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ABSTRACT
Proteoglycans (PGs) are a diverse group of highly glycosylated macromolecules that are

implicated in the development and maintenance of neuronal circuitry. With its highly ordered,
layered structure, the retina ideally serves to define the synthesis, processing, and distribu-
tion of these molecules within a specific cellular subpopulation. In retinal sections, monoclonal
antibody (MAb) 6A2 immunostained a horizontal cell-specific antigen. Antigen 6A2 was
expressed within abundant processes in the outer plexiform layer and in rare neurites that
extend across the inner nuclear layer to the inner plexiform layer. Ultrastructurally, the
antigen was localized to cisternae within horizontal cell somata, along tubulovesicular
structures in dendrites, and in the perisynaptic space encircling presynaptic terminals of the
cone photoreceptor triad. These findings suggest that this PG is synthesized within the
horizontal cells, transported to the terminals, and released into the extracellular spaces just
proximal to the synapse. Based on the focal stain in the adjacent photoreceptor cell, it is
possible that antigen is pinocytosed by this cell and is concentrated at the ribbon synapse. In
Western immunoblots of retinal homogenates, MAb 6A2 recognized a heterogeneous chondroi-
tin sulfate (CS) PG (CSPG) of approximately 400–500 kDa. After sequential enzymatic
removal of CS glycosaminoglycans, a major broad band of 300–500 kDa was identified by MAb
1B5, which detects CSPGs that bear uronic acid linked to unsulfated N-acetylgalactosamine
as the initial disaccharide in the CS chain. Localization of this PG around presynaptic
terminals of the horizontal neuron and at the ribbon synapse suggests that it may play a
modulatory and sustaining role at the synapse. J. Comp. Neurol. 390:268–277, 1998.
r 1998 Wiley-Liss, Inc.
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Horizontal cells are retinal interneurons that modulate
information transfer from photoreceptor pedicles to bipo-
lar cell dendrites in the outer plexiform layer (OPL). There
are three morphologically distinct types of horizontal
neurons in the human retina; HI, HII, and HIII cells (Kolb
et al., 1992). In mammals, horizontal cells are located near
the margin of the inner nuclear layer (INL) adjacent to the
OPL, where nerve terminals form a dense, highly ordered
network.

Horizontal cells have a complex and extensive dendritic
tree that makes synaptic contact with either rod or cone
cell terminals (Wässle and Boycott, 1991). These terminals
include the ribbon synapse, where, typically, the synaptic
complex is a triad composed of two horizontal cell lateral
processes and a central, postsynaptic, bipolar cell terminal
(Dowling and Boycott, 1966; Blanks et al., 1974; Linberg
and Fisher, 1988). A rod cell may have a single triad at its
terminal, whereas each cone cell pedicle may have mul-
tiple synaptic triads.

Horizontal cells are distinguished from other neurons in
the central nervous system (CNS) by the coexpression of
two intermediate filament proteins, neurofilament (Peichl
and González-Soriano, 1993) and vimentin (Dräger, 1983;
Dahl and Bignami, 1991). Vimentin is transiently ex-
pressed in other neurons only during development, whereas
there is sustained expression of vimentin in cells of
mesenchymal origin and in some glia.

The specificity of horizontal cells may also be deter-
mined by cell surface and extracellular matrix proteins
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including proteoglycans (PGs). These complex molecules
play a role in the formation of functional neuronal circuitry
by mediating cell migration, axonal pathfinding, and syn-
aptogenesis (Crossin et al., 1989; Morriss-Kay and Tuck-
ett, 1989; Geisert et al., 1992; Maeda et al., 1992). Al-
though PGs have been identified in the retina, to our
knowledge, none is preferentially expressed in the horizon-
tal cell (Porrello et al., 1986; Johnson and Hageman, 1987;
Geisert et al., 1992).

Recently, we described a chondroitin sulfate (CS) PG
(CSPG), somataglycan-S, which is localized to neurons of
the human and murine spinocerebellar systems. This PG
is immunoreactive with monoclonal antibody (MAb) 6A2
and is detectable on Western immunoblots as a broad band
of approximately 600 kDa. Ultrastructurally, the antigen
lies intersynaptically along the surface membranes of
somata and proximal dendrites and extends into the
extracellular space surrounding putative inputs (Williams
et al., 1990, 1994).

In this study, we identified a PG that is immunoreactive
with MAb 6A2 and is localized to horizontal neurons.
Double labelling of these neurons with MAb 6A2 and
anti-vimentin antibody verified their identity, their rela-
tion to the photoreceptor and bipolar cells, and, especially,
their relation to the triad ribbon synapse. This retinal
preparation allows visualization of the cytoplasmic and
extracellular localization of this antigen in horizontal
neuron somata and neurites. Partial biochemical character-
ization confirmed the corresponding antigen to be a CSPG.

MATERIALS AND METHODS

Materials

Tissue Tek OCT embedding medium was obtained from
Miles, Inc. (Naperville, IL). Mounting media was obtained
from BioGenix Laboratories (San Ramon, CA). Aminoeth-
ylcarbazole, protease inhibitors, and all buffer chemicals
were obtained from Sigma (St. Louis, MO). Protease-free
bovine serum albumin was obtained from Boehringer
Mannheim (Indianapolis, IN). Affi-gel 10 beads, 2-b-
mercaptoethanol and sodium dodecyl sulfate (SDS) were
obtained from Bio-Rad (Richmond, CA). Sephacryl HR-300
gel was obtained from Pharmacia (Piscataway, NJ). Strep-
tavidin biotinylated horseradish peroxidase complex, the
ECL reagent kit, and Rainbow standards were obtained
from Amersham (Arlington Heights, IL). Protease inhibi-
tors were purchased from Sigma, except for Pefabloc,
which was obtained from Boehringer Mannheim. Chon-
droitinase ABC (ChABC) was obtained from Seikagaku
America (Rockville, MD). Centricon filtration units were
obtained from Amicon (Beverley, MA).

Antibodies

Preparation of MAb 6A2, an IgM antibody, has been
described previously (Fujita et al., 1982). The 6A2 hybrid-
oma line was generously provided by Dr. Seymour Benzer
(California Institute of Technology, Pasadena CA). Anti-
vimentin antibody was obtained from Boehringer Mann-
heim, and MAb 1B5 was purchased from Seikagaku
America Inc. (Rockville, MD). Vectastain ABC kit, biotinyl-
ated µ-chain-specific, anti-mouse IgM antibody and biotin-
ylated IgG heavy- and light-chain-specific anti-rabbit anti-
body and Vector SG peroxidase substrate kit were obtained
from Vector Laboratories (Burlingame, CA). Anti-mouse
IgG biotinylated species-specific whole antibodies and

streptavidin biotinylated horseradish peroxidase complex
were obtained from Amersham.

Tissue preparation

Bovine eyes were collected from the Shamrock Meat Co.
(Los Angeles, CA). The corneas were dissected with scis-
sors, and the eyeballs were quartered with a razor blade.
Care was taken to preserve as much vitreous as possible to
prevent the retina from folding. Each quarter was snap-
frozen in liquid nitrogen-chilled isopentane. Serial sec-
tions (10 µm) were cut and mounted onto gelatin-coated
slides. Because the MAb 6A2 epitope is sensitive to
prolonged aldehyde fixation, tissue was useful only if it
was fixed immediately prior to immunostaining. Sections
were immersed in either ice-cold acetone for 5 minutes or
in picric acid fixative (50 mM Tris containing 0.9% NaC1,
4% paraformaldehyde, 0.25% glutaraldehyde, and 10%
picric acid, pH 9.0) for 10 minutes. Sections were washed
twice in phosphate-buffered saline (PBS), pH 7.4, for 5
minutes each, then immersed in PBS containing 0.25%
Triton X-100 for 5 minutes, and finally washed in PBS
twice for 5 minutes each.

Immunocytochemistry

Tissue sections were immunostained, as reported previ-
ously, by using the avidin-biotin immunoperoxidase method
(Williams et al., 1990). For double-staining of sections,
tissues were labelled with MAb 6A2 and anti-vimentin and
were washed with PBS after the initial chromagen reac-
tion (aminoethylcarbazole substrate for antigen 6A2 and
4-chloro-1-naphthol for vimentin). The staining procedure
was then repeated on each section by using the reciprocal
primary antibody, and sections were coverslipped with
agarose mounting media. Stained slides were observed by
transmitted tungsten light and were photographed by
using either a Zeiss photomicroscope (Thornwood, NY) or
the EDGE high-definition microscope (The Edge Scientific
Instrument Corporation, Los Angeles, CA) for stereo pair
images. The resulting kodachromes were scanned into
Adobe Photoshop (Adobe Systems, Inc., Mountain View,
CA) with a Nikon Coolscan (Tokyo, Japan), and the images
were adjusted for contrast and color.

Electron microscopy

Bovine eyes were coronally hemisectioned and placed in
0.1% glutaraldehyde, 4% paraformaldehyde, and 0.2%
picric acid in 0.1 M PBS, pH 7.4, at room temperature.
After 20 minutes of fixation, the retinas were carefully
separated from the choroid with forceps. The isolated
retinal tissue was placed for an additional 2 hours in the
same fixative at room temperature and was then rinsed
twice with 10% normal goat serum in PBS. Elongated
strips of retina were then cut, rolled, and covered with
liquified agar that had been cooled almost to the point of
solidification. The agar and retinal tissue were further
cooled to 4°C, and 50-µm sections were cut on a Vibratome.
The cut sections were placed into culture dish wells
containing 10% normal goat serum in PBS for 1 hour,
transferred to wells containing 0.1% saponin in PBS
(SPBS) for an additional hour, and then exposed to pri-
mary antibody (MAb 6A2; 1:1 supernatant) in 0.1% SPBS
overnight, followed by a 30-minute rinse in PBS. The
tissue was incubated in biotinylated anti-mouse IgM for 90
minutes, followed by another PBS wash for 30 minutes.
After a 5-minute fixation in 1% glutaraldehyde and 2%
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paraformaldehyde (in 0.1 M PBS only) and a subsequent
30-minute PBS wash, the tissue was exposed to ABC
complex for 1 hour. Following another PBS wash (30
minutes), the staining was developed with 3,38-diaminoben-
zidine (DAB), and the samples were then fixed again with
1% glutaraldehyde and 4% paraformaldehyde (in PBS). A
30-minute PBS wash was followed by exposure of tissue to
osmium tetroxide (2%) for 30 minutes, dehydration with
ethanol and propylene oxide, and embedding in Epon/
propyleneoxide 1:1 for 30 minutes. After subsequent incu-
bation in Epon overnight and polymerizion at 60°C, sec-
tions were cut and viewed with a Philips 301 electron
microscope (Mahwah, NJ). Photographic negatives of the
fields of interest were scanned into Adobe Photoshop with
a Hewlett-Packard HP Scan Jet 11cx/T scanner (Corvallis,
OR), and the images were adjusted for contrast.

Purification of somataglycan-S

A previously described protocol for the purification of
somataglycan-S from brain was used (Williams et al.,
1994). Bovine retina (3 g) was homogenized in 10 mM
sodium phosphate buffer, pH 7.4, containing 0.85 M su-
crose, 1 mM EDTA, 100 mM NaC1, 40 mM aminocaproic
acid, 4 mM N-ethylmaleimide. and 1 ml/liter of protease
inhibitor mix (PIM; 0.5 mM antipain, 0.5 mg/ml leupeptin,
2.3 mg/ml Pefabloc, 0.1 mg/ml pepstatin, and 5 mg/ml
aprotinin). The homogenate was centrifuged at 330,000g
for 90 minutes, and the supernatant (Slb) was separated
from the pellet (Plb). Slb fractions were further purified on
a Sephracryl-HR 300 gel-filtration column, and fractions
were analyzed by polyacrylamide gel electrophoresis
(PAGE; Laemmli, 1970) and Western immunoblots (Tow-
bin et al., 1979). The pooled fractions of each protein peak
(8–10 ml total volume) were applied to a MAb 6A2
immunoaffinity chromatography column, and bound mate-
rial was eluted with 50 mM diethylamine, pH 11.5. For
final analyses, the immunoblots were incubated as de-
scribed previously (Williams et al., 1994).

Analysis of glycosaminoglycans and
oligosaccharides

Because some samples eluted from the affinity column
also contained small amounts of MAb 6A2 IgM and the
protease inhibitors, we assessed MAb 6A2 immunoreactiv-
ity on immunoblots and adjusted sample concentrations
for optimal visualization. In each set of experiments, the
absolute amounts of undigested control and ChABC-
digested antigen 6A2 samples applied to the gel were
identical, although the volumes varied to include the
added enzyme.

The high-molecular-weight, immunoaffinity-purified an-
tigen 6A2 from the S1b fraction was suspended in 50 mM
Tris acetate, pH 7.8, with 5 mM EDTA, 40 mM aminoca-
proic acid, 4 mM N-ethylmaleimide, and PIM and was then
incubated at 37°C for 18 hours with ChABC added at a
final concentration of 0.01 units/20 µl sample. Control and
ChABC samples were incubated at 37°C overnight, mixed
with SDS sample buffer, and analyzed by SDS-PAGE and
Western immunoblots. For visualization of the high-
molecular-weight glycosylated species, the Alcian-blue am-
moniacal silver stain (Al-Ag) was used (Krueger and
Schwartz, 1987).

Immunoblots of the digests were incubated either with
MAb 6A2 or MAb 1B5, which after ChABC cleavage binds
to the stubs bearing unsaturated uronic residues linked to

unsulfated N-acetylgalactosamine, or with MAbs 2C6 and
3B3, which bind to unsaturated or saturated uronic acid
residues linked to N-acetylgalactosamine 4-sulfate and
6-sulfate, respectively. The developed immunoblots were
scanned into Adobe Photoshop with the HP ScanJet 11cx/T
scanner and were adjusted for contrast.

RESULTS

Horizontal cell specificity of MAb 6A2

MAb 6A2 specifically labelled the cell bodies and pro-
cesses of retinal horizontal cell neurons. By light micros-
copy, transverse sections revealed a dense layer of MAb
6A2 immunoreactivity concentrated in sublamina 2 of the
OPL (OPL-S2), where horizontal and bipolar cells make
synaptic contact with rod spherules and cone pedicles
(Koontz and Hendrickson, 1993). Figure 1A shows that the
horizontal cell bodies were just visible at the interface of
the INL and the OPL. In some retinal preparations, faint,
diffuse staining was also observed at the inner plexiform
layer (IPL)-INL interface. Occasional, fine processes ex-
tended across the INL to the IPL.

At higher magnification, antivimentin staining is visible
as a layer overlapping the area of MAb 6A2 staining. In
stereo pairs (Fig. 1B), the horizontal cell cytoplasm con-
tained vimentin bordered by a dense band of MAb 6A2
immunostaining in OPL-S2. Transversely oriented glial
processes passing through the outer nuclear layer (ONL)
also expressed vimentin.

Ultrastructural localization of antigen 6A2

Localization of antigen 6A2 to horizontal cells and their
processes was confirmed ultrastructurally (Figs. 2, 3). The
sensitivity of the MAb 6A2 epitope to glutaraldehyde
necessitated additional fixation of tissues after immunocy-
tochemistry, resulting in somewhat decreased resolution
and some tissue disruption.

MAb 6A2 immunoreactivity was identified focally in the
horizontal cell cytoplasm (Fig. 2A). Control sections with
no primary antibody were free of label (Fig. 2B). At higher
magnification (Fig. 2C), the staining was concentrated
along membrane-enclosed channels, which were some-
what dilated as a result of the tissue processing, with some
resembling Golgi-associated structures (not shown). Hori-
zontal cell processes were internally labelled focally along
tubulovesicular structures (Fig. 2D).

MAb 6A2 immunostaining was focally intense through-
out the most external aspect of the OPL, among synaptic
triads of photoreceptor cells (Fig. 3A). There, the staining
was most intense in the extracellular space surrounding
the horizontal cell lateral processes. Lateral and bipolar
cell synaptic terminals were unstained. Some stain was
also present in the photoreceptor cell immediately subja-
cent to the synaptic space (Fig. 3A,C). Photoreceptor
membrane-enclosed vesicles and channels were free of
staining, as was the remainder of the photoreceptor cell.
Although the majority of the synaptic triads were stained,
there were also numerous adjacent unlabelled triads nearby
(not shown). In control sections with no exposure to MAb
6A2, this perisynaptic space was free of stain, although
ribbon synapses were somewhat electron dense (Fig. 3B).

Biochemistry of antigen 6A2

The purification protocol is indicated schematically in
Figure 4A. Each fraction obtained after centrifugation was
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analyzed on Al-Ag-stained polyacrylamide gels and com-
panion immunoblots with MAb 6A2 (Fig. 4B). The Al-Ag
stain, which recognizes glycosaminoglycans (GAGs), de-
tected a high-molecular-weight (approximately 500 kDa),
broad band in the homogenate (lane 1) and in the soluble
(Slb) fraction (lane 1). On Western immunoblots, MAb 6A2
was immunoreactive with these same fractions (lanes 2).
There was only scant immunoreactivity in the S2a deter-
gent-soluble fraction.

For further enrichment and purification of the glycocon-
jugate, we chose the Slb fraction, because it provided
readily abundant amounts of soluble material. Affinity
chromatography with MAb 6A2 yielded enrichment of the
antigen from the pooled void volume. A high-molecular-
weight, broad band of between 400 kDa and 500 kDa was
detected (Fig. 4B, S1c, lane 2). To ensure that no other
species immunoreactive with MAb 6A2 were present in the

other fractions, samples from each gel filtration peak were
pooled, separately applied, and eluted from the MAb 6A2
affinity column. Only the high-molecular-weight void vol-
ume fraction was enriched with antigen 6A2 after immuno-
affinity purification (not shown).

Next, antigen 6A2 was tested for the GAG chain CS by
incubation with ChABC (Fig. 4C). Western blots with MAb
6A2 revealed a more polydisperse species ranging from
300 kD to 500 kD (Fig. 4C, lane 2), although there
appeared to be relatively little change in migration after
ChABC digestion compared with the untreated sample
(Fig. 4C, lane 1). Strong immunoreactivity with MAb 1B5
(Fig. 4C, lane 2) confirmed the cleavage of CS side chains.
These results contrast with the absence of MAb 1B5
immunoreactivity of the nondigested sample in lane 1 (Fig.
4C). More specifically, reactivity with MAb 1B5 in Figure
4C, lane 2 indicates that the initial disaccharide in the CS

Fig. 1. Retina immunocytochemistry. A: Monoclonal antibody (MAb)
6A2 stains focally and densely along the outer plexiform layer (OPL)
S-2. Staining extends along the outer margin of the inner nuclear layer
(INL). Horizontal cells somata (arrows) lie just at the junction of the
outer nuclear layer (ONL) and the OPL. A process (arrowhead) that
extends from a horizontal cell traverses the INL. There is faint

immunostaining along the outer margin of the IPL. B: At higher
magnification, a stereo pair of bovine retina cryostat sections stained
with both MAb 6A2 (brown) and antivimentin (blue) reveals dual
reactivity, possibly associated with the somata, and focal dense
staining by MAb 6A2 of the OPL-S2. Scale bars 5 50 µm.
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chain, which remained after ChABC digestion, is unsul-
fated N-acetylgalactosamine linked to uronic acid (Couch-
man et al., 1984). In addition to a 300–500 kDa smear (Fig.
4, lane 2), a 250-kD band was generated that was weakly
reactive with MAb 6A2 but strongly immunoreactive with
MAb 1B5. Immunoblots of additional samples digested
with ChABC were not reactive with MAbs 2B6 and 3B3,
suggesting that 48 and 68 sulfated disaccharides are not
present on the digested PG (not shown).

DISCUSSION

The cellular and molecular diversity of the CNS is well
represented in the mammalian retina. Our results identify
a novel horizontal cell marker; a CSPG specifically local-
ized within the somal cytoplasm and neurites and the
extracellular space surrounding presynaptic terminals.
The PG may also be pinocytosed by the photoreceptor and
concentrated at the ribbon synapse.

Colocalization of antigen 6A2 with the cytoplasmic
staining of vimentin confirms that the labelled neurons are
horizontal cells (Dräger, 1983; Dahl and Bignami, 1991).
MAb 6A2 also labelled the OPL in human and mouse

retinas (unpublished observations) indicating that antigen
6A2 is highly conserved.

With the predictable polarity and short span of horizon-
tal cell processes viewable within a single section, antero-
grade transport of antigen 6A2 via these dendrites from
the soma to the presynaptic terminals is a likely possibil-
ity.

Similar to the modulatory role of spinocerebellar system
neurons in the CNS via recurrent collateral inhibition
(Oscarsson, 1973), horizontal cells are inhibitory neurons
exerting their action through g-aminobutyric acid (GABA;
Brecha 1992; Greferath et al., 1994; Vardi et al., 1994) and
modulating information transfer from the photoreceptors
to the bipolar cells. The specific localization of retinal
antigen 6A2 to the horizontal neuron but not to other
GABAergic neurons of the retina suggests that it is
expressed in a subpopulation of inhibitory neurons that
specialize in negative feedback modulation.

Localization of this antigen in cisternal structures,
including Golgi-like channels of horizontal cells, was con-
firmed ultrastructurally. The strongly immunopositive tu-
bulovesicular structures inside the horizontal cell pro-
cesses contribute to the dense staining in the OPL. Distally,

Fig. 2. Ultrastructural localization of MAb 6A2 in horizontal cells:
A: MAb 6A2 focally stains the cytoplasm, including distended cister-
nae (arrows), of a horizontal cell. B: In the absence of primary
antibody, the horizontal cell is unstained. C: In a higher magnification
of A, the staining is seen concentrated along membrane-enclosed

profiles (arrow) that resemble distended, smooth endoplasmic reticu-
lum or Golgi-associated cisternae and vesicles. D: Processes within the
OPL show dense immunostaining around tubulovesicular structures.
Scale bar 5 7 µm in A,B, 1.75 µm in C,D.
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the site of release of antigen 6A2 into the extracellular
space of the photoreceptor cell synaptic triad could not be
definitely confirmed. In keeping with our previous observa-

tions of somataglycan-S in the spinal cord, the 6A2 antigen
is not found in the synaptic cleft or within the lateral
processes of the triad at ribbon synapses (Williams et al.,

Fig. 3. Ultrastructural localization of MAb 6A2 at horizontal cell
photoreceptor cell synapses. A: Within the OPL, a synaptic triad
shows MAb 6A2 staining in the extracellular space (small arrow)
surrounding the horizontal cell lateral processes (single asterisks) and
a bipolar cell input (double asterisks), all of which are unstained.
B: Control sample with no MAb 6A2 primary antibody shows the

preterminal perisynaptic space. The ribbon synapse of the photorecep-
tor cell is strongly electron dense in A (large arrow), B (arrow), and C.
C: Two photoreceptor terminals show concentration of stain extending
to the ribbon synapse but absence of stain elsewhere in the photorecep-
tor cell cytoplasm, including within vesicles (arrow). Scale bars 5
1.75 µm.
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Fig. 4. Purification and partial characterization of retinal antigen
6A2: A: Purification scheme for high molecular weight antigen.
B: After electrophoresis on 3–15% gradient polyacrylamide gel, homog-
enate (H) and supernatant (Slb) fraction were either stained with the
Alcian-blue ammoniacal silver stain (Al-Ag) stain (lanes 1) or trans-
ferred to nitrocellulose and probed with MAb 6A2 (lanes 2). The
high-molecular-weight proteoglycan band (400–500 kDa) was detected
with the Al-Ag stain in the homogenate and Slb. MAb 6A2 immunore-
activity colocalized with this band in the homogenate and Slb frac-

tions. After MAb 6A2 affinity purification of the Slb fraction, a
high-molecular-weight species ranging from 400 kD to 500 kD was
identified (S1c; lane 2). C: MAb 6A2 shows the affinity-purified antigen
6A2 in lane 1 as a broader band in lane 2 after chondroitinase ABC
(ChABC) digestion. Antigen 6A2 shows no reactivity with MAb 1B5
prior to lyase digestion (lane 1). Cleavage of chondroitin sulfate GAGs
is confirmed by staining of this band in lane 2 by MAb 1B5. A strong
band at 250 kD also appears in this lane.



1990, 1994); it is concentrated extracellularly in the perisy-
naptic space proximal to the terminal. Immunoreactive
material is present in the photoreceptor cytoplasm in close
proximity to the terminal membrane and concentrated
along the ribbon synapse. Because there is no ultrastruc-
tural evidence for the 6A2 antigen being manufactured by
the photoreceptor cell, it is possible that it is being
endocytosed and concentrated at the ribbon synapse.
Uptake into photoreceptor cells has been demonstrated
previously by Evans et al. (1981) and is enhanced by
elevated potassium concentration.

Focal accumulation of antigen 6A2 encircling presynap-
tic GABAergic processes and the lateral process at the
photoreceptor ribbon synapse suggests functions in the
development and maintenance of stable GABAergic in-
puts. This localization may serve to concentrate vital
factors at the synapse. PGs are ligands for many other
molecules and have been demonstrated to bind to growth
factors (Ruoslahti and Yamaguchi, 1991; Yayon et al.,
1991; Lopez-Casillas et al., 1993; Aviezer et al., 1994;
Spivak-Kroizman et al., 1994; Schlessinger et al., 1995),
and our data (LeMay et al., 1995) suggest that members of
the neurotrophin family, NGF, NT-3, and NT4/5, bind to
somataglycan-S obtained from human motor cortex. The
PG may be providing growth factor support for the ribbon
synapse at which it is concentrated or may have a role in
neurotransmitter transport.

The subcellular localization of the horizontal cell PG
resembles that of several other PGs in the mammalian
CNS. Ultrastructurally, PGs identified by VC1.1, 473, and
CAT-301 antibodies, like somataglycan-S and the retinal
PG, surround the cell membrane but are absent from pre-
and postsynaptic terminals and clefts (Hockfield and
McKay, 1983; Naegele et al., 1988; Watanabe et al., 1989).
Two MAbs, 374 and VC1-1, are immunoreactive in the
retina. MAb VC1.1, which binds to the HNK-1 epitope,
labels the IPL and the OPL with equal intensity (Arimatsu
et al., 1987), whereas MAb 374 staining of the OPL was
stronger than that of the IPL (Fujita and Kudo, 1992).
Another PG, the synaptic vesicle, transmembrane, kera-
tan sulfate proteoglycan, synaptoglycan, which is detected
by MAb SV2 (Scranton et al., 1993), is found in all synaptic
types in the IPL and the OPL (Okada et al., 1994).
Synaptoglycan is a novel type of transmembrane trans-
porter and may mediate the influx of neurotransmitters
(Feany et al., 1992) or other vesicle constituents into
synaptic vesicles (Bajjalieh et al., 1994).

Our biochemical data are complementary to the ultra-
structural localization of antigen 6A2, in that the retinal
PG is present both in soluble and membrane-associated
compartments. A highly soluble form of the retinal antigen
was extracted from Slb fractions without detergents or
strong dissociating conditions. However, the pellet remain-
ing after detergent extraction (P2) also contained immuno-
reactive antigen, which was demonstrated as an extended
smear on immunoblots. Our previous studies using Triton
X-100 partitioning of mouse brain somataglycan did not
reveal a transmembrane form (Williams et al., 1994). It is
possible that hydrophilic GAG chains hinder partitioning
of the PG into the detergent phase and the soluble and
pellet fraction PGs are identical. In support of this, after
isolation of the CAT-301 PG from cat brain, Zaremba et al.
(1989) detected antigens in the soluble and pellet fraction
that were physically and biochemically indistinguishable.
Axonal transport studies of the goldfish visual system

indicate that a significant proportion of soluble molecules
conveyed by rapid axonal transport from the Golgi complex
to the cell membrane in secretory vesicles are PGs (Rip-
pelino and Elam, 1988). However, because an equivalent
amount of very similar GAGs can be isolated from the
pellet fraction it is possible that some vesicles are resistant
to detergent extraction and remain intact after homogeni-
zation.

Because the purification procedure did not include strong
dissociating reagents, the MAb 6A2 PG may be copurified
with its ligands. The 250-kDa species detected by MAb
1B5 after ChABC digestion of the sample may be a ligand
or, speculatively, a homophilically binding glycoform. Ly-
ase digestion of affinity-purified antigen 6A2 revealed
considerable heterogeneity in the carbohydrate substitu-
tions of this PG. Binding of MAb 1B5 to the retinal PG
after ChABC digestion confirmed that it is a CSPG bearing
uronic acid linked to unsulfated N-acetylgalactosamine as
the initial disaccharide in the GAG chain (Couchman et
al., 1984; Caterson et al., 1985). Within each broad band
detected by MAbs 6A2 or 1B5, several sharply focused
bands were also resolved. These species may be alterna-
tively spliced proteins with similar glycosylation or glyco-
forms of one or more core proteins. Preliminary studies
suggest the presence of keratan sulfate GAGs (not shown).
These results confirm biochemical similarity between the
retinal PG and the brain PG, somataglycan-S, which also
bears the MAb 6A2 epitope.

Other PGs with a cellular localization similar to antigen
6A2 have been biochemically characterized. The CAT-301,
S-103 L, and BNC-PG epitopes are present on core pro-
teins that are similar, if not identical, to aggrecan, the
large CSPG of cartilage (Fryer et al., 1992; Krueger et al.,
1992; Asher et al., 1995). MAb 5D5 recognizes versican,
the large hyaluronate-binding fibroblast PG, which is
localized to glia as well as neuronal surfaces (Bignami et
al., 1993). MAb 6B4 identifies a glycoform of phosphacan,
the truncated extracellular variant of the receptor-like
protein tyrosine phosphatase (RPTPb; Maurel et al., 1994,
1995). The core protein of the PG recognized by MAb 6A2
has not yet been determined, in part due to its complexity
and the restricted quantities present in the CNS. The
localization of somataglycan in the CNS to the neurons of a
functional system, the spinocerebellar system, suggests
that the MAb 6A2 epitope defines the PG as a unique
glycoform. Isolation and molecular characterization of the
core protein(s) of antigen 6A2 will be necessary to resolve
the identity of this complex molecule.
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