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Summary
Receptor-mediated interactions between neurons and astroglia are likely to play a crucial role in the
growth and guidance of CNS axons. Using antibodies to neuronal cell surface proteins, we identified
two receptor systems mediating neurite outgrowth on cultured astrocytes. N-cadherin, a Ca2+-
dependent cell adhesion molecule, functions prominently in the outgrowth of neurites on astrocytes
by E8 and E14 chick ciliary ganglion (CC) neurons. β1-class integrin ECM receptor heterodimers
function less prominently in E8 and not at all in E14 neurite outgrowth on astrocytes. The lack of
effect of integrin β1 antibodies on E14 neurite outgrowth reflects an apparent loss of integrin function,
as assayed by E14 neuronal attachment and process outgrowth on laminin. N-CAM appeared not to
be required for neurite outgrowth by either E8 or E14 neurons. Since N-cadherin and integrin β1
antibodies together virtually eliminated E8 CG neurite outgrowth on cultured astrocytes, these two
neuronal receptors are probably important in regulating axon growth on astroglia in vivo.

Introduction
Neural pathways are established with a high degree of precision and reproducibility in the
developing nervous system. This is accomplished initially through the directed movement of
axonal growth cones to their synaptic target cells (see Bentley and Keshishian, 1982; Raper et
al., 1983a, 1983b; Tosney and Landmesser, 1985). Growth cones are guided, in part, by contact
with the surfaces of other neuronal and nonneuronal cells and the molecules they secrete (see
Bentley and Caudy, 1983; Raper et al., 1984; Sanes et al., 1978). Molecules that influence the
extent and orientation of axon growth do so by binding to specific receptors on the neuronal
membrane (see Bozyczko and Horwitz, 1986; Tomaselli et al., 1986; Bixby et al., 1987; Chang
et al., 1987).

Experiments in vitro have provided insights into the molecular mechanisms of neuronal process
outgrowth. Two distinct classes of neurite outgrowth-promoting substrates have been
described: constituents of the extracellular matrix (ECM), most notably laminin and fibronectin
(see Rogers et al., 1983; Lander et al., 1983, 1985), and the surfaces of neuronal, glial, and
muscle cells (Chang et al., 1987; Noble et al., 1984; Fallon, 1985a, 1985b; Tomaselli et al.,
1986). Laminin and fibronectin stimulate process outgrowth from a wide variety of central and
peripheral neurons (see Rogers et al., 1983; Manthorpe et al., 1983; Akers et al., 1981; Hall et
al., 1987). Neuronal responses to these ECM proteins, as well as to intact ECMs, depend on
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the function of neuronal glycoproteins that belong to the integrin family of adhesive protein
receptor heterodimers (Bozyczko and Horwitz, 1986; Tomaselli et al., 1986, 1987; Hall et al.,
1987; reviewed in Hynes, 1987). Purified integrins bind directly to several ECM proteins,
including laminin and fibronectin (Horwitz et al., 1985; Buck et al., 1986). Neurons use
receptors that are distinct from integrins for neurite outgrowth on the surfaces of astrocytes,
Schwann cells, skeletal myotubes, and other neurons (Tomaselli et al., 1986; Bixby et al.,
1987; Chang et al., 1987). For example, process outgrowth by peripheral motoneurons on
skeletal myotubes in vitro depends on the function of two cell-cell adhesion molecules
(CAMS), N-cadherin and N-CAM, in addition to integrin β1 receptor heterodimers (Bixby et
al., 1987). Each of these neuronal proteins appears capable of functioning alone in mediating
neurite extension on myotubes (Bixby et al., 1987). The extension of neurites by sympathetic
neurons on the surfaces of sympathetic axons depends, in part, on the function of two distinct
glycoproteins, the G4 and F11 antigens (Chang et al., 1987; Rathjen et al., 1987). Thus, neurite
outgrowth on the surfaces of other neurons or nonneuronal cells is mediated by several
interactions involving “adhesive molecules” on the cellular substrate and specific receptors on
the neuronal plasma membrane.

The goal of the present study was to identify neuronal cell surface molecules that mediate
neurite outgrowth on the surfaces of astrocytes in vitro. This information is important in two
contexts. First, the surfaces of astrocytes and astrocyte precursors are a prominent substrate
for the growth of axons during the development of the central nervous system (CNS) and are
thus likely to be important in stimulating and guiding axon elongation (see Maggs and Scholes,
1986; Letourneau et al., 1988; Silver and Rutishauser, 1984; Silver and Sidman, 1980). In vitro,
astrocytes express neurite outgrowth-promoting factors to which both central and peripheral
neurons can respond (Noble et al., 1984; Fallon, 1985a, 1985b; Tomaselli et al., 1986). Second,
it has been suggested that the primary defect in CNS regeneration lies in the inability of the
supporting glial cells to promote regrowth efficiently (see Benfey and Aguayo, 1982; Smith
et al., 1986). Thus, knowledge concerning the molecular mechanisms of axon growth on
astrocyte surfaces will provide a framework in which the deficits underlying unsuccessful CNS
regeneration can be studied. Some of the results presented here have been reported in abstract
form (Tornaselli et al., 1987, Soc. Neurosci., abstract).

Results
Astrocytes Produce Two Neurite Outgrowth-Promoting Factors

Neonatal rat cortical astrocytes produce at least two distinct factors that stimulate neurite
outgrowth by dissociated embryonic chick ciliary ganglion (CG) neurons (Figure 1). One of
these is secreted by astrocytes into their culture medium (astrocyte CM). When immobilized
on a polycationic substrate, molecules in astrocyte CM stimulated rapid neurite outgrowth by
embryonic day 8 (E8) CG neurons (Figure 1a; Table 1). Several studies have shown that the
ECM protein laminin is probably the active neurite-promoting molecule in astrocyte CM
(Lander et al., 1985;Tomaselli et al., 1986;Cohen et al., 1987;Selak et al., 1985). E8 CG neurite
outgrowth on astrocyte CM, like that on laminin, is inhibited by either of two monoclonal
antibodies, CSAT or JG22 (Figure 1c;Table 1). These antibodies will be referred to as anti-
integrin β1, since they recognize the integrin β1 subunit shared by avian receptor heterodimers
for laminin and fibronectin (Horwitz et al., 1985;Buck et al., 1986;Tamkun et al., 1986; see
Hynes, 1987, for integrin nomenclature). A second neurite-promoting factor is associated with
astrocyte surfaces (Figure 1b; Table 1). This factor is distinct from that found in astrocyte CM,
since E8 CG neurons are able to grow long neurites on astrocyte surfaces in the presence of
integrin β1 antibodies (Figure 1d; Table 1).
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Developmental Change in Neuronal Responses
The ability of CG neurons to respond to these two astrocyte-derived neurite-promoting factors
is regulated during embryonic development. This is demonstrated by comparing E8 and E14
CG neurite outgrowth on astrocyte CM and on astrocyte surfaces. Unlike E8 neurons, E14 CG
neurons failed to extend neurites on either astrocyte CM or laminin (Figure 1e; Table 1). The
inability of E14 CG neurons to extend neurites on either of these substrates may be due to
diminished laminin receptor function, since E14 neurons also attached poorly to laminin
compared with E8 neurons (Table 1). However, when cultured on astrocytes, about half of the
E14 CG neurons extended neurites in less than 16 hr (Figure 1f; Table 1), and this percentage
was not diminished by integrin β1, antibodies (Table 1). Thus, as is also true for embryonic
chick retinal neurons (Cohen et al., 1986, 1987; Hall et al., 1987), CG neurons that have lost
the ability to extend neurites on either astrocyte CM or laminin remain responsive to additional
factors produced by astrocytes. These factors have been postulated to be associated with the
astrocyte membrane (Tomaselli et al., 1986; Cohen et al., 1986, 1987) but could also be
diffusible neurite-promoting factors secreted by astrocytes (see Lindsay, 1979; Assouline et
al., 1987). In support of the former possibility, neurite extension by E14 neurons was dependent
on contact with astrocyte surfaces. When E14 CG neurons were grown on small “island
monolayers” of astrocytes centered on laminin-coated coverslips, their growth cones did not
grow off the astrocytes onto the surrounding laminin substrate (Figure 1g). In contrast, E8 CG
neurons, which are capable of responding to laminin, often grew from the astrocyte monolayers
onto the surrounding laminin substrates (Figure 1h).

Effects of N-Cadherin, N-CAM, and lntegrin β1 Antibodies on Neurite Outgrowth on Astrocyte
Surfaces

To identify molecules involved in neuronal process outgrowth on astrocyte cell surfaces, E8
and E14 neurons were cultured for 16−20 hr on confluent monolayers of astrocytes in the
presence of antibodies to neuronal cell surface proteins. These included antibodies to CAMS
as well as antibodies to ECM receptors. The percentage of neurons with neurites and the lengths
of neurites that grew on astrocyte surfaces in the presence or absence of these antibodies were
measured and compared. Anti-N-cadherin recognizes a 130 kd Ca2+-dependent CAM
expressed on the surfaces of avian neurons (Crittenden et al., 1987). When added at a
concentration known to maximally inhibit N-cadherin function, anti-N-cadherin IgG had a
strong inhibitory effect on both E8 and E14 CG neuronal process outgrowth on astrocyte
surfaces. A 1 mg/ml concentration of anti-N-cadherin IgG reduced the number of E8 neurons
that extended neurites on astrocytes by about 75% (Figures 2b and 2c; Figure 3a, closed
diamonds). In addition, the average length of those neurites that were extended in the presence
of anti-N-cadherin IgG was reduced by about 65% (Figure 4a). Similarly, anti-N-cadherin IgG
reduced the percentage of E14 neurons with neurites by about 85% (Figures 2e and 2f; Figure
3c, open squares), with a corresponding decrease of about 80% in the average length of those
neurites that grew (Figure 4b). N-cadherin antibodies did not appear to prevent the attachment
of CG neurons to the astrocyte monolayers, since many neurons remained adherent to the
astrocyte monolayers without extending neurites (see Figure 2). Fab’ fragments of anti-N-
cadherin IgG had similar, but weaker, effects on neurite outgrowth by both E8 (Figure 3b,
closed diamonds; Figure 4a) and E14 neurons (Figure 3c, closed diamonds; Figure 4b). Thus,
N-cadherin plays an important role in neuronal process outgrowth on astrocyte surfaces. N-
cadherin functions independently of neuronal receptors for laminin, since N-cadherin
antibodies had no demonstrable inhibitory effect on neurite extension on laminin substrates
(Figure 4c).

Two antibodies to the neural CAM (N-CAM) were also tested for their effects on CG neurite
outgrowth on astrocytes: a monoclonal antibody, 1A6, that recognizes N-CAM but does not
inhibit its function on CG neurons (Bixby et al., 1987; Watanabe et al., 1986) and a polyclonal
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anti-N-CAM serum that inhibits N-CAM function on chick CG neurons (Bixby and Reichardt,
1987; Bixby et al., 1987). Neither N-CAM antibody significantly diminished either the
percentage of E8 or E14 CG neurons with neurites or the average length of neurites (Figures
2a and 2d; Figure 3; Figures 4a and 4b). This was true when N-CAM antibodies were added
alone (Figure 3b, closed squares; Figure 3c, closed squares; Figures 4a and 4b) or in
combination with integrin β1 antibodies (Figure 3b; compare open squares with closed triangle;
Figures 4a and 4b).

Since astrocytes express ECM proteins on their surfaces in culture (Liesi et al., 1983; Asch et
al., 1986), ECM receptor antibodies might also be expected to affect neuronal process extension
on astrocytes. In contrast to the effects of N-cadherin antibodies, anti-integrin β1, IgG did not
significantly diminish the percentage of E8 CG neurons that had extended neurites in 16 hr
(Table 1; Figure 3a, compare closed triangles with closed diamonds). However, the average
length of E8 CG neurites that grew in the presence of anti-integrin β1 IgG was consistently
reduced by about 25% (Figure 3a, closed triangles; Figure 4a). Fab fragments of anti-integrin
β1 IgG had similar effects on E8 neurons (Figure 3b, closed triangles; Figure 4a). In contrast,
integrin β1 antibodies had little or no effect on E14 neurite outgrowth on astrocytes (Figure 3c,
closed triangles; Figure 4b). Thus, in addition to N-cadherin, ECM receptors whose functions
are inhibited by antibodies to the integrin β1 subunit play a role in E8 CG neurite outgrowth
on astrocytes. In contrast, integrin β1 receptors appear not to be important in E14 CG neurite
outgrowth on astrocytes. When added together with anti-N-cadherin IgG to cultures of E8 CG
neurons, anti-integrin β1 IgG appeared to enhance the inhibitory effect seen with anti-N-
cadherin alone, further reducing both the percentage of E8 neurons with neurites (Figure 3a,
open diamonds) and the average length of neurites that grew (Figure 4a). This enhanced
inhibitory effect was not simply a result of binding two different antibodies to the neuronal
surface, since addition of both integrin β1 and N-CAM antibodies did not significantly augment
the inhibition produced by anti-integrin β1 alone (Figure 3b, compare open squares with closed
triangles; Figure 4a) and addition of both N-cadherin and integrin β1 antibodies to E14 CG
neurons did not significantly enhance the inhibition seen with anti-N-cadherin alone (Figure
3c, compare open diamonds with closed diamonds; Figure 4b).

Discussion
By using antibodies that selectively inhibit neuronal receptors for adhesive proteins present on
cell surfaces (anti-N-cadherin) or in the ECM (anti-integrin β1), we have identified two receptor
systems that function in neuronal process outgrowth on astrocytes surfaces. Of the two,
interactions mediated by N-cadherin are of primary importance, since N-cadherin antibodies
greatly reduced both the percentage of neurons that initiated neurites and the average length
of those neurites that grew. The mechanism(s) by which a small percentage of CG neurons
extend short neurites in the presence of both N-cadherin and integrin β1 antibodies is unknown.
This residual outgrowth could be due to incomplete inhibition by the antibodies or could reflect
neurite-promoting activity by other .adhesive proteins, such as tenascin (also called cytotactin),
thrombospondin, or AMOG, that are expressed by CNS glial cells in vitro (Grumet et al.,
1985; Asch et al., 1986; Antonicek et al., 1987).

N-cadherin is a Ca2+-dependent CAM initially identified in avian neural retina (Grunwald et
al., 1982; Crittenden et al., 1987) and mouse brain (Hatta et al., 1985) and is expressed in many
tissues during embryonic development (Hatta et al., 1987). N-cadherin and the related
molecules E-cadherin (Ogou et al., 1983; see also Gallin et al., 1983; Hyafil et al., 1980;
Damsky et al., 1983) and P-cadherin (Nose and Takeichi, 1986) constitute a family of closely
related Ca2+-dependent CAMS with differing tissue distributions (Shirayoshi et al., 1986). E-
cadherin has recently been shown to mediate Ca2+-dependent cell-cell adhesion through a
homophilic binding mechanism (Nagafuchi et al., 1987). It therefore seems likely that N-
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cadherin functions in a homophilic manner as well. The proposed roles of N-cadherin in tissue
morphogenesis are many and include somite formation (Duband et al., 1987) and intercellular
adherens junction formation (Volk and Geiger, 1986a, 1986b; Volk et al., 1987). The transient
expression of N-cadherin in embryonic muscle during the period of motoneuron innervation
suggests that N-cadherin is involved in adhesion between nerve and muscle in vivo (Hatta et
al., 1987). Consistent with this hypothesis, it has recently been shown that N-cadherin functions
in peripheral motoneuron outgrowth on skeletal myotube surfaces in vitro (Bixby et al.,
1987). However, in contrast to the strong inhibitory effects of N-cadherin antibodies on CG
neurite outgrowth on astrocytes, anti-N-cadherin, when applied alone, has subtle effects on CG
neurite outgrowth on myotubes (Bixby et al., 1987). This appears to reflect the importance of
several adhesive systems, including N-CAM and ECM proteins, that function in addition to
N-cadherin in mediating neuronal process outgrowth on myotubes (Bixby et al., 1987).

The inhibition of neurite extension by N-cadherin antibodies appears not to be a trivial
consequence of preventing neuronal attachment to the astrocyte monolayers. Instead, neurons
grown on astrocytes in the presence of N-cadherin antibodies appeared to adhere efficiently to
the astrocyte monolayers and, in some cases, extended short neurites with abundant filopodia
and enlarged growth cones (see Figures 2c and 2f). These observations suggest that the adhesive
interactions important for process extension on astrocytes may be only a subset of those that,
in sum, contribute to neuron-astrocyte adhesion. For example, the glycoproteins N-CAM, Ng-
CAM, AMOG, and tenascin (or cytotactin) may function in neuronal adhesion to astrocytes
(Keilhauer et al., 1985; Grumet and Edelman, 1984; Antonicek et al., 1987; Kruse et al.,
1985; Grumet et al., 1985). Thrombospondin, an ECM protein synthesized by astrocytes (Asch
et al., 1986), may also serve similar adhesive functions (Tuszynski et al., 1987). Despite the
adhesive properties of these glycoproteins, they appear not to stimulate neurite outgrowth
efficiently when N-cadherin function is inhibited. Thus, although N-cadherin may be only one
of several adhesive factors that mediate neuronal attachment to astrocytes, the binding of N-
cadherin to its “ligand” on astrocyte surfaces, probably N-cadherin itself, appears to play a
particularly prominent role in neurite extension. In contrast, our results do not support a role
for the Ca2+-independent adhesion molecule, N-CAM, in CG neurite extension on astrocytes.

The inhibitory effects of antibodies to the integrin β1 subunit on CG neurite outgrowth on
astrocytes demonstrate a role for ECM receptors in mediating neuronal interactions with CNS
glia. Since integrin β1 antibodies have been shown to inhibit neuronal interactions with several
ECM proteins, including laminin, fibronectin, and type IV collagen (Bozyczko and Horwitz,
1986; Tomaselli et al., 1986, 1987; Hall et al., 1987), it is difficult to state conclusively which,
if any, of these proteins contribute to process outgrowth on astrocyte surfaces. However,
laminin expression by astrocytes or astroglial precursors in vitro (Liesi et al., 1983; Selak et
al., 1985) and in vivo (Liesi, 1985a, 1985b; Liesi et al., 1984; Cohen et al., 1987; Letourneau
et al., 1988), is consistent with a role for laminin in neuron-astrocyte interactions. It has been
suggested that the failure of astrocytes to express laminin after injury is responsible, in part,
for the inability of mammalian CNS neurons to regenerate (McLoon, 1986; Carbonetto et al.,
1987; Smith et al., 1986). However, data presented here suggest that interactions involving
laminin may be less effective than those involving N-cadherin in stimulating neurite outgrowth
on astrocytes.

E14 CG neurons that have lost the ability to extend neurites on either laminin or astrocyte CM
(or heart cell CM; see Collins and Lee, 1982) remain capable of extending neurites on astrocytes
in an N-cadherin-dependent fashion (see Figures 2d and 2e). Thus, CG neuronal responses to
ECM- and cell-associated neurite-promoting factors appear to be regulated independently
during neural development. In this respect, CG neurons are similar to embryonic chick retinal
ganglion neurons that, between E6 and E11, also lose the ability to attach to and extend neurites
on laminin but remain responsive to astrocyte surfaces (Cohen et al., 1986, 1987; Hall et al.,
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1987). In contrast to their younger counterparts, most E14 CG axons and E12 retinal ganglion
cell axons have contacted and synapsed on their target cells in the eye or optic tectum,
respectively (Landmesser and Pilar, 1974a, 1974b; Goldberg, 1974). This raises the possibility
that contact with synaptic targets regulates neuronal responses to laminin (see Cohen et al.,
1987). The diminished capacity of both E14 CG neurons and E12 retinal neurons to attach to
laminin (see Table 1; Hall et al., 1987) suggests that laminin receptor function is modified in
these cells during neural development. Since integrins function as receptors for laminin
(Horwitz et al., 1985; Buck et al., 1986), changes in the levels of expression and/or the
functional state of neuronal integrins could account for decreased laminin-binding by CG and
retinal neurons. Differences in the expression of integrin subunits have been observed between
E6 and E11 avian neural retinal cells (Hall et al., 1987). Phosphorylation of the cytoplasmic
domain of the avian fibroblast integrin β1 subunit reduces the binding of solubilized integrin
complexes to the ECM protein fibronectin (Buck and Horwitz, 1988). Similar posttranslational
modifications of neuronal integrins might account for decreased neuronal adhesion to laminin.
It is also possible, however, that the loss of laminin response reflects changes in other cell
surface proteins that may also participate in neuronal responses to laminin (see Smalheiser and
Schwartz, 1987).

The molecular mechanisms underlying growth cone guidance are largely unknown, but have
been the subject of much speculation (see Harrison, 1935; Sperry, 1963; Letourneau, 1985). It
has long been suggested that growth cones express specific receptors which regulate the extent
and orientation of axon growth. In the present report, we have identified two distinct neuronal
receptor systems that mediate neurite outgrowth on astrocyte surfaces. Integrin β1 receptors
recognize adhesive proteins in the ECM, and N-cadherin recognizes a ligand (possibly N-
cadherin itself) expressed on the membranes of other cells (e.g., astrocytes and skeletal
myotubes). These two receptor systems function independently (since inhibition of one does
not prevent neurite outgrowth mediated by the other; see Figure 4c) but, together, contribute
to process extension. N-cadherin and integrins probably represent only two of many neuronal
receptors that function in neurite outgrowth (see Chang et al., 1987; Lagenaur and Lemmon,
1987; Bixby et al., 1987). The mechanisms by which growth cone guidance is affected by the
binding of these and other membrane receptors to adhesive molecules associated with the
growth substrate are unknown. However, the fact that both integrin β1 receptors and N-cadherin
appear to interact with proteins regulating cytoskeletal function (Horwitz et al., 1986; Geiger
et al., 1985; Volk et al., 1987) suggests one possible way in which growth cone morphology
and motility are regulated by the binding of neuronal cell surface receptors to adhesive proteins
expressed along axon pathways.

Experimental Procedures
Animals

Newborn Sprague-Dawley rats were purchased from Bantin and Kingman (Fremont, CA).
Fertile White Leghorn chicks were from Feather Hill Farm (Petaluma, CA) and were incubated
at 38°C and 95% humidity until use.

Chemicals and Reagents
Murine laminin was purified from Engelbreth-Helm-Swarm sarcoma tumors using published
procedures (Timpl et al., 1982; Kleinman et al., 1982). DEAE cellulose (DE52) was from
Whatman (Clifton, NJ). Protein A Sepharose CL-4B was from Pharmacia (Piscataway, NJ).
All other chemicals were purchased from Sigma (St. Louis, MO).
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Antibodies
The hybridoma cell line secreting the CSAT monoclonal antibody (Neff et al., 1982) was the
generous gift of Dr. A. F. Horwitz. Hybridoma cell lines secreting the JC22 (Greve and
Gottlieb, 1982) and the 224-1A6-A1 (referred to here as 1A6; Lemmon et al., 1982) monoclonal
antibodies were kindly provided by Dr. D. I. Gottlieb. The 1A6 monoclonal antibody is
identical to the 105 monoclonal antibody, which binds to an extracellular N-CAM epitope that
is close to the cell membrane and spatially distinct from the N-CAM binding domains
(Watanabe et al., 1986). The hybridoma cell line secreting the A2B5 monoclonal antibody was
purchased from the American Type Culture Collection (Rockville, MD). 1A6 and JC22 IgG
were purified from ascites fluid by ammonium sulfate precipitation and ion exchange
chromatography on DEAE cellulose as described by Hudson and Hay (1980). CSAT IgG was
purified on protein A Sepharose CL-4B as described by Neff et al. (1982). Fab fragments of
1A6, CSAT, and JC22 IgG were prepared by digestion with papain followed by
chromatography on DEAE cellulose (Hudson and Hay, 1980). Anti-N-CAM serum was
generated in New Zealand White rabbits against N-CAM purified from embryonic chick brain
as described by Bixby and Reichardt (1987). The N-CAM antiserum recognizes all three forms
of N-CAM (Id, sd, and ssd) in immunoblots of embryonic chick brain proteins (Bixby and
Reichardt, 1987). The anti-N-cadherin serum was generated in New Zealand White rabbits
against a purified 90 kd proteolytic fragment of a 130 kd Ca2+-dependent CAM expressed by
embryonic avian neural retinal cells (Crittenden et al., 1987). The anti-N-cadherin serum
recognizes a single 130 kd protein in immunoblots of chick retinal membrane proteins
separated by two-dimensional gel electrophoresis (Crittenden et al., 1987). This protein, which
was previously termed NcalCAM Crittenden et al., 1987; Bixby et al., 1987), cross-reacts with
monoclonal antibodies to chick N-cadherin kindly provided by Dr. M. Takeichi (Lilien et al.,
unpublished observations). Anti-N-CAM and anti-N-cadherin IgGs were purified by
ammonium sulfate precipitation and ion exchange chromatography on DEAE cellulose as
described by Hudson and Hay (1980). Fab’ fragments of anti-N-CAM and anti-N-cadherin
IgGs were prepared by pepsin digestion followed by reduction and alkylation as described by
Hudson and Hay (1980). Antibodies to glial fibrillary acidic protein (GFAP) were kindly
provided by Dr. L. F. Eng.

Isolation of Astrocytes and Neurons
Astrocytes were prepared from neonatal rat cortices following publishing procedures (Noble
et al., 1984; Fallon, 1985a, 1985b). Briefly, cortices were dissected free of other brain tissue,
including the olfactory bulbs and hippocampi. Following trypsinization, cortices were
triturated into a single cell suspension using a Pasteur pipet. The cell suspension was filtered
through sterile lens paper before plating at a density of about 5 × 106 viable cells per 25 cm2

tissue culture flask. Cells were grown until nearly confluent (approximately 7−10 days) in
Dulbecco's modified Eagle's medium (DME H21; UCSF cell culture facility) supplemented
with 10% FCS, 100 U/ml penicillin/streptomycin, and 2 mM glutamine. Cultures were then
shaken vigorously on a platform shaker (∼120 rpm) overnight at 37°C. Adherent cells were
passaged in PBS with 0.05% trypsin and 5 mM EDTA and split 1:3. After 16 hr, the cultures
were pulsed twice for 48 hr each with growth medium supplemented with 10−5 M cytosine β-
D-arabinofuranoside. Astrocyte cultures generated in this way were then stable for several
weeks. Immunofluorescent studies demonstrated that greater than 90% of the cells in these
cultures expressed the astrocyte marker GFAP. About 90% of the GFAP-positive cells were
flat and polygonal in shape and were similar to type I astrocytes derived from rat optic nerve
(Raff et al., 1983a, 1983b). About 5%−10% of the GFAP-positive cells were process-bearing
and, like type II astrocytes, expressed the cell surface gangliosides recognized by the A2B5
monoclonal antibody (Raff et al., 1983a, 1983b).
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Ciliary ganglia from E8 or E14 White Leghorn chick embryos were enzymatically dissociated
in Ca2+- and Mg2+-free PBS with 0.1% trypsin, and to maximize neuronal viability, dissociated
neurons were cultured in the presence of 3% chick eye extract as previously described (Bixby
and Reichardt, 1985; Nishi and Berg, 1981; Collins and Lee, 1982).

Substrate Preparation
Tissue culture microwells (0.28 cm2 surface area) were coated overnight at 4°C with laminin
(10 μg/ml in PBS). For astrocyte CM substrates, microwells were first coated with poly-D-
lysine (1 mg/ml in H2O) overnight at 4°C. After rinsing with sterile PBS, the wells were
incubated with 100 μl of medium that had been conditioned for 7 days over confluent astrocyte
cultures. Substrates coated with laminin or astrocyte CM were washed with sterile PBS.
Dissociated neurons were plated at a density of about 50 neurons per mm2 in 100 μl of growth
medium with or without antibodies and cultured 16−20 hr.

CG Neuron-Astrocyte Cocultures
Since the N-cadherin, N-CAM, and integrin β1 antibodies were all generated against avian
glycoproteins, embryonic chick CG neurons were selected for culturing on rat astrocytes to
study the role of these target antigens in neurite outgrowth. For neuron-astrocyte cocultures,
astrocytes were passaged onto 13 mm round glass coverslips that had been precoated with 1
mg/ml poly-D-lysine in H2O. For some experiments, approximately 50,000 astrocytes were
plated per coverslip and cultured at least 24 hr to yield a monolayer of cells covering the entire
coverslip. In some experiments, small island monolayers of astrocytes (about 5 mm in
diameter) were prepared in the center of laminin-coated coverslips as previously described
(Tomaselli et al., 1986). About 5,000−10,000 CG neurons were added per coverslip and
cultured 16−24 hr in the absence or presence of antibodies that had been sterile-filtered through
0.22 μm nitrocellulose filters (Millipore, Bedford, MA). Each antibody was added to cultures
at concentrations previously determined to be saturating with respect to inhibition of their target
antigens (see Tomaselli et al., 1986; Crittenden et al., 1987; Bixby et al., 1987).

CG Neuron Attachment Assay
The attachment of E8 and E14 CG neurons to laminin-coated substrates was measured using
an assay described by Hall et al. (1987). Briefly, laminin-coated microwells were blocked for
3 hr at 25°C with PBS plus 10 mg/ml BSA. Dissociated CG neurons were resuspended in PBS
plus 1 mM CaCl2 and 0.5 mM MgCl2 and allowed to attach in the absence or presence of
integrin β1 antibodies for 90 min at 37°C (∼10,000 neurons per 0.28 cm2 well). Unattached
cells were removed by pipetting 50 μl of PBS down each of two opposite sides of the well, and
supernatants were carefully removed. Attached neurons were unambiguously identified on
morphological criteria and were counted on a Zeiss IM microscope using a 40× water
immersion lense. Attachment of neurons to laminin was compared with attachment to the
highly adhesive substrate poly-D-lysine, to which about 80% of the .neurons attached (Hall et
al., 1987). Less than 5% of the input cells attached to uncoated microwells that had been blocked
with BSA.

Immunofluorescence
Neuron-astrocyte cocultures were fixed in PBS plus 3.7% paraformaldehyde and 5% sucrose,
permeabilized with 0.05% saponin in PBS, and incubated 60 min at 25°C with mouse
monoclonal antibody A2B5 ascites fluid diluted 11500 in PBS plus 0.05% saponin and 1%
goat serum. The A2B5 antibody brightly stains the cell bodies, neurites, and growth cones of
embryonic chick CG neurons (unpublished observations). After washing in PBS, cells were
incubated in a 1:150 dilution of goat anti-mouse antibodies coupled to rhodamine
isothiocyanate and processed as previously described (Tomaselli et al., 1986).
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Analysis of Neurite Outgrowth on Astrocyte Surfaces
CG neuron-astrocyte cocultures that were fixed and stained with the A2B5 monoclonal
antibody were viewed with a Zeiss IM microscope equipped with rhodamine optics. Tracings
of fluorescent CG neurites in contact with the astrocyte monolayer along their entire course
were drawn to scale using a camera lucida. Neurons were selected randomly, and only those
neurites that could be visualized in their entire extent and were not fasciculated with other
neurites were traced. Tracings were measured on a computerized digitizing pad (GTCO, Inc.,
Rockville, MD) and standardized with tracings of known length made previously using a stage
micrometer and an eyepiece micrometer. Neurites from 30−35 neurons were measured for each
experimental condition, and the total neuritic output of each neuron was computed by summing
the lengths of individual neurites. The data for each experimental condition were normalized
to the percentage of neurons in each culture, with neurites greater than 2 cell body diameters
in length (approximately 20 μm), which had been counted earlier on the same coverslips, to
yield the final length distribution curves (see Figure 3).
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Figure 1. E8 and E14 CG Neuronal Process Outgrowth on Primary Cortical Astrocytes and on
Substrates Coated with Astrocyte CM
Neurons were visualized either by phase contrast or, when grown on astrocyte monolayers, by
immunofluorescent staining with the A2B5 monoclonal antibody. (a) E8 CG neurons grown
16 hr on an astrocyte CM substrate. (b) E8 CG neurons grown 16 hr on a monolayer of
astrocytes. (c) E8 CG neurons grown 16 hr on an astrocyte CM substrate in the presence of
100 μg/ml anti-integrin β1 (JG22) IgG. Note process outgrowth is inhibited. (d) E8 CG neurons
grown 16 hr on astrocyte surfaces in the presence of 1 μg/ml anti-integrin β1 (JG22) Fab. Note
process outgrowth is not prevented as it is on astrocyte CM (e) E14 CG neurons grown 16 hr
on astrocyte CM. Arrows mark E14 neurons that do not respond to astrocyte CM (f) E14 CG
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neurons grown 16 hr on astrocyte surfaces. Note E14 CG neurons extend long neurites on
astrocyte surfaces. (g) E14 CG neurons cultured 16 hr on small astrocyte islands centered on
laminin-coated, glass coverslips. Note E14 CG neurites do not extend off of the astrocyte
monolayer. (h) In contrast to E14 neurites, E8 neurites often grow off the astrocyte islands onto
the surrounding laminin substrates. Arrowheads in (g) and (h) mark the boundary between the
astrocyte monolayer and the surrounding laminin substrate. Bars, 10 μm. Bar in (a) also applies
to (c) and (e); bar in (b) also applies to (d) and (f-h).
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Figure 2. E8 and E14 CG Neuronal Process Outgrowth on Astrocyte Surface Is Strongly Inhibited
by Anti-N-Cadherin but Not Anti-N-CAM
Neurons were grown 16 hr on astrocyte surfaces in the presence of polyclonal anti-N-CAM
IgG (a and d; 1 mg/ml), anti-N-cadherin IgG (b and c; 1 mg/ml), or anti-N-cadherin Fab’ (e
and f; 1 mg/ml). The majority of E8 (a-c) and E14 (d-f) CG neurons were prevented from
initiating neurites in the presence of N-cadherin antibodies. However, short neurites with
enlarged growth cones were sometimes seen (arrows in c and f). Process outgrowth in the
presence of anti-N-CAM appears to be unaffected (a and d). Neurons were visualized by
immunofluorescent staining with the A2B5 monoclonal antibody and were readily
distinguished from A2B5-positive astrocytes using morphological criteria. Bar, 10 μm.
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Figure 3. Distribution of the Lengths of CG Neurites Extended on Astrocyte Surfaces in the
Presence of Antibodies to N-Cadherin. N-CAM, and Integrin β1
E8 (a and b) or E14 (c) CG neurons were cultured 16−20 hr on astrocyte monolayers in the
presence of different antibodies, and camera lucida tracings of fixed and stained neurites were
measured. The percentage of neurons with neurites greater than a certain length (vertical axis)
is expressed as a function of neurite length (horizontal axis). Each graph consists of
determinations made on individual cultures from the same experiment. (a) Distribution of
neurite lengths of E8 CG neurons grown on astrocytes in the presence of 1A6 IgG (∼500 μg/
ml; Δ), anti-integrin β1 (CSAT) IgG (100 μg/ml; ▲), anti-N-cadherin IgG (1 mg/ml; ◆), or
anti-integrin β1 (CSAT) IgG plus anti-N-cadherin IgG (100 μg/ml and 1 mg/ml, respectively;
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◇). In this experiment, 1A6 IgG served as a control antibody since it has no significant effect
on neurite outgrowth on astrocyte surfaces (see Figures 4a and 4b).
(b) Distribution of neurite lengths of E8 CG neurons grown on astrocytes in the absence of
antibodies (△) or in the presence of anti-N-CAM Fab’ (1 mg/ml; ■), anti-integrin β1 (JG22)
Fab’ (1 mg/ml; ▲), anti-integrin β1 (JG22) Fab plus anti-N-CAM Fab’ (1 mg/ml each; □),
anti-N-cadherin Fab’ (1 mg/ml; ◆), or anti-integrin β1 (JG22) Fab plus anti-N-cadherin Fab’ (1
mg/ml each; ◇).
(c) Distribution of neurite lengths of E14 CG neurons grown on astrocytes in the absence of
antibody (Δ) or in the presence of anti-N-CAM Fab’ (1 mg/ml; ■), anti-integrin β1 (JG22) Fab
(1 mg/ml; ▲), anti-N-cadherin Fab’ (1 mg/ml; ◆), anti-integrin Fab’ plus anti-integrin β1
(JG22) Fab (1 mg/ml each; ◇), or anti-N-cadherin IgG (1 mg/ml; □).
Symbol Summary: △, control; ▲, anti-integrin β1; ◆, anti-N-cadherin; ◇, anti-integrin β1
plus anti-N-cadherin; ■, anti-N-CAM; □, anti-N-CAM plus anti-integrin β1 in (b), anti-N-
cadherin IgG in (c).
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Figure 4. Average Total Length of Neurites Extended by E8 or E14 CG Neurons on Astrocytes or
on Laminin in the Presence of Different Antibodies
Values are expressed as percentage of the neurite length in the absence of added antibodies
(positive control). In (a) error bars represent the standard error of determinations made on 30
−35 neurons per condition. In (b), error bars represent the range of average neurite lengths
from two different experiments (total 60−70 neurons per condition). (a) E8 CG neurons were
grown 16−20 hr on astrocytes in the absence of antibodies or in the presence of 1A6 Fab (1
mg/ml), anti-N-CAM IgG (1 mg/ml), anti-N-CAM Fab’ (1 mg/ml), anti-integrin β1 (CSAT)
IgG (100 μg/ml), anti-integrin β1 (JG22) Fab (1 mg/ml), anti-integrin β1 (JG22) Fab plus anti-
N-CAM Fab’ (1 mg/ml each), anti-N-cadherin IgG (1 mg/ml), anti-N-cadherin Fab’ (1 mg/
ml), anti-N-cadherin Fab’ plus anti-integrin β1 (JG22) Fab (1 mg/ml each), or anti-N-cadherin
IgG plus anti-integrin β1 (CSAT) IgG (1 mg/ml and 100 μg/ml, respectively). (b) E14 CG
neurons were grown 16−20 hr on astrocytes in the presence of 1A6 Fab (1 mg/ml), anti-N-
CAM Fab’ (1 mg/ml), anti-integrin β1 (JG22) Fab (1 mg/ml), anti-N-cadherin Fab’ (1 mg/ml),
anti-N-cadherin Fab’ plus anti-integrin β1 (JG22) Fab (1 mg/ml each), or anti-N-cadherin IgG
(1 mg/ml). (c) E8 CG neurons were grown 16 hr on laminin substrates in the absence of added
antibodies or in the presence of 1 mg/ml anti-N-cadherin IgG.
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