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We have used the CSAT (cell substrate attachment) monoclonal
antibody (Mab), which is directed against a putative laminin
and fibronectin receptor, to examine its role in the adhesive
phenomena of neurons. This antibody was previously found to
disturb the adhesion of several classes of fibroblasts and muscle.
Here we report its effects upon neuronal-substrate adhesion.
Two sources of neurons were investigated—the dorsal root and
ciliary ganglia. Both responded similarly. Neurons plated in the
presence of the CSAT Mab did not adhere to the substratum
and process formation was inhibited completely for at least 24-
48 hr. In explant cultures, when neurons were first allowed to
extend processes prior to addition of the CSAT Mab, the results
depended on the particular substrate. With some substrates, the
neurites bundled and detached from the substratum; with oth-
ers, they retracted and regrew to form large fascicles or bundles
of processes. In dissociated cultures that already had extended
processes, neurites fasciculated and cell bodies aggregated in
response to the presence of the CSAT Mab. The magnitude of
this response varied, depending upon the substrate. The antigen
was localized, using immunofluorescence, on neuronal cell bod-
ies, axons, and growth cones. This distribution correlated with
its biological effects on all parts of the neuron. The antigen was
isolated from neuronal cultures by immunoaffinity purification.
It migrated in the molecular weight range of 140 kDa on re-
ducing SDS-PAGE. This antigen is very similar to that isolated
from fibroblasts, which is an integral membrane glycoprotein
complex. The data presented implicate the participation of the
CSAT antigen in neurite extension and fasciculation.

A central goal in neural development is to elucidate the mech-
anisms by which axons are guided to and recognize their target
sites. Numerous studies on vertebrate and invertebrate systems
have illustrated that the establishment of innervation patterns
is a highly stereotyped and specific process (Bentley and Caudy,
1983; Goodman et al., 1984; Landmesser et al., 1983; Raper et
al., 1983; Stirling and Summerbell, 1983). Most hypotheses pro-
pose that adhesive-receptor interactions, either between cell
surface molecules with other cell surface molecules or with mol-
ecules comprising the extracellular matrix, contribute signifi-
cantly to axonal outgrowth, guidance, and selective synapse for-
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mation. Recently, several laboratories have identified putative
cell surface adhesion molecules on neurons and have implicated
them as factors participating in axonal guidance and target site
recognition. The neural cell adhesion molecule (N-CAM), for
example, appears to modulate the cell—cell interaction in neurite
bundling by its transient expression during specific stages of
neural development (Rutishauser and Edelman, 1980; Rutis-
hauser et al., 1978; for reviews, see Edelman et al., 1983, and
Rutishauser, 1983). It also appears to promote neuromuscular
contact (Grumet et al., 1982; Rutishauser et al., 1983) and the
elaboration of the retinotectal map (Buskirk et al., 1980; Thanos
et al., 1984). The neural-glial (N-G)-CAM appears to be in-
volved in migration of neuronal cells along radial glia in the
CNS (Grumet and Edelman, 1985). L1 is another antigen, per-
haps similar to N-G-CAM, that appears to contribute to neural-
glia interactions as well (Schachner et al., 1983). Extracellular
molecules with which neurons might interact have also been
identified. They include laminin (Manthorpe et al., 1983; Rogers
et al., 1983), fibronectin (Rogers et al., 1983, 1985), a proteo-
glycan complex with laminin (Lander et al., 1985), and mac-
romolecular complexes called adherons (Cole and Glaser, 1984a;
Cole et al., 1985; Schubert et al., 1983).

We have used the CSAT monoclonal antibody, which is di-
rected against a putative cell surface receptor for laminin and
fibronectin, to elucidate its role in axonal extension and guid-
ance. This antibody has previously been shown to perturb the
cell-substrate adhesive interaction of several classes of fibro-
blasts and muscle (Decker et al., 1984; Neff et al., 1982). It
localizes in regions of cell-substrate adhesion (Damsky et al.,
1985; Neffet al., 1982), and its purified antigen is a glycoprotein
complex that interacts in vitro with laminin and fibronectin in
a physiologically significant manner (Horwitz et al., 1985; Knud-
sen et al., 1985). Similar observations have been made using
another monoclonal antibody, JG22, directed against the same
antigenic complex (Chen et al., 1985; Greve and Gottlieb, 1982).
Here we report that the CSAT antigen participates in the ex-
tension of neurites and modulates fasciculation in peripheral
nerve cultures (Bozyczko et al., 1984a, b).

Materials and Methods

Neuronal cell culture

Dorsal root ganglia (DRG) were dissected from the lumbosacral region
of 9- or 10-d-old chick embryos and immediately placed into ice-cold
calcium- and magnesium-free PBS (CMF-PBS) containing 60 ug/ml
glucose. For dissociated cultures, the ganglia were digested for 25 min
at 37°C using CMF-PBS containing 0.025% trypsin (Gibco, Grand Is-
land, NY) and 60 ug/ml glucose (100 explants/ml digestion mixture).
Digestion was terminated by adding 3.0 ml of Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% horse serum (Gibco), 6 ug/
ml L-glutamine, 40 pg/ml conalbumin (Sigma Chemical Co., St. Louis,
MO), 30 ug/ml glucose, 20 ug/ml gentamycin, 1.25 ug/ml fungizone,
and 50 ng/ml NGF (Calbiochem-Behring Diagnostics, La Jolla, CA).
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Figure 1. Effect of CSAT monoclonal
antibody on neurite extension and fas-
ciculation. Dorsal root ganglia explants
were grown on Aclar coated with poly-
L-lysine and gelatin. The CSAT mono-
clonal antibody was added after 24 hr
in culture, at which time neurites had
extended from the ganglion and onto
the substratum. Photographs were tak-
en of ganglia that were in culture for 48
hr. 4, 48 hr control culture. B, 48 hr
culture to which the CSAT monoclonal
antibody was added after the ganglia
were in culture for 24 hr.
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Explants were then gently pelleted at 140 x g (IEC Clinical Centrifuge,
Damon Co., Needham, MA) for 4 min, resuspended in 2.0 ml of the
above media, triturated using a small-bore, fire-polished glass pipette,
and passed through lens paper. To enrich for neuronal cells the sus-
pension was preplated on Falcon tissue culture dishes (100-200 explant
yield/100 mm dish) for 1.5-2.0 hr. The cells remaining in suspension
and those easily detached from the dish were harvested, centrifuged at
140 = g (IEC Clinical Centrifuge) for 4 min, and resuspended in an
equal-parts mixture of modified SATO N1 media (Bottenstein et al.,
1980) and fibronectin-free SATO heart-conditioned media (see below).
Modified SATO N1 media contained DMEM, 6 pg/ml L-glutamine, 40
pg/ml conalbumin, 30 pg/ml glucose, 40 nm progesterone (Sigma), 200
uM putrescine (Sigma), 5 pg/ml insulin, 5 ng/ml selenium, 100 ug/ml
transferrin, 20 pg/ml gentamycin, 1.25 ug/ml fungizone, and 50 ng/ml
NGF. For explant cultures the ganglia were dissected of rootlets and
the connective tissue capsule before being transferred to a culture dish
containing equal parts of modified SATO N1 media and fibronectin-
free SATO heart-conditioned media. Each lot of NGF was assayed for
optimal concentrations necessary to promote neurite outgrowth.

Non-neuronal cell culture

Non-neuronal cell populations were prepared by culturing the cells that
readily and firmly attached to the Falcon tissue culture dishes during
the preplating procedure (described above) in DMEM containing 10%
fetal calf serum, 6 pg/ml L-glutamine, 20 ug/ml gentamycin, and 1.25
wg/ml fungizone. Cultures were grown to near confluency before use in
the rounding and detachment assays.

Preparation of SATO-defibronectinated heart-conditioned
media

Hearts obtained from 8- to 10-d-old chick embryos were immediately
placed into cold CMF-PBS containing 60 ug/ml glucose. After atria were
removed, ventricles were minced and allowed to incubate for 5 min at
37°C in CMF-PBS containing 60 ug/ml glucose. The buffer solution was
then replaced with 4.0 ml of CMF-PBS containing 0.05% trypsin and
60 pg/ml glucose. After 5 min of incubation at 37°C, the tissue and cells
were vigorously pipetted. The undigested tissue was allowed to settle,
and the cell suspension was pipetted off and added to 3.0 ml of DMEM
containing 10% horse serum. The heart tissue was cycled through the
above procedure three times. The cells were then centrifuged at 140 x
£ (IEC Clinical Centrifuge) for 4 min, resuspended in DMEM containing
10% horse serum, 6 wg/ml L-glutamine, 30 wg/ml glucose, 40 pg/ml
conalbumin, 20 ug/ml gentamycin, and 1.25 pg/ml fungizone, then passed
through lens paper. Heart cells were plated (15 embryo yield/100 mm
plate) in 10.0 ml of the above media onto Falcon tissue culture dishes
coated with 0.1% gelatin. After incubating for 48 hr, the media was
replaced with 30 ml of SATO media (DMEM containing 6 ug/ml L-glu-
tamine, 30 pg/ml glucose, 40 ug/ml conalbumin, 20 pg/ml gentamycin,
1.25 pg/ml fungizone, and 1 pl/ml insulin-transferrin-selenium (ITS)
premix (Collaborative Research, Waltham, MA). After incubating for
96 hr, the media was collected and freed of fibronectin by passing it
two times over a 2.0 ml gelatin Sepharose column equilibrated with
HEPES-Hanks buffer, pH 7.4. Between passes, the column was eluted
stepwise with 0.5 m urea (10.0 ml) and 4.0 m urea (10.0 ml). The absence
of fibronectin in the SATO media was confirmed by SDS-PAGE. Fi-
bronectin-free heart-conditioned medium (SATO DHCM) was sterile
filtered and stored in 4.0 ml aliquots at —70°C until used.

Preparation of cell culture substrata

All neuronal cultures were grown and assayed on coated Aclar (33c-5
mil; Allied Corp., Morristown, NJ), whereas non-neuronal cultures were
initially grown on uncoated Falcon culture dishes and then plated onto
coated Aclar for assays. Prior to coating, Aclar was first cut to appro-
priate size (24 well dish insert) and then washed with 0.1% SDS and
thoroughly rinsed in tapwater. It was then incubated overnight in con-
centrated nitric acid, and thoroughly rinsed in distilled water. Aclar was
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Figure 3. Effect of CSAT monoclonal antibody on dorsal root ganglion
explants cultured on laminin-coated substrates. Dorsal root ganglion
explants were grown on laminin-coated Aclar. The CSAT monoclonal
antibody was added after the ganglia had been in culture for 24 hr, when
neurites had extended out of the ganglion and onto the substratum.
Photographs were taken after 48 hr in culture. The explant culture shown
in Fig. 24 is a representative control for these experiments. 4, Ganglia
treated with the CSAT monoclonal antibody. Photograph taken in the
focal plane of the ganglia, which are floating in suspension. Note the
bundles of neurites connecting the ganglia. B, Same as above, except
that the photograph was taken in the focal plane of the non-neuronal
cells.

sterilized by firskincubating 10-20 min in 95% ethanol and then in-
cubating for 1 hr under a UV light source. The Aclar was then coated
with 0.1% gelatin for 2 hr in the cold. The excess gelatin was aspirated
and the surface allowed to dry. The gelatin-coated Aclar was then in-
cubated overnight at 37°C with 1.0 ml of solution containing 0.5 mg/
ml poly-L-lysine (Sigma, 15-30 M) in 0.12 m borate (pH 8.3), 10 ug/
ml fibronectin (BRL, Gaithersburg, MD), or 10 ug/ml laminin (BRL).

Figure 2. Time course of the effect of the CSAT monoclonal antibody on neurite extension from dorsal root ganglion explants. Dorsal root ganglion
explants were grown on Aclar coated with poly-L-lysine and gelatin. The CSAT monoclonal antibody was added after explants were in culture for
24 hr. Photographs were taken at 24, 29, and 48 hr. 4, Explant culture at 24 hr (before addition of the CSAT monoclonal antibody). B, Explant
culture at 29 hr (5 hr after addition of the CSAT monoclonal antibody). C, Explant culture at 48 hr (24 hr after addition of the CSAT monoclonal

antibody).
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Figure 4. Effect of the CSAT monoclonal antibody on dissociated cultures of ciliary ganglia. Cultures of cells dissociated from ciliary ganglia were
grown on tissue culture plates coated with poly-L-lysine. The CSAT monoclonal antibody was added either at the time of cell plating or at 24 hr,
when neurons had extended fine processes out onto the substratum. Photographs were taken after 18 and 48 hr in culture for both control and
antibody-treated cultures. 4 and B show the inhibition of neurite extension by the CSAT monoclonal antibody added at the time of cell plating.
The photograph was taken after neurons were in culture for 18 hr. C and D show neurite fasciculation and somal aggregation induced by addition
of antibody after neurons were in culture for 24 hr and photographed 24 hr subsequently.

Solutions were then aspirated, and the coated Aclar was rinsed two
times with distilled water and used immediately.

Adhesion and fasciculation assays

Dissociated neuronal cells or explants were plated on the desired sub-
strates in equal parts of modified SATO N1 media and SATO DHCM
containing 50 ng/ml NGF. The CSAT Mab was routinely added at a
concentration of 20 ug/ml, either at the time of cell plating or 24 hr
after (when the neurons had already adhered to the substratum and
extended processes). Observations were made approximately 24 hr after
antibody addition, unless otherwise stated. Photographs were taken of
the same field of view both prior to and after antibody addition. This
was achieved by first focusing on the center of one well and lining up
the phase rings; the rings were then left as set and subsequent wells were
viewed by moving the plate until the rings realigned.

Non-neuronal cells were harvested by incubating cultures in Versene
at 37°C for 15 min. Cells were centrifuged at 140 x g (IEC Clinical
Centrifuge) for 4 min, resuspended in SATO media (as above), and
plated (40,000 cells/well using 24 well Falcon plates) either in the pres-
ence or absence of 20 ug/ml antibody. Observations were made 30 and
60 min after cell plating, and the number of spread cells were scored.
To assay cell detachment from the substratum by the CSAT Mab, non-
neuronal cells were allowed to incubate for 6-8 hr after the initial har-
vesting and replating. The CSAT Mab was then added and the cultures
were scored 1-24 hr later. Non-neuronal cells were also treated with
cycloheximide (10 pg/ml) for 2-5 hr prior to initial harvesting in some
experiments.

Immunofluorescent localization

Dissociated cultures of neurons were grown for 16-20 hr on either 0.5
mg/ml poly-L-lysine and gelatin-coated Aclar or glass coverslips, in
equal parts of modified SATO N1 medium and SATO DHCM. The

coverslips were washed by dipping them five times in CMF-PBS at
room temperature. The cells were fixed using 2.0% paraformaldehyde
in PBS for 2 min at room temperature and rinsed by dipping 20 times
in 0.15 m glycine in PBS. The coverslips were then incubated for 1 hr
in PBS containing 10% goat serum, followed by incubation with a
1:1000 dilution of a polyclonal antisera (raised against the CSAT an-
tigen) in PBS containing 10% goat serum. After extensive yet gentle
rinsing in PBS, the coverslips were incubated for 1 hr at room temper-
ature in PBS containing 10% goat serum and 55 pg/ml TRITC goat
anti-rabbit Fab, fragments (Cappel Labs., West Chester, PA; heavy- and
light-chain-specific). Immunofluorescent localization with either the
polyclonal or monoclonal antibody CSAT resulted in the same staining
pattern. The polyclonal antisera was routinely used for photographic
purposes because of its brighter fluorescence staining. For staining with
polyclonal antisera neurofilament 70 kDa (NF70), cells were fixed (as
above) and permeabilized using 0.5% Triton-X 100 in CMF-PBS for 30
min at room temperature. The cells were then incubated in CMF-PBS
containing 10% goat serum-PBS for 1-2 hr. All cells were extensively
rinsed in PBS after application of secondary antibody and mounted
onto glass slides using Immu-mount (Shandon Co., Sewickley, PA). The
polyclonal antisera were kindly provided by Dr. K. Knudsen of the
Wistar Institute, Philadelphia, PA. Neurofilament 70 kDa antisera were
kindly provided by Dr. G. Bennett of the Department of Anatomy,
University of Pennsylvania School of Medicine, Philadelphia, PA.

Antigen isolation

Dissociated cultures of neurons were prepared as described above and
cultured in equal parts of modified SATO N1 medium and SATO
DHCM (250 explant/100 mm dish). Cells were grown on poly-L-lysine
and gelatin-coated Aclar. After 16-24 hr, the plating media was replaced
with 5.0 ml of labeling media containing 250 uCi 35-S-methionine.
Labeling media consisted of methionine-free modified SATO N1 media.
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Neurons were incubated for 24 hr in the presence of isotope. To harvest,
labeled neurons were incubated for 5 min at 37°C in Versene containing
0.1 M phenylmethylsulfonyl fluoride (PMSF; Sigma). The surfaces of the
culture dishes were gently rinsed, removing the neurons and leaving
contaminating non-neuronal cells attached to the dish. Antigen extrac-
tion and purification followed the procedure described previously, ex-
cept that acetone precipitation was omitted and 0.15 m NaCl was added
to all buffers (Decker et al., 1984; Neff et al., 1982). Throughout the
isolation, the following protease inhibitors were included in all buffers:
1.0 mm O-phenanthroline (Sigma), 1 pg/ml leupeptin (Sigma), 0.1 pg/
ml pepstatin (Sigma), and 0.1 mm PMSF. Affinity-purified antigen was
electrophoresed on 7.0% SDS-PAGE (under both reducing and non-
reducing conditions), transferred to nitrocellulose, and incubated with
Kodak X-Omar film (Eastman Kodak, Rochester, NY) for 2-3 weeks.

Preparation of Fab fragments

Fab fragments of the CSAT Mab antibody were prepared essentially as
described by Parham (1983) for a Balb/c mouse, species IgG2b. The
CSAT Mab, at a concentration of 1 mg/ml, was dialyzed for 12 hr at
4°C against 0.1 m sodium acetate, pH 4.35. Pepsin (Cooper Biomedical
Worthington Division, Malvern, PA; 2480 units/mg), at a concentration
of 5.8 ug/ml, was added to yield an IgG : pepsin mole ratio of 40:1. The
reaction mixture was gently shaken at 37°C for 18-20 hr. To terminate
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Figure 5. Immunofluorescence visu-
alization of neurons in control and
CSAT monoclonal antibody treated
dissociated DRG cultures using a poly-
clonal antisera made against the neu-
rofilament 70 kDa protein (NF70). Cul-
tures of cells dissociated from dorsal
root ganglia were grown on Aclar coat-
ed with poly-L-lysine and gelatin. The
CSAT monoclonal antibody was added
after cells were in culture for 24 hr. At
48 hr, cultures were processed for im-
munofluorescent localization. The cells
were fixed, permeabilized, and incu-
bated with a rabbit polyclonal antisera
made against NF70. Rabbit IgGs spe-
cific for NF70 were detected using rho-
damine-conjugated goat anti-rabbit
Fab, fragments. 4, Control culture at
48 hr. B, Culture to which the CSAT
monoclonal antibody was added at
24 hr.

the digestion, the pH of the reaction mixture was raised to 7.0 using
2.0 M Tris buffer. The solution was then dialyzed for 12 hr at 4°C against
Britton-Robinson buffer (28.5 mm citric acid, 29 mm KH,PO,, 5.26
gm/liter barbitol, and 18.8 mm boric acid) at pH 8.5 and passed over
a protein A Sepharose column. The wash and eluant at pH 3.5 were
each dialyzed for 12 hr at 4°C against distilled water, lyophilized, and
analyzed by SDS-PAGE. Fab and smaller fragments were recovered in
the wash, whereas whole IgG, Fab/c, and Fc fragments were recovered
in the pH 3.5 eluant. The activity of the Fab fragments was assayed by
myoblast rounding (Neff et al., 1982).

Results

Effects of the CSAT Mab on DRG explants

We have assayed the effects of the CSAT monoclonal antibody
on the adhesion and process extension of primary DRG explant
cultures. After 48 hr in culture, explants of DRG displayed
numerous fine processes that extended radially onto the sub-
strate (Fig. 14). The processes and growth cones appeared pri-
marily as individual entities rather than in bundles or fascicles.
The addition of the CSAT Mab at the time of plating inhibited
adhesion of the ganglia and there was no process outgrowth for



Figure 6. Effect of the CSAT monoclonal antibody on adhesion of
non-neuronal cells. Non-neuronal cells were obtained from cultures of
cells derived from preplated dissociated DRG cells. The preplates were
harvested using Versene and plated in the presence or absence of the
CSAT monoclonal antibody onto laminin-coated Aclar. Photographs
were taken 1 hr after plating. 4, Control culture. B, Culture of cells
plated in the presence of the CSAT monoclonal antibody.

at least 24—48 hr (not shown). The addition of the CSAT Mab
to explant cultures at 24 hr, after which processes had begun to
extend, produced an inhibition of neurite extension and a bun-
dling of neurites into fascicles (Fig. 1B). An examination of the
time course of the neurite response to the CSAT Mab showed
that the growth cones and neurites retracted to the ganglia within
5 hr after antibody addition (Fig. 2B). In the continued presence
of the CSAT Mab, the processes subsequently re-extended,
forming large fascicles (Fig. 2C). At the distal ends of the fas-
cicles, the growth cones of neurites fanned out upon the sub-
stratum. These observations refer specifically to the effects of
the CSAT Mab on explants that were cultured on a surface
coated with poly-L-lysine and gelatin.

When the wells were coated with either laminin or fibronectin,
and the antibody was added at plating, the extension of processes
was also inhibited. When the CSAT Mab was added to cultures
in which processes had extended, and the cells were visualized
24 hr subsequently, the neurites appeared in bundles. However,
in contrast to the observations on poly-L-lysine, the ganglia were
generally detached from the substratum and appeared suspend-
ed as a network of ganglia interconnected by the neurite fascicles

(Fig. 3).
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Figure 7. Effect of the CSAT monoclonal antibody on non-neuronal
cells treated with cycloheximide. Cultures of cells dissociated from dor-
sal root ganglia were grown on laminin-coated Aclar. After 24 hr, cul-
tures were treated with Versene for 5 min. Detached neurons were rinsed
from the cultures. The remaining non-neuronal cells were grown for an
additional 12 hr. The cells were then incubated with cycloheximide for
4 hr before addition of the CSAT monoclonal antibody. 4, Control
culture. B, Culture 24 hr after antibody addition. C, Culture 48 hr after
antibody addition.

Effects of the CSAT Mab on dissociated neuronal cultures

We have also examined the effects of the CSAT Mab on dis-
sociated cultures of chick ciliary and dorsal root ganglia. In
general, both cell types responded similarly. The presence of
antibody at the time of cell plating inhibited cell adhesion and
process extension (Fig. 4, A and B). After neurons have adhered
to the substratum and extended processes, the addition of the
CSAT Mab induced a bundling of the processes, as described
above, for the explant cultures. However, the presence of the
CSAT Mab also induced an aggregation of the neuronal cell
bodies (Fig. 4, C and D). These effects on the neuronal cells
were seen more clearly using cultures stained with antibodies
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against the 70 kDa neurofilament protein. This antisera is spe-
cific for neurons, and it thus allows selective observation of the
change in neuronal morphology and associations. In control
cultures, the neurites appeared as fine processes extended along
the substratum (Fig. 54). In cultures treated with the CSAT
Mab the individual neurites were clearly seen in fascicles that
interconnected aggregates of cell bodies (Fig. 5B).

The effects of the CSAT Mab on cells growing on different
substrates were also examined. The magnitude of the response
was a function of the particular substrate employed. The cell
morphology was perturbed most dramatically with cells adher-
ing to laminin and gelatin; cell morphology on poly-L-lysine was
perturbed the least; and that on fibronectin lay between these
two extremes. When the antibody was present at the time of
plating, less than 5% of the total cell population adhered to
laminin- or gelatin-coated substrates within 24 hr; some (40%)
of'the cells loosely adhered to substrates coated with fibronectin;
and 80% adhered to substrates coated with poly-L-lysine. This
was assayed by the ease with which the cells could be washed
off the coated Aclar with a stream of media. The extension of
processes for cells plated on all substrates tested in the presence
of the antibody was inhibited for the first 24-48 hr; i.e., 97 +
8%, 84 + 2%, 100 + 0%, and 95 + 7% of'the cells did not extend
processes within 24 hr on laminin, fibronectin, gelatin, and poly-
L-lysine substrate, respectively. After 48 hr in culture, clusters
of cell bodies were seen adhering to all substrates tested, and
bundles of processes were seen connecting the somal aggregates.
This effect was not observed when the CSAT Mab was replen-
ished every 24 hr. In this protocol, the cells did not adhere to
the substrate and remained in suspension. The bundling of neu-
rites or fasciculation was most pronounced on laminin and gel-
atin, then fibronectin, and, lastly, poly-L-lysine. (The relative
response to the CSAT Mab was assayed by estimating the frac-
tion of processes residing in fascicles.) It is important to note
that cells did not adhere to uncoated Aclar substrates either in
the presence or absence of the CSAT Mab.

These effects of CSAT on neuronal adhesion were highly spe-
cificand noncytotoxic. Other antibodies that react with neuronal
membrane antigens did not produce the same response as did
the CSAT Mab. The cell—ell adhesive interactions involved in
fasciculation and somal aggregation were also not detectably
affected by the CSAT Mab, but in fact were promoted by it.
The neurons remained viable in the presence of the CSAT Mab,
as revealed by their ability to re-extend processes after an initial
inhibition. Finally, the aggregation and fasciculation phenom-
ena were also observed using either native, bivalent CSAT Mab,
or Fab fragments derived from the neuron, demonstrating that
they did not arise by antibody-mediated cross-linking.

Effects of the CSAT Mab on non-neuronal cells

We have also examined the effects of the CSAT Mab on non-
neuronal cells present in neuronal cell cultures. Populations of
these cells were obtained by culturing the cells derived from
preplating dissociated ganglia. The cells from 80% confluent
cultures were removed with EDTA and plated onto coated Aclar
substrates. When plated in the presence of the CSAT Mab, 80%
of the non-neuronal cells adhered to the poly-L-lysine substrate
within an hour; 40% of the cell population was spread. Less
than 10% of the total population adhered to the laminin, fibro-
nectin, or gelatin substrates within this time period. During the
1-2 hr time interval, 80-90% of the cells had adhered to the
fibronectin substrate, but 50% of the cells remained in suspen-
sion on both the laminin and gelatin substrates. Figure 6 shows
the inhibitory effect of the CSAT Mab on non-neuronal cell-
substrate adhesion when added at the time of cell plating. If the
CSAT Mab was added 6-8 hr after cells had adhered to the
substrates, less than 10% detachment was observed over a 96
hr time period. When cells were preincubated in the presence
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Figure 8. Autoradiogram of SDS-PAGE profiles of the CSAT antigen
isolated by monoclonal antibody affinity chromotography from tendon
fibroblasts (4, C) and dorsal root ganglia neurons (B, D). Both tendon
fibroblasts and DRG neurons were grown in the presence of 35-S-
methionine, extracted with NP40, and fractionated by monoclonal an-

tibody affinity chromatography. Samples were analyzed by SDS-PAGE
in the presence (C, D) and absence (A4, B) of reducing agents.

of cycloheximide prior to antibody addition, 80-90% of the
cells detached. These cells appeared to pull up from the substrate
at their edges by 24 hr, but did not become completely detached
for 48 hr (Fig. 7).

Purification of the CSAT antigen

The CSAT antigen has been purified from fibroblasts using an-
tibody affinity chromatography (Neff et al., 1982). The antigen
migrated as a broad band at 140 kDa upon reducing SDS-PAGE.
When run under nonreducing conditions, the antigen resolved
into three distinct polypeptides. The three bands are glycopro-
teins and do not show substantial homology; they have the
properties of integral membrane proteins and appear to reside
as an oligomeric complex (Knudsen et al., 1985). Very similar
antigens have been isolated from other cell types (Decker et al.,
1984). The antigen isolated from neuronal cultures has essen-
tially the same properties on SDS-PAGE gels as does the antigen
isolated from fibroblasts (Fig. 8). It runs in the range of 140 kDa
upon reducing SDS-PAGE, and resolves into three polypeptides
when run under nonreducing conditions. It is not clear at this
time whether all of the bands comprising the CSAT antigen
isolated from fibroblasts are also present in the antigen isolated
from neurons. The presence of the lower molecular weight bands
varied among different preparations and most likely arose from
proteolysis, which seems to be a greater problem in the neuronal
extracts. The small quantities of material available from the
neurons hinder a careful comparison of the fibroblast and neu-
ral antigen.
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Figure 9. Localization of the CSAT
antigen on a cultured dorsal root gan-
glion neuron. Neurons were grown for
16-20 hr in culture on poly-L-lysine and
gelatin-coated Aclar, fixed, and incu-
bated with a polyclonal antisera raised
against the affinity-purified CSAT an-
tigen. The polyclonal antibodies were
detected using rhodamine-conjugated
goat anti-rabbit Fab, fragments. 4,
Phase contrast. B, Rhodamine optics.

Localization of the CSAT antigen on neuronal cells

The CSAT antigen was localized on cultured neurons using two
specific reagents: (1) the CSAT Mab and (2) a polyclonal anti-
body raised against the affinity-purified antigen. The antigen
resides in a punctate distribution on all parts of the neuron, i.e.,
the soma, axon, and growth cone (Fig. 9). A close examination
of the growth cone reveals antigen extending out on the micro-
spikes (Fig. 10). This ubiquitous distribution of the antigen sug-
gests that it participates in the adhesion of all neuronal parts
rather than only in the adhesion of a specialized region. The
antigen is also present, in a punctate distribution, on the non-
neuronal cells present in these cultures. In cross sections of DRG
from 8-d-old embryos, the antigen is confined to the cell surface
region and thus outlines individual cell bodies. It is also present
in the rootlets extending to and from the ganglion (not shown).

Discussion

We have used the CSAT Mab, which is directed against an
adhesion-related cell surface antigen, to examine the role of this
antigen in the adhesive phenomena of neurons. This antigen
plays a very significant, if not dominant, role in the extension
of peripheral axonal processes. Neurons plated in the presence
of the CSAT Mab do not adhere to the substratum and process
formation is completely inhibited for at least 24—48 hr. When
neurons are first allowed to extend processes prior to the ad-
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dition of the CSAT Mab, the results depend on the particular
substrate. With some substrates, neurites detach from the sub-
stratum, whereas with others, they retract and regrow to form
large bundles of processes. The CSAT Mab does not appear to
disrupt the cell—cell interaction involved in axonal fasciculation
and, in fact, appears to promote it. The biological effects of the
antibody, along with the localization of the antigen on neurons,
suggests that the antigen participates in the adhesion of the entire
neuron rather than in that of a single substructure, like the soma
or growth cone.

Some preparations contain significant numbers of non-neu-
ronal cells that often interact with the neurons. Several obser-
vations suggest that these cells do not appear to be the locus of
the apparent effect of the CSAT Mab on the neurons. First, in
the DRG explant cultures, the axons, which retract completely
in response to the CSAT Mab, extend far beyond the non-
neuronal cells residing in the near vicinity of the explant. Sec-
ond, the antibody does not alter the adhesion of the non-neu-
ronal cells during the time course of these experiments. And
third, in cultures containing relatively few non-neuronal cells,
not all of the neurons interact with them, yet all are affected by
antibody.

The substrate-dependent effects of the CSAT Mab reported
here for neurons parallel previous observations in fibroblasts
(Decker et al., 1984). The adhesion of tendon fibroblasts to
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fibronectin is only partially inhibited by the CSAT Mab, and
that of cardiac fibroblasts to fibronectin is not detectably inhib-
ited. In contrast, the adhesion of both cell types to laminin is
completely inhibited by the CSAT Mab. Two factors probably
contribute to these cell type and substrate-dependent suscepti-
bilities: (1) The oligomeric nature of the CSAT antigen and the
sites of its interaction with different ligands and the CSAT Mab,
and (2) the presence of additional adhesion mechanisms that
do not contain the CSAT antigen (Decker et al., 1984; Horwitz
etal., 1985). It seems likely that these explanations apply to the
neurons as well.

The effects of the CSAT Mab described here complement
those described for antibodies against N-CAM. These latter
antibodies promote process extension and tend to inhibit axonal
fasciculation, presumably by interfering with the neuron—neuron
interactions mediated by N-CAM (Rutishauser et al., 1983).
The CSAT Mab, in contrast, inhibits axonal extension and pro-
motes fasciculation of neurites. This interplay between process
outgrowth and fasciculation of neurites in relation to the inter-
action of neurons with the substratum had precedents in the
work of Nakai (1960) and Letourneau (1975). Nakai related the
adhesive potential between semisolid and solid substrates to the
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Figure 10. Localization of the CSAT
antigen on the growth cone of a dorsal
root ganglion neuron. Neurons were
cultured for 16-20 hr on poly-L-lysine
and gelatin-coated Aclar, fixed, and ex-
posed to a polyclonal antisera against
the affinity-purified CSAT antigen. The
polyclonal antibodies were detected us-
ing rhodamine-conjugated goat anti-
rabbit Fab, fragments. 4, Phase con-
trast. B, Rhodamine optics.

degree of neurite fasciculation and somal aggregation, and he
found that a putatively less adhesive substrate promoted the
highest degree of fasciculation and somal aggregation. Letour-
neau (1975), along with Rogers et al. (1983), explored the ad-
hesive potential of several commonly used substrates with re-
spect to the number and length of processes extended and found
that there exist definite differences between substrates in their
potential to support neurite outgrowth. The importance of fas-
ciculation in neurite outgrowth is underscored by the recent
work of Landmesser et al. (1983) and Goodman et al. (1984).
Both demonstrated that neurites make choices to grow either
along existing axonal trajectories, thus forming fascicles, or along
other substrata. These choices are potentially complex phenom-
ena with several potential points of regulation, including mod-
ulation in expression of the CSAT antigen, N-CAM (Thierry et
al., 1985), substrate molecules, and recognition molecules that
have not yet been identified.

How does the CSAT antigen participate in these phemonena?
Our observations on fibroblasts and muscle have provided strong
evidence that the antigen functions as a receptor for laminin,
fibronectin, and perhaps other extracellular matrix molecules as
well. It is also an attractive candidate for a transmembrane link
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that connects the cytoskeleton with the extracellular matrix.
Several lines of evidence support this hypothesis. The CSAT
antibody inhibits adhesion of cells to both laminin and fibro-
nectin. It also perturbs their morphology when added to cells
that are already spread. In fibroblasts, the antigen colocalizes
with fibronectin in areas surrounding cell matrix adhesion sites
at the termini of actin filaments in vinculin-rich areas (Damsky
et al.,, 1985; Neff et al., 1982). On muscle cells, the antigen
colocalizes with laminin in regions of high Ach receptor density
(Bozyczko and Horwitz, 1985), a putative region of cell matrix
adhesion. Finally, Horwitz et al. (1985) have used equilibrium
gel filtration to show that the purified antigen forms complexes
with fibronectin and laminin. The interaction with laminin is
inhibited by the CSAT Mab, and that to fibronectin by synthetic
sequences representing the cell-binding region of fibronectin.
The association constants for these interactions compare well
with those described for the binding of fibronectin and its frag-
ments to cell surfaces. This antigen is similar in molecular weight
to the fibronectin-binding molecule from a human cell line de-
scribed by Pytela et al. (1985). In contrast, the molecular weight
of this antigen is different from that of the laminin receptor
described by others (Lesot et al., 1983; Malinoff and Wicha,
1983; Réo et al., 1983).

The CSAT antigen is unique among molecules of the periph-
eral nervous system that participate in neuronal-substrate in-
teractions. It is the only adhesion molecule that functions in
neurite outgrowth as an integral membrane component. The
inhibition experiments presented here suggest that it plays a
dominant role. Other neurite outgrowth-promoting factors are
extracellular and have been partially purified from conditioned
media (Cole and Glaser, 1984a, b; Collins, 1978; Lander et al.,
1985; Matthew et al., 1982). Many of these are active when
bound to cationic substrates. Recently Lander et al. (1985) have
isolated the active outgrowth-promoting factor in several con-
ditioned media. It is an aggregate consisting of a heparin sulfate
proteoglycan and two proteins, one of which is laminin and the
other a 150 kDa molecule presumed to be entactin. Because
of the copurification of laminin with the active outgrowth-pro-
moting factor, and in light of its neurite outgrowth-promoting
activity when independently bound to substrates, laminin has
been implicated as the active factor in conditioned media. These
findings further substantiate the significance of the CSAT an-
tigen in peripheral neurite extension since it likely serves as a
receptor for the laminin found within the substrate-bound ag-
gregates, thus facilitating the neuronal-substratum interaction.
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