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Polysialic Acid Is Required for Optimal Growth of Axons on a 
Neuronal Substrate 
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Formation of axonal pathways involves a variety of mole- 
cules that influence cell-cell interactions. The polysialic acid 
(PSA) moiety of the neural cell adhesion molecule (NCAM) 
is present on neuronal surfaces during process outgrowth. 
Our studies reveal that the removal of PSA causes a de- 
crease in the rate of elongation of retinal cell processes on 
a substrate of neuronal membranes derived from chick tec- 
turn. This effect was partially reversed by antibodies against 
the Ll adhesion molecule, but not by antibodies against 
NCAM, N-cadherin, or 8,-integrins. This predominant effect 
of PSA on Ll was also observed in short-term, cell-cell 
adhesion assays, suggesting that PSA promotes optimal 
outgrowth on neuronal substrates by limiting the conse- 
quences of Ll -mediated adhesion. 

Axons follow intricate yet reproducible pathways during de- 
velopment of the nervous system, and it remains a major goal 
to describe the mechanisms that contribute to axonal tract for- 
mation. One of the essential factors in the growth of axons is 
the adhesiveness of their environment (Letoumeau, 1975a,b). 
That is, there is no axon elongation in the absence of adhesion 
between the growth cone and its substrate. Accordingly, a num- 
ber of adhesion molecules present on cells have been shown to 
promote axon elongation (Lagenaur and Lemmon, 1987; Lcm- 
mon et al., 1989; Ruegg et al., 1989; Bixby and Zhang, 1990; 
Doherty et al., 1990a,b; Furley et al., 1990; Stoeckli et al., 199 l), 
and antibodies that specifically inhibit the function of adhesion 
molecules can block outgrowth on cellular substrates (Tomaselli 
et al., 1986, 1988; Chang et al., 1987; Landmesser et al., 1988; 
Smith et al., 1990). 

The relationship between the degree of cell-cell adhesion and 
the rate of growth cone migration is complex, however, in that 
there is an inconsistent and sometimes even inverse correlation 
between these two parameters (Lemmon et al., 1992). Several 
explanations for this complexity are possible, such as the trig- 
gering of intracellular events that promote or inhibit growth 
cone migration (Kaplhammer and Raper, 1987; Bixby, 1989; 
Schuch et al., 1989; Raper and Grunewald, 1990). Moreover, 
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migration requires both the making and breaking of adhesions, 
and therefore could be hindered either by insufficient or by 
excessive substrate interaction (Letoumeau and Wessells, 1974). 

It is important, therefore, to consider not only the specificity 
but also the degree and nature of adhesive interaction of axons 
with their environment. The regulation of the extent of adhe- 
sivity can in principle be achieved through transcriptional con- 
trol of the type and amount of adhesion molecules expressed 
on the cell surface membrane. However, in several tissues in- 
cluding those of the nervous system, an additional mechanism 
exists to regulate cell-cell interactions, namely, the expression 
of cell surface polysialic acid (PSA). Anchored to the cell surface 
via its covalent attachment to the neural cell adhesion molecule 
(NCAM) (Finne et al., 1983), this unusual carbohydrate polymer 
has been proposed to decrease membrane-membrane contact, 
and thereby to attenuate cell interactions (Rutishauser et al., 
1988; Rutishauser, 1989). PSA is abundant on growing axons 
during both development and regeneration (Schlosshauer et al., 
1984; Breen and Regan, 1988; Miragall et al., 1990; Boisseau 
et al., 1991; Theodosis et al., 1991), and is thus in a position 
to influence their behavior. Although PSAis attached to NCAM, 
its presence has been shown to affect interactions involving other 
molecules that promote neurite outgrowth, such as laminin and 
the Ll adhesion molecule (Rutishauser et al., 1988; Acheson et 
al., 199 1). 

In the present study, we test directly the role of PSA in out- 
growth of individual neuronal processes from embryonic chick 
retinal cells on a neuronal membrane substrate. This system is 
intended to model growth of axons on other axons, such as 
occurs during fascicle formation in viva. It is shown that specific 
enzymatic removal of PSA causes a decrease in process out- 
growth from retinal cells on the neuronal membrane substrate. 
The molecular basis of the PSA effect has been examined using 
antibodies against adhesion molecules known to be involved in 
axonal elongation. The results obtained in the outgrowth assay, 
and their striking similarity to data obtained in a cell-cell ad- 
hesion assay, suggest that the promotion of axon growth by PSA 
reflects a selective limiting of Ll -mediated adhesive functions 
and their consequences for neurite-neurite interaction. 

Materials and Methods 
Tectal membrane vesicle substrates. Tectal membrane vesicle substrates 
were prepared using a modification of the method of Walter et al. (1987). 
Embryonic day (E12) White Leghorn chick anterior tecta were dissected 
and meninges removed. The tissue was rinsed and homogenized in 
homogenization buffer (10 mM Tris-HCl, 1.5 mM CaCI,, 200 KIU apro- 
tinin, 1 mM spermidine, 50 PM leupeptin, and 2 PM pepstatin A, pH 
7.4). Membranes were isolated by centrifugation at 50,000 x g for 10 
min through 2 ml of 5% sucrose in buffer onto 5 ml of 50% sucrose. 
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The membrane fraction was collected from the sucrose interface and 
washed three times in phosphate-buffered saline (PBS) by centrifugation 
for 5 min at 13,000 x g. The membranes were diluted in PBS to yield 
a suspension that had an optical density of 0.3 at 220 nm when diluted 
I:10 in 2% SDS. 

To prepare vesicle substrates, a Nucleopore filter (25 mm polycar- 
bonate, pore size 0.1 pm) was placed on a nylon grid sitting over a 
porous support connected to a vacuum aspirator. Three hundred mi- 
croliters of the membrane suspension were added onto the filter, and 
suction (30 mbar) was applied for 3 min. The membrane-covered filter 
was then rinsed in PBS and kept at 4°C until used. 

Rat cortical astrocyte monolayers. Newborn rat cortical astrocytes 
were purified as described previously (Noble et al., 1984; Smith et al., 
1990). The cells formed a confluent monolayer within 24 hr, of which 

at least 90% were glial fibrillary acidic protein positive and exhibited 
the morphology of flat fibroblastic type l-like astrocytes; less than 1% 
of the cells were fibroblasts or 02A progenitor cells, and about 0.1% of 
the cells expressed the oligodendrocyte marker galactocerebroside. The 
remaining cells probably included immature astrocytes, endothelial cells, 
or microglia (Smith et al., 1990). 

Statistic comparison of average neurite lengths under different experi- 
mental conditions was performed using the t test. 

Antibody and endoneuraminidase reagents. The procedures for prep- 
aration of polyclonal rabbit Ig and Fab against chick NCAM and Ll 
glycoprotein used in this study have been described previously (Frelinger 
and Rutishauser, 1986; Landmesser et al., 1988). The same procedure 
has been followed for polyclonal anti-N-cadherin with the antigen being 
prepared by affinity chromatography using the NCD2 antibody (Ha& 
and Takeichi, 1986). Chick Ll was isolated usine the G4 monoclonal 
antibody (Rathjen et al., 1987). The specificity tf  each of these poly- 
clonal antibodies was defined by the following criteria: each antibody 
only identified the SDS-PAGE band(s) characteristic of the purified 
immunogen, anti-NCAM and anti-N-cadherin each specifically inhib- 
ited retina cell aggregation in the absence and presence of 10 mM Ca*+. 
respectively, and fasciculation ofdorsal root ganglion neurites was strongly 
inhibited by anti-L1 but only slightly by anti-NCAM. 

Immunohistochemistry oftectal membrane vesicles and tissuesections. 
To stain the tectal membrane vesicles with antibodies, the vesicle sus- 
pension was pelleted by centrifugation (13,000 x g, 5 min) and resus- 
pended in the appropriate dilution of primary antibody (see below) in 
0.1 M phosphate buffer (PB) containing 25% normal goat serum (NGS). 
After 30 min incubation at room temperature, vesicles were washed 
three times in PB by centrifugation as above and resuspended in the 
secondary antibody solution (1: 100 dilution of rhodamine-conjugated 
goat anti-mouse IgM or goat anti-rabbit Ig in PB containing 25% NGS). 
After a 30 min incubation, the vesicles were washed three times in PB 
and fixed with 4% paraformaldehyde for 10 min. A drop of stained 
vesicle suspension was placed on a glass slide in 5% propyl gallate in 
glycerol and viewed using a Nikon immunofluorescence microscope. 

To prepare frozen sections of El2 chick tectum, isolated tecta were 
fixed in 4% paraformaldehyde in PB with 7% sucrose for 3 hr at room 
temperature. Following incubation in 30% sucrose at 4°C overnight, the 
tissue was frozen and 7-pm-thick sections were cut using a Microm 
cryostat. The sections were rehydrated in PB for 15 min and incubated 
in the primary antibody solution in a humidified chamber overnight at 
room temperature. The sections were then washed three times in PB 
and incubated in the secondary antibody solution for 1 hr. After the 
final wash, the sections were mounted in 5% propyl gallate in glycerol 
and examined as above. 

Chick retinal neurons and neurite outgrowth cultures. E6 chick retinas 
were dissected and the pigmented epithelium removed. The tissue was 
incubated in 0.5 ml of Ca*+-, Mg2+-free-minimum essential medium 

For immbnohistology, radbit policlonal IgGs against chick NCAM 
and Ll were used at final concentrations of 20 &ml and 10 pg/ml, 
respectively, for staining of cultures, and 2 &ml and 1 fig/ml, respec- 
tively, for staining of sections. Mouse monoclonal antibody ascites against 
PSA (5A5) (Dodd et al., 1988) was used at I:100 dilution for staining 
of cultures, and 1:500 for staining of sections. 

For perturbation experiments, Fab fragments were dialyzed against 
500 vol of DMEM/Fl2 overnight at 4°C. Anti-NCAM, anti-l], and 
anti-N-cadherin were used at a-final concentration of 0.5 mg/ml. JG- 
22 monoclonal antibody (Greve and Gottlieb. 1982) as ascites fluid was 
dialyzed and used at a- i:50 dilution. At this dilution, JG-22, which 
binds an epitope on 0, -integrin (Neugebauer and Reichardt, 199 I), com- 
pletely blocked the neurite outgrowth of retinal neurons on a laminin- 
coated substrate (data not shown). Control experiments were carried 
out with 0.5 mg/ml Fab prepared from nonimmune rabbit IgG. 

Endo-N was purified to electrophoretic homogeneity by previously 
published procedures (Hallenbeck et al., 1987). This enzyme is specific 
for cu-2,8-linked sialic acid polymers with a minimum chain length of 
5 (Vimr et al., 1984), and therefore does not degrade any other known 
sialic acid-containing structures. Endotoxin contamination was below 
detectable levels (0.04 &ml) as determined using the E-Toxate assay 
(Sigma). 

To remove PSA from both neurites and the tectal membrane sub- 
strate, endo-N was added to the culture medium 2 hr after retinal neu- 
rons were plated onto the substrate. To remove PSA only from the tectal 
membrane substrate, the substrate was incubated with endo-N at 4°C 
for 30 min, washed with PBS four times, and kept at 4°C until used. 

Aggregation of Fl I cells. Fl 1 cells are a hybrid of E 17 mouse primary 
sensory ganglion neurons and rat neuroblastoma cells (Platika et al:, 
1985). Fl 1 cells at 50% confluence were detached from dishes bv eentle ,- 

containing 0.0 1% trypsin at 37°C for 15 min, after which 0.5 ml of horse 

single cells by t&ration through a Pasteur pipette, and the c&Is pelleted 
at 1000 x gfor 5 min. For cultures on the astrocyte monolayer substrate, 
the cell pellet was resuspended in Dulbecco’s modified Eagle’s medium 

serum and 25 ue. of DNase were added. The tissue was disoersed into 

(DMEM)/FlZ + 2% FBS. For cultures on the membrane vesicle sub- 
strate, the cell pellet was resuspended in serum-free medium (5 pg/ml 
insulin, 5 pg/rnl transferrin, 5 @/ml sodium selenite in DMEM/F12) 
(Bottenstein and Sato, 1979). Cells (3 x lo4 in 1 ml) were added either 
to 24-well culture plates containing the astrocyte substrate or to 35 mm 
dishes containing the vesicle/filter substrate. The retinal cells were al- 
lowed to attach to the substrate for 2 hr before addition of either en- 
doneuraminidase-N (endo-N) or antibody Fab fragments to the medium 
(see below). After 24 hr of culture on neuronal membrane substrates or 
16 hr on astrocytes, long neurites had emerged from a subpopulation 
of the cells and were analyzed as described below. 

- 
mechanical pipetting and then pelleted at 100 x g through a cushion 

__ of 3.5% BSA in HEPES-buffered saline cHBS\ + 10 mM CaI+ + 2% 
DNase. The pellet was resuspended in i1‘5 + 10% NuSerum, and c& 
were incubated with or without endo-N (see above) for 2 hr at 37°C. 
Following this incubation period, cells were repell.&ed as above and 
resuspended in 15-20 times the pellet volume in HBS/DNase/BSA 
containing either 1 mM Ca2+ or 2 mM EDTA. Cells were then orein- 
cubated with Fab fragments (0.5 mg/ml final concentration) for 20 min 
at 4°C. Cells plus Fab fragments were then diluted I:7 in their respective 
media and allowed to aggregate with rotation at 70 rpm at 37°C. Aliquots 
were taken at 0 and 30 min, fixed in 1% glutaraldehyde, and then 
evaluated for number of free particles of size 1 O-l 00 pm using a Coulter 
counter. Data are expressed as percentage decrease in free particle num- 
ber after 30 min. 

Results Observation and quantitation of neurite outgrowth. Cultures on the 
membrane vesicle substrate were fixed after 24 hr with 4% parafor- 
maldehyde and 0.5% glutaraldehyde in PB and permeabilized with 0.1% 
Triton X- 100 for 6 min at room temperature. The retinal cells were 
stained using a mouse monoclonal antibody against P-tubulin (Sigma) 
(Gozes and Bamstable, 1982) followed by fluorescein-conjugated goat 
anti-mouse Ig. 

Development of a simplijied assay for study of axon growth on 
axons. Axons in vivo often grow along other axons to form 
fascicles. Fasciculation, however, is a very complex phenome- 
non involving a competition between axon-axon and axon- 
environment interactions. In order to focus on the axon-axon 

To measure the length of neurites, images of neurons with a distinct 
process were recorded digitally using a Panasonic optic disk recorder. 
The length of the longest neurite emerging from a neuron was measured 
from the soma to the tip of the neurite using a Bioquant image analysis 
svstem. Values reoorted renresent data collected in two to four inde- 

component, an in vitro assay was designed in which individual 
axons were allowed to extend over a substrate composed of 
membranes largely derived from neuronal processes. The choice 
of embryonic retinal cells for these experiments was predicated 

p&dent experiments with aiotal number of 200-600 neurites measured. on two major factors. First, the long processes readily obtained 
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Figure I. Purified tectal membrane vesicles display adhesion molecules characteristic of neuronal processes. NCAM, PSA, and Ll distribution 
in El2 chick t&urn was determined by immunofluoreseence microscopy of frozen sections. While NCAM (4) was uniformly distributed in the 
tectum, PSA (B) and Ll (C’) were more concentrated in those tissue layers comprising mainly neuronal processes. For comparison, membrane 
vesicles purified from same-stage teeturn were also stained with antibodies to NCAM, PSA, and Ll . The majority of the membrane vesicles were 
labeled by all three antibodies: NCAM (D), PSA (E), and Ll Q. G-I represent the corresponding phase micrographs of the vesicles. No staining 
of either the tissue or the membrane vesicles was observed when preimmune antibodies were used (data not shown). Scale bars: C (for A-C), 20 
pm; I (for D-I), 3 pm. 

in short-term culture are p-tubulin, Ll, and PSA positive (see 
below), and thus are likely to represent axons. Second, these 
axons readily form large fascicles both in culture and in the optic 
nerve. The most effective source of membranes for the substrate 
was density gradient-purified vesicles from E 12 embryonic chick 
tectum. As shown in Figure I, essentially all regions of E 12 
chick tectal tissue contain NCAM, whereas PSA is partially and 
Ll is highly concentrated in the process-rich regions of the optic 
fiber and deeper layers of neuropil. The large majority of the 
membrane vesicles prepared from this tissue were found to 

contain both Ll and PSA as well as NCAM antigenic deter- 
minants (Fig. 1). Thus, these membranes appear to be derived 
predominantly from fiber layers of the chick tectum. 

The appearance of neuronal processes that have extended over 
the membrane substrate is shown in Figure 2. Both the processes 
and the substrate stained strongly for NCAM, PSA, and Ll (data 
not shown). While neurites could be detected before or after 
staining for these molecules, they were most easily analyzed for 
length after immunostaining for &tubulin (Fig. 2). When the 
PSA-specific endoneuraminidase (endo-N) was added to the 
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Figure 2. Adhesion molecule expres- 
sion and neurite outgrowth of E6 chick 
retinal neurons on tectal membrane 
vesicles. Neurons were cultured on the 
substrate for 24 hr and stained for @-tu- 
bulin (A) and NCAM (II); C is the cor- 
responding phase micrograph. The 
ability of endo-N to remove PSA while 
not affecting the NCAM polypeptide 
was confirmed by double immuno- 
staining of the culture with antibodies 
to NCAM (D, control; F, +endo-IV), 
and PSA (E, control; G, +endo-N). Scale 
bar, 15 pm. 

cultures, staining for PSA was completely abolished from both 
the neurites and vesicles, without a decrease in staining for 
NCAM (Fig. 2D-G). 

Efect of PSA removal on growth of retinal neurites. When 
plated on the tectal membrane substrate and cultured for 24 hr, 
a subpopulation of the retinal cells displayed long neurites. There 
was usually only one process associated with a cell (Fig. 2), and 
these had a broad distribution of lengths (Fig. 3A). As reported 
previously (Smith et al., 1990), growth of these processes con- 
tinues through out period of culture at a fairly uniform rate. 

Exposure of both the neurite and substrate to endo-N during 
the culture period resulted in about a one-quarter decrease in 
the average length or rate of neurite outgrowth (Table 1). How- 
ever, this significant @ < 0.001) but modest effect was found 
to include a more substantial decrease in the number of fibers 
capable of rapid outgrowth, with a corresponding increase in 
the proportion of shorter fibers (Fig. 3B). A decrease in average 
rate of neurite elongation was also observed when PSA was 

removed only from the neuronal substrate, that is, when the 
substrate was preincubated with endo-N and the enzyme was 
completely removed before addition of neurons (Table 1). Un- 
der these conditions, the retinal cells retained substantial levels 
of PSA (data not shown), but outgrowth was inhibited to the 
same extent as when endo-N was present throughout the culture 
resulting in removal of PSA from both the neurites and sub- 
strate. 

For comparison with outgrowth on neuronal membranes, axon 
outgrowth was also monitored on an astrocyte monolayer sub- 
strate, which expresses neither PSA (Table 1; Noble et al., 1985) 
nor Ll (Grumet and Edelman, 1988; Rathjen and Schachner, 
1984). As with the endo-N-treated neuronal substrate, the ad- 
ditional removal of PSA from the axons had no effect on out- 
growth. However, the rate of outgrowth on the Ll- and PSA- 
negative astrocytes was higher than on PSA-positive neuronal 
membranes. 

Efect of adhesion-blocking antibodies on axon outgrowth. A 
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Figure 3. Removal of PSA causes a reduction in neurite outgrowth on 
a neuronal membrane substrate. E6 chick retinal neurons were cultured 
on the membrane vesicles for 24 hr, and the lengths of more than 600 
neurites from four independent experiments were measured. Data pooled 
from four independent experiments are shown (A) in which the per- 
centage of neurites of, or great than, a specified length (vertical axis) is 
expressed as a function of neurite length (horizontal axis). To illustrate 
the preferential effect of PSA removal on the longest net&es, in the 
histogram (B) the percentage change in number of neurites (verticalaxis) 
within a specific length range is expressed as a function of the length of 
neurites (horizontal axis). Error bars, SEM. 3: and +, Significant differ- 
ences of p < 0.025 and a < 0.005, respectively. 

number of adhesion systems have been implicated in the out- 
growth of axons on cellular substrates, including those involving 
NCAM, Ll, N-cadherin, and integrins (see introductory re- 
marks). In order to investigate which of these molecules might 
be influenced by PSA during neurite outgrowth, adhesion-in- 
hibiting Fab fragments against each were added to the cultures 
in the presence and absence of endo-N. This analysis was carried 
out in terms of the proportion of axons capable of rapid growth 
(with lengths of greater than 160 pm; see Fig. 38), as this was 
the parameter most affected by removal of PSA. As shown in 
Figure 4, with PSA intact (no endo-N), Fabs against each of 
these adhesion systems decreased the proportion of long axons, 
with anti-N-cadherin and anti-L1 producing the largest effects 
(significantly different from controls, p < 0.01). When PSA was 

60 

-60 

I 

NCAM N-Cadherin Ll lntegrln 

Figure 4. Effects of antibodies against NCAM, Ll, N-cadherin, or &- 
integrin on neurite outgrowth in the presence or absence of PSA. In 
each case, the percentage change in number of fast-growing neurites 
(> 160 pm) is indicated. While the presence of antibodies to NCAM, 
Ll, N-cadherin, and P,-integrin all caused reduction of neurite out- 
growth in the presence of PSA, and removal of PSA did not significantly 
alter these effects, the inhibitory effect of anti-L1 was actually reversed 
by removal of PSA. Error bars indicate SEM for over 200 neurites scored 
in three independent experiments (two experiments with anti-N-cad- 
herin). 

removed by endo-N treatment, the influences of Fab against 
N-cadherin, and integrin were not significantly altered 0, < 
0.01). The same was true for anti-NCAM (p < O.Ol), despite 
the fact that the PSA is attached to this molecule. 

The only significant effect of PSA removal on Fab pertur- 
bation was in the case ofanti-Ll (p < 0.001; Fig. 4). Unlike the 
other adhesion systems tested, antibodies that inhibit Ll func- 
tion reversed the the effect of endo-N on neurite outgrowth, 
resulting in longer processes. This reversal of endo-N’s effects 
on process outgrowth by anti-L1 Fab suggests that Ll function 
may be intimately involved in the influence of PSA on neurite 
outgrowth. 

Enhancement of cell-cell adhesion by removal of PSA also 
reflects an increase in Ll function. The effect of PSA on axon 
outgrowth could reflect a direct change in cell-cell adhesion, 
and/or an indirect influence on intracellular mechanisms that 
support growth cone motility. In order to assess whether the 
effects of PSA are an adhesion-related phenomenon, the same 

Table 1. Effect of PSA on mean length of neurites 

PSA on: Average 
Sub- Neu- Mean rate of 

Substrate strate rite length (pm) growth 

Tectal membrane + + 184 + 7* 7.7 f  0.3 
- - 142 f  8* 5.9 zk 0.3 
- + 134 f  4 5.6 2 0.2 

Astrocyte monolayer - + 137 + 8 8.6 +- 0.5 
- - 140 + 6 8.8 f  0.4 

On tectal membranes, the length of more than 600 E6 chick retinal neurites was 
measured after 24 hr in culture. On the astrocyte substrate, the length of 200 
neurites was measured after 16 hr in culture. Values represent mean length f SEM. 
Since the rate of neurite outgrowth is approximately linear within the culture 
period (Smith et al., 1990), the average rate of neurite outgrowth was calculated 
and the values represent the average rate + SEM. Thus, in all cases retinal neurites 
grew faster on the astrocyte substrate than on tectal membranes. Significance of 
the difference in outgrowth was determined by t test. 

* Paired values were different significantly (p c 0.001). 
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Table 2. Effect of FSA, NCAM, Ll, and calciumdependent 
adhesion on Fll cell aggregation 

PSA Control +anti-NCAM +anti-Ll -Ca2+ 

+ 37 k 2 12 f 1 (68%) 22 f 1 (40%) 18 rt 2(51%) 

- 49 f 2 40 k 3 (18%) 9 + 2(81%) 43 f 3 (12%) 

Extent of F11 cell aggregation is expressed as the percentage decrease in cell 
number after rotation at 70 r-pm for 30 min at 37°C. Data are means rt SEM of 
nine values from three independent experiments. Values in parentheses represent 
the percentage decrease in aggregation. 

INTERACTION 
Figure 5. Proposed relationship between adhesion-related cell inter- 
action and the extent of neurite outgrowth on a neuronal substrate. The 
ascending portion of the curve represents the ability of growth cone- 
substrate adhesion to promote motility, whereas the descending portion 
reflects the proposal that increased interaction can decrease outgrowth. 
PSA is depicted as a regulator of interactions to optimal levels by at- 
tenuation of adhesion molecule function. In particular, this role of PSA 
appears to influence most strongly the action of the Ll adhesion mol- 
ecule. Thus, the loss of PSA can be compensated by an inhibition of 
Ll by anti-L1 Fab. 

perturbation studies were carried in a short-term aggregation 
assay using Fl 1 neuroblastoma/neuronal cells (Table 2). As in 
the case of the retinal axons and membrane substrate, Fl 1 cells 
express NCAM, Ll , and N-cadherin, as well as PSA (Acheson 
et al., 199 1). In the presence of PSA, inhibition of each of these 
three adhesion systems caused about the same amount of de- 
crease in aggregation. That is, each appeared to contribute sub- 
stantially to the adhesion. Upon removal of PSA by endo-N, 
the rate of aggregation increased but was much more dependent 
on Ll function. Thus, a dominance of Ll function after removal 
of PSA is observed in both the axon outgrowth and cell adhesion 
assays. 

Discussion 
Our findings indicate that the rate of axon outgrowth on a neu- 
ronal substrate is increased when PSA is present on both the 
axon and substrate. These effects are most pronounced for rap- 
idly growing fibers, suggesting that PSA serves to optimize growth 
but is not an essential component in growth cone translocation. 
The decrease in outgrowth observed upon enzymatic removal 
of PSA appears to involve an increase in interactions mediated 
by the Ll adhesion molecule. The observation that removal of 
PSA also causes a selective augmentation of Ll function in a 
short-term cell aggregation assay suggests that the decrease in 
outgrowth includes an adhesion-related mechanism. While it is 
well established that adhesion to substrate is required for axon 
elongation, it has also been suggested that excessive adhesion 
would hinder translocation of the growth cone (Letoumeau and 
Wessells, 1974). These positive and negative roles for adhesion- 
related events are illustrated schematically in Figure 5, and pro- 
vide a hypothetical basis for interpretation of our results. 

PSA, which is a major constituent of axonal surfaces in em- 
bryos, has been proposed to serve as a negative regulator of 
cell-cell interactions (Rutishauser et al., 1988; Rutishauser, 
1989). By controlling the degree of receptor-receptor interac- 
tion, PSA would be in a position to limit adhesion and thereby 
optimize conditions for axon growth (Fig. 5). This possibility is 

supported by the present observation that the removal of PSA 
can inhibit neurite outgrowth. The fact that maximal outgrowth 
on tectal membranes was obtained only when PSA was present 
on both substrate and neurite parallels the observation that cell- 
cell adhesion is most strongly inhibited when both membranes 
contain PSA (Hoffman et al., 1982; Hoffman and Edelman, 
1983). 

Several adhesion molecules have been found to influence pro- 
cess elongation on cellular substrates (Tomaselli et al., 1986, 
1988; Chang et al., 1987; Landmesser et al., 1988; Smith et al., 
1990). However, while PSA is physically associated with NCAM, 
the present Fab-perturbation studies appear to single out Ll as 
a central component in this decrease. That is, NCAM, N-cad- 
herin, and integrins each continued to promote axon elongation 
after PSA removal, whereas Ll became a negative factor that 
could be neutralized by anti-Ll. In this respect, it is notable 
that outgrowth on an astrocyte substrate, which does not contain 
Ll, is both unaffected by PSA removal from the axons and even 
more rapid than on a PSA-positive neuronal substrate. 

On this basis and in terms of the model illustrated in Figure 
5, we propose that PSA removal causes an enhancement of Ll- 
mediated interactions to levels that impede growth cone mi- 
gration. Addition of anti-L1 Fab then would reduce that inter- 
action to more optimal levels. Consistent with the interpretation 
that Ll’s action involves adhesion, we found that the removal 
of PSA causes a specific upregulation of Ll-mediated cell-cell 
aggregation in a short-term assay. 

Why is Ll so prominent, or conversely, why do antibodies 
against other adhesion molecules not also reverse the effects of 
endo-N? It is reasonable to suspect that the roles of different 
adhesion molecules on axons are not entirely interchangeable. 
For example, it may be that some interactions influence the 
behavior of filopodia and lamellapodia, while others tend to 
stabilize translocation of the entire growth cone. Enhanced in- 
teractions that support membrane movement might only aug- 
ment growth cone motility (as observed with integrins, cadherin, 
NCAM) whereas excessive stabilization could hinder translo- 
cation (as observed with Ll). Thus, the enhancing and inhibiting 
effects of adhesion on process outgrowth depicted in Figure 5 
may well reflect the consequences of different adhesion systems 
acting in distinct spatial and/or functional regions of the growth 
cone (Letoumeau and Shattuck, 1989). Such regional special- 
ization is consistent with reflection interference studies that in- 
dicate that only small regions of the growth cone are in close 
contact with a laminin substrate, whereas almost the entire base 
of the growth cone is in close contact with an Ll substrate (J. 
Drazba and V. Lemmon, personal communication). 

Previous studies from other laboratories on NCAM, PSA, 
and/or Ll have suggested indirect mechanisms for regulation 
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of adhesion molecule function. Augmentation of adhesion by a 
direct and specific interaction between NCAM and Ll has been 
proposed (Kadmon et al., 1990a,b). The proposed synergism 
appears to be inhibited rather than enhanced by agents that 
block glycosylation, and thus may be distinct from the present 
effects with PSA. A recent study has demonstrated that PSA 
removal from retinal axons can also inhibit their growth on a 
substrate of fibroblasts transfected with NCAM cDNA (Doherty 
et al., 1990a). In this system, it speculated that the removal of 
PSA could result in an instructive signal that reduces neurite 
outgrowth. It should be noted, however, that the transfected 
cells express neither Ll or PSA, which in our studies were es- 
sential elements. In any case, if an instructive mechanism op- 
erates in our system, it would appear to be masked by the effects 
of Ll or countered by some type of growth-promoting signal 
generated specifically by anti-Ll. 

The fact that promotion of outgrowth on a neuronal substrate 
only occurred when both the axon and substrate expressed PSA 
may have important biological implications. Many environ- 
ments through which axons grow do not express PSA, including 
most glial cells and muscle cells as well as more mature neurons. 
In the absence of other factors, this asymmetry between axon- 
axon and axon-environment interactions would be expected to 
influence not only the rate of outgrowth, but also the formation 
and branching ofaxon bundles. For example, during innervation 
of muscle in the chick hindlimb, axons must choose whether to 
grow on other PSA-positive axons or on PSA-negative myotubes 
(Landmesser et al., 1988). In this system, developmental reg- 
ulation of PSA expression has been shown to alter the balance 
of nerve-nerve and nerve-muscle interaction and thereby reg- 
ulate specific patterns of axonal outgrowth during normal in- 
nervation. Moreover, this alteration appears to also involve 
augmentation of Ll function between axons (Landmesser et al., 
1990). For the retinal axons studied here, the choices include 
other optic axons and PSA-negative radial glia (Silver and Sa- 
piro, 198 1; Silver and Rutishauser, 1984) and could contribute 
to a variety of stereotyped patterns in the optic nerve, fissure, 
chiasm, and tract. Therefore, it will be of interest to investigate 
whether different levels of PSA expression also exist within the 
optic nerve and if they can be linked to changes in the position 
and branching of axons along the visual pathway and during 
tectal innervation. 
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