and Cat-301 immunoreactive (4, B). In the deep cerebellar nuclei, VC1.1 and Cat-
301 immunoreactivity labeled the same population of neurons (C, D). In the spinal cord, VCI.] immunoreactivity predominated in the fiber tracts
and, to a lesser extent, in the gray matter (E). In contrast, Cat-301 immunoreactivity was associated exclusively with neurons and neuronal processes
in the gray matter (F). Asterisks indicate blood vessels to facilitate matching sets of photomicrographs. Scale bars, 100 pm.

onstrated that chondroitin sulfate chains are present on a num-
ber of different polypeptide cores in the rat brain. The occurrence
of these cores, ranging in size from 80 to 400 kDa, is likely to
reflect distinct transcription products, because comparable di-
versity is obtained by in vitro translation from brain mRNA
followed by immunoprecipitation with an antiserum to chon-
droitin sulfate proteoglycans. Further evidence for diversity is
provided by the work of Oohira et al. (1988), in which a rat
brain proteoglycan preparation was treated with chondroitinase
to generate several putative core polypeptides that differ from

one another by tryptic peptide maps. In addition, proteoglycan
diversity is evident in the finding that brain tissue contains
heparan sulfate proteoglycans (Klinger et al., 1985; Ripelino
and Margolis, 1989), as well as keratan sulfate moieties (Wein-
stein et al., 1983; Eronen et al., 1985; Krusius et al., 1986;
Funderburgh et al., 1987). Immunohistochemical studies in-
dicate that several brain proteoglycans are localized on the sur-
faces of neurons (Hockfield and McKay, 1983; Aquino et al.,
1984; Matthew et al., 1985; Hoffman et al., 1988; Watanabe et
al., 1989; Zaremba et al., 1989; Fujita et al., 1989). One such



st
<
b
1" g
% 4
o
4".\
s 3
v N
» b
<

The Journal of Neuroscience, September 1990, 10(9) 2993

molecule, cytotactin-binding proteoglycan, has been proposed
to function in cell—cell adhesion by serving as a ligand for cy-
totactin (Chuong et al., 1987; Hoffman and Edelman, 1987;
Hoffman et al., 1988). The demonstrated roles of proteoglycans
in adhesion and neurite outgrowth, combined with their mo-
lecular and anatomical diversity, has led to the suggestion that
individual members of a family of proteoglycans may be present
on the surfaces of distinct subpopulations of neurons and might
be involved in neural morphogenesis.

Four lines of evidence indicate that Cat-301 and VCI.1 ep-
itopes define multiple HMW glycoconjugates. First, the HMW
VCl1.1 species is present in Western blots of retina homogenates,
where there is no detectable Cat-301 antigen. This finding is
consistent with localization studies showing VC1.1 but not Cat-
301 immunoreactivity in the retina. Second, in samples that do
contain both antigens (e.g., cortex), treatment with chondroiti-
nase only partially digests the HMW VCI1.1 band, while the Cat-
301 band is completely shifted to a new position. Third, the
HMW antigens isolated by VCI1.1 immunoprecipitation react
with anti-keratan sulfate antibodies, while the antigen isolated
by Cat-301 immunoprecipitation does not. Finally, immu-
noadsorption and depletion experiments show that a substantial
amount of the HMW VCI.1 antigen remains after removal of
all or most of the Cat-301 antigen. Similarly, substantial amounts
of Cat-301*/VC1.1- antigen are detected afterimmunodepletion
with VCI1.1. The Cat-301+/VCl1.1* and VCI1.1+*/Cat-301- mol-
ecules identified by immunodepletion may correspond to the
chondroitinase-sensitive and -insensitive HMW VCI1.1 bands,
respectively.

We have therefore identified 3 sets of HMW antigens: Cat-
301+/VCl.1-, Cat-301-/VCI.1*, and Cat-301*/VCL.1*. These
sets may not be absolutely distinct, because an antigen that
appears negative for one antibody may in fact possess the rel-
evant epitope, but in amounts below the limit of detection of
the methods employed here. It is clear, however, that the antigen
sets as defined here are different from one another in their rel-
ative Cat-301:VCI1.1 staining ratio.

The presence of multiple, biochemically defined HMW an-
tigens is consistent with the distribution of immunoreactive cell
bodies in different CNS regions. (It should be emphasized that,
in some brain regions, staining with VCI.1 might be due to
some of the other VC1.1 antigens.) Both antibodies label iden-
tical sets of neurons in the deep cerebellar nuclei and in some
thalamic nuclei. In other regions, such as the cerebellar cortex
and LGN, the antibodies recognize different cell groups. In the
LGN, Cat-301-labeled neurons were previously shown to be
class I, or Y-cells (Sur et al., 1988; Hockfield and Sur, 1990);
these neurons are not labeled by VC1.1. In contrast, in the retina,
VC1.1 labels some horizontal and amacrine cell types, but Cat-
301 does not label any cellular elements. In the primary visual
cortex, a partial overlap in labeling is observed. VCI.1 stains a
subset of area 17 neurons primarily in layer 4, which were pre-
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Figure 10. Comparison of VCI.1 and Cat-301 immunoreactivity in
cerebellar cortex. Cat-301 immunoperoxidase staining was observed
along the cell bodies and dendrites of Lugaro cells (4, arrows). VCI1.1
immunoreactivity was present on dendrites in the molecular layer (B,
arrows) and on fibers present in all layers (arrowheads). The boxed area
in B is shown at a higher magnification in C, where the immunoreactive
fibers cross a Purkinje cell body and give rise to small branchlets before
entering the molecular layer. Scale bars, 20 um.
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viously shown to be GABAergic interneurons (Naegele et al.,
1988; Naegele and Barnstable, 1989). Cat-301 labeling in area
17 is more extensive and includes both GABAergic interneurons
and projection neurons (Hendry et al., 1988; Guimaries et al.,
1990).

Area 17 of the cat cerebral cortex contains a number of cells
that are Cat-301 positive and VCI1.1 negative, consistent with
the biochemical identification of a Cat-301+/VC1.1- molecule.
A far smaller number of cells are VC1.1 positive and Cat-301
negative. However, biochemical analysis of homogenates from
the total cortex suggests the presence of a substantial population
of HMW VClI.1+/Cat-301- antigens. One possible explanation
for this apparent discrepancy is that VC1.1+/Cat-301- neurons
may be more abundant in areas of the cortex outside area 17.
Alternatively, the scarcity of VC1.1+/Cat-301- cells might be
due to the difficulty in resolving antigenically related molecules
at the single-cell level. An individual neuron that simultaneously
carries both Cat-301*/VCI1.1- and VCI1.1*/Cat-301- antigens
might be indistinguishable from a neuron that carries the Cat-
301+/VCI1.1* antigen. A third possibility is that some VCI1.1*/
Cat-301- molecules may be located primarily on elements in
the neuropil, rather than on cell bodies.

In the case of Cat-301, previous studies have provided strong
evidence that the biochemically defined chondroitin sulfate pro-
teoglycan is the surface-associated antigen observed histologi-
cally. Monoclonal antibody Cat-304, which produces staining
patterns identical to those seen with Cat-301 (Guimaries et al.,
1990), cross-reacts with the Cat-301 proteoglycan, but at a dis-
tinct epitope (Zaremba et al., 1989). These findings indicate that
the molecules defined biochemically and histologically are iden-
tical. In addition, immunoprecipitation of radioiodinated cor-
tical membranes with Cat-301 identifies only the 680-kDa an-
tigen (S. Zaremba, unpublished results). At present, it is difficult
to determine which of the antigens recognized by VCI.1 are
responsible for cell-surface staining. Western blot analysis re-
veals 4 major immunoreactive bands with relative molecular
masses of 95-105 kDa, 145 kDa, 170 kDa, and 650-700 kDa.
Because the 95-105-kDa band is not detected in Western blots
of retinal homogenates, the surface staining in the retina is prob-
ably due to a combination of the other bands.

The antigens identified by Cat-301 and VCI1.1 illustrate sev-
eral possible mechanisms by which molecular diversity of sur-
face molecules can be achieved. Because the Cat-301 epitope
has been shown to be on a polypeptide portion of the proteo-
glycan molecule, this epitope is probably regulated at the tran-
scriptional or translational level. In contrast, because the VCI1.1
epitope is a carbohydrate, this epitope is probably regulated at
the posttranslational level by changes in the activities of specific
glycosyltransferases or glycosylhydrolases.

These mechanisms may be used by individual neurons to gen-
erate a diversity of cell-surface glycoconjugates, each with dis-
tinct functional roles. Recent work has demonstrated that the
VCI.1 epitope is present on members of a family of neuronal
adhesion molecules, including myelin-associated glycoprotein
and the neural cell adhesion molecule, N-CAM (Barnstable and
Naegele, 1989). The HMW VC1.1 glycoconjugate described in
the present report may also belong to this family of adhesion
molecules. If so, then regulation of VC1.1 epitope expression
might regulate levels of adhesivity on a specific cell-surface mol-
ecule.

The Cat-301 antigen is not likely to play a role in adhesion
events that take place early in development, because its expres-

sion 1s delayed until the period of synaptic plasticity is drawing
to a close (Hockfield et al., 1983; Kalb and Hockfield, 1988; Sur
et al., 1988). This delayed expression, along with the regulation
of antigen expression by neuronal activity during early postnatal
development, has led to the suggestion that the Cat-301 pro-
teoglycan might play a role in the stabilization of the mature
synaptic structure (Kalb and Hockfield, 1988; Sur et al., 1988;
Hockfield et al., 1989; Guimardes et al., 1990).

The existence of HMW molecules that are Cat-301 negative
but VCI.1 positive raises the possibility that multiple HMW
cell-surface glycoconjugates are involved in maintaining the ma-
ture structure of the nervous system. The HMW antigens de-
scribed in this paper are restricted to relatively few neuronal
cell types in the adult nervous system. As new probes for other
HMW cell-surface molecules become available, it will be inter-
esting to determine whether they are expressed on different sets
of neurons or whether only a distinct class of neurons express
these molecules.
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