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Abstract. We have examined the effects of collagen
IV on the morphological development of embryonic
rat sympathetic neurons in vitro. In short-term

(€24 h) culture, collagen IV accelerated process out-
growth, causing increases in the number of neurites
and total neuritic length. Analysis of proteolytic frag-
ments of collagen IV indicated that the NC1 domain
was nearly as active as the intact molecule in stimulat-
ing process outgrowth; in contrast, the 7S domain and
triple helix-rich fragments of collagen IV were inac-
tive. Moreover, anti-NC1 antiserum inhibited neuritic
outgrowth on collagen IV by 79%. In long-term (up to
28 d) cultures, neurons chronically exposed to colla-
gen IV maintained a single axon but failed to form
dendrites. Thus, the NC1 domain of collagen IV can
alter neuronal development by selectively stimulating
axonal growth.

Comparison of collagen I'V’s effects to those of lami-
nin revealed that these molecules exert quantitatively
different effects on the rate of initial axon growth and
the number of axons extended by sympathetic neurons.
Moreover, neuritic outgrowth on collagen IV, but not
laminin, was blocked by cycloheximide. We also ob-
served differences in the receptors mediating the
neurite-promoting activity of these proteins. Two
different antisera that recognize §; integrins each
blocked neuritic outgrowth on both collagen IV and
laminin; however, an mAb (3A3) specific for the o3
integrin inhibited collagen IV but not laminin-induced
process growth in cultures of both sympathetic and
dorsal root neurons. These data suggest that immuno-
logically distinct integrins mediate the response of pe-
ripheral neurons to collagen IV and laminin.

numerous aspects of neural development, including

cellular migration, process outgrowth, synaptogene-
sis, and myelination (reviewed in Sanes, 1989). The most po-
tent and effective protein within neural ECM appears to be
laminin, which has been shown to be involved in nerve re-
generation in situ (Sandrock and Matthew, 1987). Tissue
culture studies reveal that laminin can increase the number
of processes extended by neurons in vitro and/or the rate at
which they grow (reviewed by Reichardt et al., 1989; Sanes,
1989; Sephel et al., 1989), and can also participate in the
guidance of growth cones (Hammarback et al., 1988). Addi-
tionally, laminin may play a role in neuronal morphogenesis
since its actions have recently been shown to be process-
specific. That is, laminin has been shown to selectively mod-
ulate axonal but not dendritic growth in sympathetic (Lein
and Higgins, 1989) and hippocampal neurons in vitro (Lein,
P. ], G. A. Banker, and D. Higgins, manuscript in prepa-
ration).

EXTRACELLULAR matrix (ECM)! molecules influence

1. Abbreviations used in this paper: ECM, extracellular matrix; PIV, pep-
sinized collagen IV.
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In addition to laminin, the peripheral nervous system con-
tains other ECM components such as collagen IV, nido-
gen/entactin, fibronectin, and heparan sulfate proteoglycan.
That these other molecules play significant roles in neuronal
development and regeneration is suggested by demonstra-
tions that laminin alone is not sufficient to explain either
migration or process outgrowth and guidance phenomena in
situ (Reichardt et al., 1989; Sanes, 1989). One ECM protein
which may be an important modulatory factor in the devel-
opment and regeneration of the peripheral nervous system is
collagen IV. Type IV collagen, which is synthesized by glial
cells (Carey et al., 1983), is present in both fiber tracts and
ganglia of the peripheral nervous system (Bunge et al.,
1989). Within the peripheral nervous system, collagen IV
serves as a structural component of the endoneurial base-
ment membrane, providing tensile strength as well as a
scaffold with which other basement membrane components
can associate (Timpl, 1989). However, recent evidence indi-
cates that collagen IV can also directly affect cellular func-
tions. In nonneuronal cells, it regulates attachment, migra-
tion, and morphological differentiation (Kleinman et al.,
1982a; Aumailley and Timpl, 1986; Chen and Little, 1987,
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Herbst et al., 1988; Chelberg et al., 1989). Collagen IV also
promotes neuritic outgrowth in select neuronal cell. types
(Carbonetto et al., 1983; Hall et al., 1987; Tomaselli et al.,
1987, Politis, 1989; Turner et al., 1987). The domains of the
molecule responsible for this latter activity, as well as the
identity of the processes affected, have not been previously
defined.

To further elucidate the role of collagen IV in the periph-
eral nervous system, the present study was initiated to (a)
define the domain(s) of the collagen IV molecule which
affect neuritic outgrowth; (b) characterize collagen IV’s
effects on axonal and dendritic development in sympathetic
neuron in vitro; and (¢) compare these effects to those in-
duced by the well-characterized neurite-promoting factor,
laminin. In addition, we sought to identify the receptor for
collagen IV in peripheral neurons. Previous in vitro studies
indicate that the neurite-promoting activities of collagen IV
and laminin are mediated primarily by receptors of the 3,
integrin family (Hall et al., 1987; Tomaselli et al., 1987,
1988). The recent development of antisera specific for in-
dividual « integrin subunits has led to the identification of
the a0, integrin as a receptor that mediates process out-
growth on laminin in human neuroblastoma cells (Clegg et
al., 1989); and the «,8; integrin as a dual collagen IV/lami-
nin receptor in PC12 cells (Turner et al., 1989; Tawil et al.,
1990; Tomaselli et al., 1990). In this study, we demonstrate
that an mAb (3A3) specifc for the o, integrin inhibits col-
lagen IV but not laminin-induced process outgrowth in pri-
mary cultures of sympathetic and dorsal root sensory neu-
rons. These data suggest that, for neurons of the peripheral
nervous system, the o3, integrin serves primarily as a col-
lagen IV receptor and a different integrin mediates responses
to laminin. Since mAb 3A3 has also been shown to retard
axonal regeneration in the sciatic nerve in situ (Toyota et al.,
1990), our observations suggest a regulatory role for colla-
gen IV in the growth of axons of peripheral neurons.

Materials and Methods

ECM Proteins and Enzymatic Digests

Collagen IV and laminin were purified from the murine Engelbreth-Holm-
Swarm tumor as previously described (Kleinman et al., 19825). Laminin
was radiolabeled by the Iodogen method (Haas and Bright, 1985), using
Na'?T (28 uCi/pl) from Amersham Corp. (Arlington Heights, IL) and Io-
dogen from Pierce Chemical Co. (Rockford, IL). Type IV collagen and col-
lagen IV-derived peptides were radioiodinated as described by Markwell
(1982) using Na'>I (10 uCi/ul) from ICN K & K Laboratories Inc. (Plain-
view, NY) and IODO-BEADS from Pierce Chemical Co. Human plasma
fibronectin was purchased from Bethesda Research Laboratories (Gaithers-
burg, MD); human serum fibrinogen was obtained from Calbiochem-
Behring Corp. (La Jolla, CA). Rat tail tendon type I collagen was purified
according to the procedure of Bornstein (1958). Previously described
methods were used to prepare the NC1 (Timpl et al., 1985) and 7S domains
(Timpl et al., 1981) of native type IV collagen. Pepsinized type IV collagen
depleted of the 7S domain was prepared as described by Timpl et al. (1983).
The purity of all collagen IV peptides was assessed by SDS-PAGE and by
diode array multi-wavelength analysis spectrophotometry downstream from
a C18 pbond pac reverse phase column.

Antibodies

Goat antimouse laminin antibody (polyclonal, monospecific), rabbit an-
timouse type IV collagen antibody (affinity purified), and anti-7S domain
of type IV collagen (also affinity purified) were prepared as previously de-
scribed (Terranova et al., 1980; Liotta et al., 1981; Foidart et al., 1980).
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Speciﬁcify was determined by ELISA and dot blot assays. Antilaminin anti-
bodies did not cross-react with native type IV collagen, fibronectin, or
heparan sulfate proteoglycan. Anticollagen IV antibody did not recognize

- the native 900-kD laminin molecule or heparan sulfate proteoglycan. Anti-

78 antibody did not cross-react with the NC1 domain of type IV collagen,
with laminin, or with heparan sulfate proteoglycan. Rabbit antimouse poly-
clonal antiserum specific for the NC1 domain of type IV collagen (Tsilibary
and Charonis, 1986) was generously donated by Dr. Effie Tsilibary (Univer-
sity of Minnesota). A goat antiserum (anti-gpl40, here referred to as anti-
ECMR) which was raised against purified adhesion-related, 140 kD, inte-
gral membrane glycoproteins from BHK cells (Knudsen et al., 1981) was
the generous gift of Dr. Karen Knudsen (Lankenau Medical Research Cen-
ter, Philadelphia, PA). The IgG fraction of antiserum recognizing the rat
B1 integrin subunit (Gullberg et al., 1989) was kindly provided by Dr.
Kristofer Rubin (University of Uppsala). The mAb designated 3A3 which
specifically recognizes the «13; integrin (Ignatius et al., 1990; Tawil et al.,
1990) was prepared as previously described (Turner et al., 1989).

Cell Surface Labeling and Immunoprecipitation

Membrane proteins of sympathetic neurons (~20 dissociated ganglia) in
culture at high density for 1 wk were iodinated enzymatically with lac-
toperoxidase and Na'?’I (1 »Ci/ml) as described by Gullberg et al. (1990).
Labeled cells were rinsed extensively with DME then extracted with 1 ml
of PBS containing 1% Triton X-100, 1 mM CaCl;, 1 mM MgCl;, 5§ ug/ml
leupeptin, 0.5 mM phenylmethanesulfonylfluoride, and 2 ug/ml pepstatin
A. Immunoprecipitates of these cell extracts were obtained using purified
mAb 3A3 coupled to Affi-Gel 10 beads (Bio-Rad Laboratories, Cambridge,
MA) as described by Turner et al. (1989). Protein bound to 3A3-coupled
beads was eluted in nonreducing SDS sample buffer (Laemmli, 1970) and
analyzed by SDS-PAGE (5% acrylamide).

Tissue Culture

Using previously described methods, suspensions of dissociated superior
cervical ganglion (20-21 d; Lein and Higgins, 1989) or lumbar dorsal root
ganglion (15-16 d; Bunge et al., 1983) neurons were obtained from Holtz-
mann Co. (Madison, WI) rat fetuses, plated at densities ranging from 3-8
cells/mm? onto glass coverslips (Bellco Glass, Inc., Vineland, NJ) pre-
coated with poly-D-lysine (100 ug/ml; Sigma Chemical Co., St. Louis,
MO), and maintained in a serum-free medium (Lein and Higgins, 1989).
This medium contains a maximally effective concentration (100 ng/ml) of
f3-nerve growth factor that allows the long-term survival (3 2 mo) and growth
of sympathetic neurons in culture (Bruckenstein and Higgins, 1988a). Cy-
tosine-gB-D-arabinofuranoside (1 xM) was added to the medium of all cul-
tures on the second and third days and this exposure was usually sufficient
to render them virtually free of nonneuronal cells for 30-40 d (Tropea et
al., 1988).

Cultures were exposed to ECM proteins either by binding these proteins
to a polylysine-coated substrate before the addition of cells (precoating), or
by adding these factors directly to the culture medium. To precoat,
polylysine-coated coverslips were soaked in 1 ml of a solution containing
the factor at concentrations indicated in the text for at least 4 h at 4°C. Colla-
gens [ and IV, collagen IV-related peptides, fibronectin, and fibrinogen were
diluted in sterile H,O. Laminin was diluted in DME (Gibco Laboratories,
Grand Island, NY). Before the addition of cells, coverslips were rinsed
twice with DME. The amount of collagen IV, collagen IV-derived proteo-
lytic fragments, or laminin that bound to the substrate under these condi-
tions was quantitated using radiolabeled proteins.

Immunocytochemistry

Cultures were immunostained with antibodies previously shown to selec-
tively react with either dendritic or axonal antigens, both in situ and in vitro.
An mAb to the nonphosphorylated forms of the M and H neurofilament
subunits (SMI32; Sternberger-Meyer Immunochemicals, Jarrettsville, MD)
was used as a dendritic marker (Sternberger and Sternberger, 1983; Bruck-
enstein and Higgens, 1988a). Axonal probes included antibodies specific
for synaptophysin (SY 38; Boehringer-Mannheim Biochemicals [Indi-
anapolis, IN]; Weidenmann and Franke, 1985), and phosphorylated forms
of either the H (NE14; Boehringer-Mannheim; Shaw et al., 1986) or the
M and H (SMI31; Sternberger-Meyer Immunochemicals; Sternberger and
Sternberger, 1983) neurofilament subunits. All antigens were localized by
indirect immunofluorescence as described in Lein and Higgins (1989).
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Figure 1. Phase-contrast micrographs of sympathetic neurons after
24 h in vitro. Most neurons plated onto polylysine in the absence
of collagen IV generally had not extended neurites by 24 h. Those
neurons on polylysine that had initiated neurite outgrowth (4) typi-
cally had one short, wide, unbranched process which ended in a
prominent growth cone. In contrast, neurons plated onto coverslips
precoated with collagen IV at 100 ug/ml (B) typically extended one
thin neurite of substantial length which was often highly branched.
Under both culture conditions, cytoplasmic veils often surrounded
neuronal somata. Bar, 25 um.

Dye Injections and Morphometry

Intracellular injections of Lucifer yellow (method of Higgins et al., 1988)
were used to evaluate the number of axons and number of primary dendrites
extended by neurons in long-term cultures (3-28 d). Axons were distin-
guished from dendrites using standard light microscopic criteria (Brucken-
stein and Higgins, 1988a). Previous studies have indicated that the pro-
cesses of sympathetic neurons in culture identified as axons or dendrites
using these light microscopic criteria also express appropriate cytochemi-
cal, immunological, and ultrastructural properties (Peng et al.,, 1986;
Bruckenstein and Higgins, 1988a,b; Tropea et al., 1988). To measure total
neuritic length in short-term cultures (€24 h), camera lucida drawings of
neurons visualized by phase-contrast microscopy were analyzed using a Jan-
del Scientific digitizing tablet and Sigmascan software (Jandel Scientific,
Corte Madera, CA). In all morphometric studies, only isolated neurons,
i.e., neurons whose cell bodies were at least 150 um from the soma of their
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nearest neighbor, were analyzed, since earlier studies (Bruckenstein and
Higgins, 1988a) demonstrated that density-dependent changes in cellular
morphology occur when cell bodies are separated by lesser distances. Only
processes whose length was greater than the diameter of the cell body were
scored. At least 30 randomly chosen neurons (210 neurons from three
different cultures) were evaluated for each experimental condition. Each ex-
periment was replicated in cultures obtained from at least two different dis-
sections. Unless otherwise specified, all data in the text are from a single
representative culture series. Data in the text are expressed as the mean +
SEM. The percentage of inhibition of neuritic growth was calculated as 100
x {l — [(growth on ECM molecule in the presence of inhibiting agent —
growth on polylysine in the presence of inhibiting agent)/(growth on ECM
molecule in the absence of inhibiting agent — growth on polylysine in the
absence of inhibiting agent)]}.

Results

Collagen 1V Promotes Neuritic Qutgrowth in
Sympathetic Neurons in Short-term Culture

Sympathetic neurons readily adhere to polylysine-coated
coverslips with ~80% of the cells attaching within the first
hour. Consistent with previous observations of PC12 cells
(Turner et al., 1987), the attachment of sympathetic neurons
to polylysine is not affected by reduced temperatures (4°C)
(not shown) or by exposure to cycloheximide (10 ug/ml)
(Lein and Higgins, 1991). Thus, adherence of sympathetic
neurons to polylysine apparently does not require metabolic
activity or protein synthesis.

Although sympathetic neurons attach to polylysine, their
neuritic outgrowth on this substrate is extremely slow, and
within the first 18 to 24 h in vitro, <12% of the neuronal
population extend processes. Those neurites that are formed
are very short (Fig. 1 4 and Table I). Adsorption of collagen
IV to polylysine does not affect the attachment of neurons
to the substrate (Table I); it does, however, promote neuritic
outgrowth. Thus, by 18 to 24 h, ~90% of all neurons grown
on collagen IV (100 pg/ml) have a long, branched process
(Fig. 1 B). A quantitative analysis of the differences between
neurons grown in the absence or presence of collagen IV is
summarized in Table I. After 18 h, collagen IV caused a
9-fold increase in the percentage of neurons with neurites,
an 11-fold increase in the number of neurites extended, and
a 6.5-fold increase in total neuritic length. This neurite-pro-
moting activity of collagen IV was blocked by anticollagen
IV, but not antilaminin antibodies (Table I). Neither of these
antisera had a significant effect on attachment of neurons to
substrates precoated with polylysine alone or polylysine and
an ECM protein. The effects of collagen IV were also ob-
served to be concentration dependent (Fig. 2). Maximal ef-
fects on the percentage of neurons with neurites were ob-
served at concentrations greater than or equal to 100 pg/ml;
half maximal effects were obtained at ~30 pg/ml.

Collagen 1V’s Neurite-promoting Activity Is Localized
to the NC1 Domain

The collagen IV molecule consists of three primary domains:
a) the 78 region at the amino terminus; (b) the central 330-nm
of the molecule which represents the major triple helical
portion; and (c) the collagenase-resistant carboxyl-terminal
globular domain termed NCI (Timpl, 1989). To determine
whether collagen IV’s neurite-promoting activity resided in
one of these domains, the effects of intact collagen IV were
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Table I. The Effects of Collagen IV and Laminin on the Neuritic Qutgrowth of Sympathetic Neurons after 18 h In Vitro

Sera added Number of Number of Total length of
to culture neurons/ Neurons neurites/ neuritic plexus/
Substrate medium culture with neurites neuron neuron*
% pm
Polylysine none 1,103 + 71 10 0.13 + 0.05 116 + 19
anti-CIV 1,020 + 105 12 0.13 £ 0.05 63 +7
anti-LAM 1,136 + 63 8 0.08 + 0.03 141 + 36
nonimmune 1,258 + 29 8 0.10 £ 0.04 142 + 42
Polylysine none 1,157 + 32 93 1.48 + 0.12 751 + 93
+ collagen IV anti-CIV 1,145 + 85 35 0.58 1+ 0.11 211 + 63
anti-LAM 1,080 + 74 85 1.53 + 0.14 822 + 93
nonimmune 1,063 + 37 85 1.57 £ 0.15 865 + 125
Polylysine none 1,192 + 77 100 3.32 £ 0.16 1,734 + 127
+ laminin anti-CIV 1,143 + 71 98 3.22 £ 0.16 1,668 + 107
anti-LAM 1,207 + 98 40 0.70 £ 0.13 123 + 25
nonimmune 1,104 + 40 100 350 £0.23 1,863 + 92

Polylysine-coated coverslips were precoated with either laminin at 10 xg/ml or collagen IV at 100 pg/ml; anticollagen IV (anti-CIV), antilaminin (anti-LAM),
and nonimmune sera were used at a 1/100 (vol/vol) dilution. The data in this table were obtained from a single dissection and the number of cells plated per coverslip
was identical between culture conditions. Three coverslips were-analyzed per culture condition to determine cell number. With respect to the other parameters
analyzed, n = 60 neurons per culture condition, unless otherwise specified. Data are represented as the mean + SEM.
* n = 30 neurons per culture condition; only neurons with neurites were included in calculation of the mean and SEM.

compared to those of the 7S peptide, the NC1 domain, or
pepsinized collagen IV (PIV). PIV preparations are com-
posed primarily of triple helix-rich fragments of collagen IV
and are essentially devoid of the globular NC1 domain (Timpl
etal., 1983). The effects of these substrate-bound fragments on
neuronal morphology after 18 h in vitro are depicted in Fig.
3. Neither PIV nor the 7S peptide had any significant effects
on neuritic outgrowth at concentrations ranging from 10 to
100 pg/ml or 10 to 50 pug/ml, respectively. In contrast, neu-
rons grown on substrates precoated with NC1 exhibited an
enhanced rate of process growth similar to that observed
with intact collagen IV. Furthermore, NCI’s effects were con-
centration dependent over a range similar to that observed
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Figure 2. The effects of varying concentrations of collagen IV on
the neuritic outgrowth of sympathetic neurons. Neuritic outgrowth
was assessed in 18-h cultures of sympathetic neurons with respect
to (A) the percentage of neurons with neurites (n = 100 per concen-
tration); and (B) the mean length of the neuritic plexus extended
by neurons (n = 30 per concentration). Error bars correspond to
the SEM.
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for the intact collagen IV molecule (Fig. 3). Peptide binding
studies indicated that the lack of neurite-promoting activity
associated with the 7S and PIV fragments was not attributa-
ble to greatly decreased binding efficiencies of these peptides
to polylysine-coated substrates relative to intact collagen IV
or NCI1 at similar precoating concentrations (Table IT). Re-
sults obtained using proteolytic fragments were corroborated
using antisera specific for the 7S and NC1 domains of colla-
gen IV. Thus, anti-7S serum did not inhibit the neurite-pro-
moting activity of intact collagen IV; however, antiserum
specific for NC1 inhibited the percent of neurons that ex-

Table I1. Binding of ECM Proteins to Polylysine-coated
Glass Coverslips

Concentration used

ECM protein  to precoat substrate  Amount of protein bound to substrate
ug/ml ng/mm? Sfmol/mm?
Collagen IV 100 1.5 2.7
(intact) 50 0.96 1.7
10 0.48 0.87
PIV 100 1.4 35
50 0.49 1.2
10 0.19 0.47
78 100 0.97 4.3
50 0.48 2.1
10 0.07 0.30
NC1 100 0.84 4.9
50 0.62 3.6
10 0.26 1.5
Laminin 10 1.7 1.8

ECM proteins were radiolabeled with '*’I and adsorbed fo polylysine-coated
coverslips as described in Materials and Methods. The bound protein was con-
verted to molar values using the following molecular masses: laminin, 950 kD;
collagen IV, 550 kD; PIV, 405 kD; 78, 225 kD; NC1, 170 kD. These data
were determined from duplicate samples which typically differed by <10% of
the given value.
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Figure 3. Neurite-promoting activity associated with various do-
mains of collagen IV. Sympathetic neurons were grown on sub-
strates precoated with polylysine alone (PL) or polylysine plus
collagen IV (CIV), the 7S peptide, PIV, or the NC1 fragment. Neu-
ronal morphology was analyzed 18 h after plating with respect to
the following parameters; (4) the percentage of neurons with neu-
rites (n 2 75 per culture condition); (B) the number of neurites per
neuron (r 2 75 per culture condition); and (C) the total neuritic
length per neuron (n 2 30 per culture condition). These data are
pooled from three separate dissections.

tended neurites on intact collagen IV by 79% (Table III).
Those neurons that did respond to collagen IV in the pres-
ence of anti-NCl serum exhibited a 92% inhibition of neu-
ritic length relative to controls grown on collagen IV alone
(Table III). Cell counts indicated that the inhibition of neu-
ritic outgrowth by anti-NCl1 serum was not due to decreased
attachment of cells to mixed substrates of polylysine and col-
lagen IV in the presence of anti-NC1 serum: the number of
cells/coverslip (n = 3 coverslips/experimental condition)
on collagen-IV substrates in the absence of any sera was
1,301 + 71; in the presence of nonimmune sera, 1,038 + 41;
and in the presence of anti-NC1 serum, 1,184 + 111. These
data suggest that the neurite-promoting activity of collagen
IV is mediated by the NC1 domain of the molecule.
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Comparison of the Effects of Collagen 1V and Other
ECM Proteins on Neuronal Morphology

We next compared collagen IV’s effects on the morphology
of sympathetic neurons in short-term culture to those of
other ECM proteins. Neurons did not respond to collagen I,
fibronectin, or fibrinogen: after 18 to 24 h in vitro, the mor-
phology of neurons grown on substrates precoated with these
proteins at concentrations ranging from 10 to 100 pg/ml did
not differ significantly from that of neurons grown on polyly-
sine alone. Neurons did respond to laminin (at a maximally
effective precoating concentration of 10 ug/ml) as evidenced
by a significant increase in neuritic outgrowth in the absence
of any changes in attachment to the substrate (Table I). How-
ever, laminin’s neurite-promoting effects differed from those
of collagen IV. First, laminin caused a significantly larger in-
crease in total neuritic length; and, second, laminin induced
the formation of a greater number (three to four) of neurites
(Table I). Thus, although collagen IV and laminin both
stimulate neuritic outgrowth in short-term culture, there are
significant differences in their effects on neuronal mor-
phology.

Previous studies have shown that proteins of the ECM can
also exert long-term effects on the morphological differentia-
tion of sympathetic neurons. Thus, laminin causes the stable
expression (up to 30 d in vitro) of super-numerary axons
(three to four per neuron), while an extract of basement
membrane proteins (Matrigel) selectively promotes the ex-
tension of dendrites in the absence of any change in axon
number (Lein and Higgins, 1989). In this study, we charac-
terized the long-term effects of collagen IV on neurons by ex-
amining its effects on neuronal morphology after varying
times in culture (from 3 to 28 d).

To verify that cells in long-term studies were continuously
exposed to substrate-bound collagen IV, cultures were im-
munostained with antibody to collagen IV. An intense and
homogenous staining of the substrate was observed at all
times examined up to 28 d. Other studies indicated that ex-
posing neurons plated on collagen IV-coated substrates to
additional collagen IV in the culture medium (100 pg/ml) at
every medium change did not affect neuronal morphology or
cytochemistry. Under either paradigm of exposure to colla-
gen IV, cell number remained essentially constant for up to
4 wk and the presence of the ECM protein did not alter cell
survival. The morphology of neurons grown in the presence
of collagen IV remained relatively constant between days 3
and 28, the only apparent change being a time-dependent in-
crease in the density of the plexus formed by distal processes
(Fig. 4 A). Lucifer yellow dye injections indicated that the
number of neurites extended by these neurons did not change
during this time: after 3, 14, and 28 d in culture, neurons
grown on collagen IV had 1.6 (10.16), 1.70 (+0.16), or 1.67
(10.12) neurites, respectively (n = 30 per experimental
condition). These processes looked axonal in that they were
long and thin (<1 um in diameter) and of relatively constant
diameter (Fig. 4 B). Dendrites were not observed on most
neurons. After the third day in vitro, only 3% of the neuronal
population had dendrites, and by day 21, just 17% of the
population had formed dendrites (# = 30 per time point).
The extent of dendritic growth observed in these cultures did
not differ from that observed in sister cultures maintained on
polylysine-coated coverslips in the absence of exogenous
collagen IV (see also Lein and Higgins, 1989).
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Table H1. The Effect of Antisera to Different Domains of the Collagen IV Molecule on the Neuritic Outgrowth

of Sympathetic Neurons after 18 h In Culture

Sera added Number of Total length of
to culture Neurons neurites/ neuritic plexus/
Substrate medium with neurites neuron neuron*
% um
Experiment 1:
Polylysine none 17 0.19 + 0.05 107 + 17
Polylysine + none 79 1.12 + 0.09 664 + 83
collagen IV anti-NC1 30 0.43 + 0.07 154 + 50
nonimmune 72 1.04 + 0.08 462 + 67
Experiment 2:
Polylysine none 12 0.12 + 0.05 92 + 12
Polylysine + none 88 1.46 + 0.13 520 + 52
collagen IV anti-7S 94 1.38 £ 0.11 518 £ 51

Polylysine-coated coverslips were precoated with collagen IV at 100 pg/ml; all sera were used at a 1:100 (vol/vol) dilution. The addition of any of the above
sera did not reduce cell attachment to the substrate relative to that observed in the absence of any sera. Unless otherwise specified, n = 100 (experiment 1) or
50 (experiment 2) neurons per culture condition. Data are represented as the mean + SEM.

* n = 30 neurons per culture condition; only neurons with neurites were included in calculation of the mean and SEM.

Additionally, to confirm our light microscopic identifica-
tion of these processes as axons, long-term cultures grown
in the presence of collagen IV were immunostained with an-
tibodies known to react with axonal or dendritic antigens in
situ. Nonphosphorylated forms of the M and H neurofila-
ment subunits are localized primarily to the somata and den-

Figure 4. Effects of collagen IV on the morphology of sympathetic
neurons in long-term culture. Phase-contrast (4) and fluorescence
(B) micrographs of a neuron injected with Lucifer yellow. During
the second week in vitro, neurons grown on coverslips precoated
with collagen IV at 100 pg/ml typically had one long axon that
branched frequently near the soma. Dendrites were not observed
on most neurons grown under these culture conditions. Bar, 50 um.

The Journal of Cell Biology, Volume 113, 1991

drites of sympathetic neurons in situ (Carden et al., 1987)
and in vitro (Bruckenstein and Higgins, 1988b; Tropea et
al., 1988). Fig. 5, A and B are representative of the pattern
of staining observed when neurons grown on collagen IV
were reacted with mAb (SMI32) specific for the non-
phosphorylated forms of these cytoskeletal proteins. Typi-
cally, the neuronal soma was intensely fluorescent but there
was little or no staining of either proximal or distal pro-
cesses. Quantitative analysis of cultures immunostained with
mAb SMI32 after 18 d in vitro indicated that only 13%
of the neuronal population exhibited SMI32-positive pro-
cesses. These results are consistent with those obtained
using dye injections to identify dendritic processes. The long,
thin processes comprising the plexus of cultures grown on
collagen IV could be stained by antibody (SY38) to the axon-
specific antigen, synaptophysin (Fig. 5 C), an integral mem-
brane protein of synaptic vesicles (Wiedenmann and Franke,
1985). When collagen IV cultures were reacted with anti-
body (NEI14) specific for another axon-selective antigen, the
phosphorylated H neurofilament subunit (Cardenetaal., 1987;
Bruckenstein and Higgins, 1988a,b), all thin processes were
again intensely stained (Fig. 5 D).

These observations suggest that collagen IV enhances the
outgrowth of one to two neurites per neuron which eventu-
ally assume axonal characteristics. These long-term effects
of collagen IV on neuronal morphology differ from those in-
duced by laminin and other ECM components. Next, to fur-
ther explore the differences in neuronal response to these
ECM proteins, we compared the ability of antibodies to
various integrin subunits to block collagen IV and laminin-
induced neuritic outgrowth.

Comparison of Mechanisms Mediating Neuritic
Outgrowth on Collagen IV and Laminin

Anti-ECMR serum has been shown to selectively interfere
with the function of integrins in both nonneuronal and neu-
ronal tissues (Tomaselli et al., 1987; Sutherland et al., 1988;
Albelda et al., 1989). In PC12 cells, this antiserum im-
munoprecipitates integrins of the 8; family (Tomaselli et
al., 1987, 1988). As indicated in Table IV, a 0.5% concentra-
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Figure 5. The processes of sympathetic neurons grown on collagen IV in long-term culture have the cytochemical characteristics of axons.
Phase-contrast (4) and fluorescence (B-D) micrographs of sympathetic neurons (10-14 d) exposed to collagen IV-coated (100 pg/ml) sub-
strates. B illustrates the pattern of staining typical of cultures reacted with antibody specific for the nonphosphorylated forms of the M
and H neurofilament subunits, which are localized primarily to the somata and dendrites of sympathetic neurons in situ. There is intense
staining of the somata, but little or no immunoreactivity is observed in neuronal processes. In contrast, the neuronal processes of sister
cultures are intensely stained after reaction with antibody directed against the axon-specific antigen, synaptophysin (C). These processes
also reacted with antibody directed against another axonal antigen, the phosphorylated forms of the H neurofilament subunit (D). Bar,
25 pm,

tion of this antiserum markedly inhibited neuritic outgrowth ~ growth. Attachment of sympathetic neurons to polylysine
on both collagen IV and laminin. Similar results were ob-  alone or to polylysine coated with collagen IV or laminin
tained using a 0.2% concentration of the antiserum. Control was not affected by anti-ECMR serum (Table IV). The effects
serum at a 0.5% concentration had no effect on process of anti-ECMR serum on process outgrowth on either colla-

Table IV. The Effect of Anti-ECMR Sera on the Neuritic Outgrowth of Sympathetic Neurons after 18 h in Culture

Sera added Number of Number of Total length of
to culture Concentration neurons/ Neurons neurites/ neuritic plexus/
Substrate medium of sera added coverslip with neurites neuron neuron*
% vol/vol % um
Polylysine none - 2,092 + 80 7 0.07 + 0.03 69 + 15
nonimmune 0.5 1,860 + 124 9 0.12 £ 0.05 107 £+ 26
anti-ECMR 0.5 1,898 + 6 1 0.01 46
anti-ECMR 0.2 - 5 0.07 + 0.03 45 + 7
Polylysine none - 1,715 + 33 87 1.23 + 0.09 683 + 76
+ collagen IV nonimmune 0.5 1,493 + 94 83 1.16 + 0.09 653 + 73
anti-ECMR 0.5 1,538 + 54 11 0.11 + 0.04 90 + 19
anti-ECMR 0.2 - 21 0.21 + 0.05 135 + 22
Polylysine none — 1,758 + 44 100 3.25 £ 0.17 1,121 £ 109
+ laminin nonimmune 0.5 1,642 + 50 100 3.12 £ 0.15 1,597 + 115
anti-ECMR 0.5 1,660 + 33 23 0.28 + 0.07 117 + 27
anti-ECMR 0.2. - 33 0.39 + 0.07 188 + 36

Polylysine-coated coverslips were precoated with either laminin at 10 ug/ml or collagen I'V at 100 pg/ml. Unless otherwise specified, n = 75 per culture condition.
Two coverslips per culture condition were analyzed to determine cell numbers. The % inhibition of growth in the presence of antibody (Ab) was calculated as
100 x {1 — [(growth on ECM molecule in presence of Ab — growth on polylysine in presence of Ab)/(growth on ECM molecule in absence of Ab — growth
on polylysine in absence of Ab)}]. Data are represented as the mean + SEM.

* n = 30 neurons per culture condition; only neurons with neurites were included in the calculation of the mean and SEM for this morphological parameter.
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Table V. The Effect of mAb 3A3 on Neuritic Outgrowth from Sympathetic Neurons in 18-h Cultures

Number of Total length of
Concentration Neurons processes/ neuritic plexus/

Substrate of mAb used with neurites neuron neuron*

ug/mi % um

Polylysine 0 9 0.11 + 0.04 75+ 11
10 9 0.11 + 0.04 69 + 11
30 11 0.13 + 0.05 89 + 11
Polylysine 0 83 1.25 £ 0.10 667 + 78
+ collagen IV 10 37 0.51 + 0.08 151 + 21
30 19 0.24 + 0.06 118 + 20
Polylysine 0 96 2.96 + 0.19 1,465 + 82
+ laminin 10 91 2.87 + 0.20 1,650 + 81
30 95 2.89 + 0.17 1,558 + 91

Polylysine-coated coverslips were precoated with laminin at 10 ug/ml or with collagen IV at 100 ug/ml. Unless otherwise noted, n = 75 per culture condition;
data are represented as the mean + SEM. The % inhibition of growth in the presence of antibody (Ab) was calculated as 100 X {1 — [{growth on ECM molecule
in presence of Ab — growth on polylysine in presence of Ab)/(growth on ECM molecule in absence of Ab — growth on polylysine in absence of Ab)]}.

* n = 30 per culture condition; neurons without neurites were excluded from calculation of the mean and SEM for this morphological parameter.

gen IV or laminin were reversible after removal of the anti-
body (not shown). To substantiate that anti-ECMR serum
was inhibiting neuritic growth by blocking the function of
B, integrins, we also examined the effects of an antiserum
that specifically recognizes the rat §; integrin subunit (Gull-
berg et al., 1989). This antiserum (at 400 ug/ml) also re-
duced the number of processes extended on both collagen IV
and laminin by 99 and 92%, respectively.

mAb 3A3, which specifically recognizes the o,3; integrin
(Ignatius et al., 1990; Tawil et al., 1990), was also assessed
for its effects on collagen IV and laminin-induced neuritic
outgrowth. The presence of this mAb at 30 ug/ml caused a
significant inhibition of process growth on collagen IV: the
number of neurons with neurites was decreased by 89% and
both the number of processes and neuritic length were re-
duced by approximately ninefold (Table V). Furthermore,
these inhibitory effects were concentration dependent, with
63 % inhibition observed at 10 ug/ml. mAb 3A3 at 10 ug/ml
also blocked neuritic outgrowth promoted by the NCI frag-
ment of collagen IV by 67%. In contrast, mAb 3A3 had no
effect on neuritic outgrowth on laminin or on polylysine (Ta-
ble V), a finding which suggests that this mAb interfered
specifically with process growth on collagen IV. Similar
results were observed in cultures of dorsal root sensory neu-
rons (examined 10 h after plating). Antibody 3A3 (30 pg/ml)
decreased the number of neurons with neurites on collagen
IV by 56%, but had no effect on the number of neurons ex-
tending processes on polylysine or laminin. To confirm that
the antigen(s) recognized by 3A3 in sympathetic neurons was
the o83, integrin, cultures were surface labeled with '] by
the lactoperoxidase method, solubilized in a detergent buff-
er, and immunoprecipitated using mAb 3A3. SDS-PAGE
analysis of the immunoprecipitate indicated that 3A3 spe-
cifically recognized two surface-iodinated proteins: a strong
band of M, 180,000 and a weaker band of 120,000 under
nonreducing conditions.

The response of sympathetic neurons to collagen IV and
laminin was also differentially affected by an inhibitor of pro-
tein synthesis, cycloheximide. When morphology was exam-
ined 6 h after plating, cycloheximide was observed to inhibit
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collagen IV-induced neuritic outgrowth, causing an 88%
reduction in the number of neurons with neurites, as well as
significant decreases in the number of neurites extended per
neuron and in total neuritic length (Table VI). In contrast,
cycloheximide had only a slight effect on the neuritic out-
growth of neurons grown on laminin. These neurons ex-
hibited a 14% decrease in the number of neurons with neu-
rites, and no significant differences with respect to the
number of neurites or neuritic length (Table VI). After 20
h, the marked inhibition of process growth on collagen IV
was still apparent, as evidenced by a 94% reduction in the
number of neurons with neurites and a 14-fold decrease in
neuritic length. Process outgrowth on laminin was also in-
hibited after 20 h of exposure to cycloheximide, but not to
the same extent as that observed on collagen IV. The number
of neurons with neurites was decreased by 18% and neuritic
length was decreased by eightfold. To confirm that cyclohexi-
mide’s effects on neuritic outgrowth resulted from an inhibi-
tion of protein synthesis and not from a deleterious effect
on neuronal viability, these parameters were examined in
sympathetic neurons exposed to the inhibitor for 20 h. Cy-
cloheximide at 10 ug/ml decreased *H-leucine incorpora-
tion into cellular profein by 88% and had no effect on neu-
ronal viability (>95% viable) as determined by trypan blue
dye exclusion.

Discussion

We observed that (a) collagen IV selectively enhanced ax-
onal but not dendritic growth in sympathetic neurons; and
(b) this axon-promoting activity was associated primarily
with the NC1 domain. Further studies using antisera against
integrins suggest that collagen IV’s effects on axonal growth
are mediated primarily by the o,8; integrin. Moreover, an
mAb (3A3) that retards sciatic nerve regeneration in situ
(Toyota et al., 1990) was found to selectively inhibit the re-
sponse of sympathetic and dorsal root sensory neurons to
collagen I'V, but not to laminin. These data suggest that col-
lagen IV may play a significant role in the development and
regeneration of axons in the peripheral nervous system.
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Table VI. The Role of Protein Synthesis in Laminin and Collagen IV-induced Neuritic Outgrowth

during the First 6 h In Vitro

Number of Total length of
Cycloheximide Neurons neurites/ neuritic plexus/
Substrate concentration with neurites neuron neuron*
ng/ml % um
Polylysine 0 5 0.05 + 0.03 51 £+ 10
10 5 0.05 + 0.03 32+4
Polylysine 0 63 1.09 + 0.14 158 + 16
+ collagen IV 10 12 0.23 + 0.09 80 £+ 16
Polylysine 0 83 3.04 + 0.26 443 + 46
+ laminin 10 72 2.56 + 0.23 460 + 43

Polylysine-coated coverslips were precoated with laminin at 10 xg/ml or collagen IV at 300 xg/ml. Unless otherwise noted, n = 75 neurons per culture condition;

data are expressed as the mean + SEM.

* n = 30 neurons per culture condition; only neurons with neurites were included in the calculation of the mean and SEM for this morphological parameter.

The NC1 Domain of Collagen IV Promotes Neuritic
QOutgrowth in Sympathetic Neurons

Collagen IV promoted the growth of processes in short-term
cultures of embryonic rat sympathetic neurons. This was evi-
denced as a decrease in time to initial process extension and
increases in the number of primary processes and total neu-
ritic length. It is important to note that the presence of colla-
gen IV in this culture system did not affect cell number or
viability; thus, the collagen I'V-induced changes in cellular
morphology can not be explained as selective survival of
neuronal subpopulations. Moreover, collagen IV-stimulated
neuritic outgrowth appears to be independent of either en-
dogenous laminin production by neurons (see also Lein and
Higgins, 1989) or laminin contamination within our prepa-
rations since (a) anticollagen IV, but not antilaminin antibod-
ies blocked neuritic growth on collagen IV; (b) a purified
proteolytic fragment of collagen IV with neurite-promoting
activity was identified; and {c) collagen IV but not laminin-
induced process growth could be selectively inhibited by
mAb 3A3.

The collagen IV molecule is composed of three distinct
domains (Timpl, 1989), and our data suggest that the intact
molecule’s neurite-promoting activity is mediated predomi-
nantly by the NC1 domain. Purified NC1 elicited neuritic
outgrowth comparable to that observed over a similar range
of concentrations of the intact collagen IV molecule. More-
over, the neurite-promoting activity of NC1 was inhibited
by mAb 3A3. In contrast, neither the 7S domain nor the triple
helix-rich fragment (PIV) of collagen IV had any significant
effects on process growth. Since binding of 7S and PIV frag-
ments to the substrate was comparable to that of both intact
collagen IV and NCl, the lack of neurite-promoting activity
observed in the former is not due to their inability to adsorb
to polylysine. Additional experiments demonstrated that
anti-NC1 antibodies inhibited process growth on collagen IV
by 79%, whereas anti-7S antibodies had negligible effects.
The large fractional inhibition observed with anti-NCl anti-
bodies suggests that the axon-promoting activity of collagen
IV is mediated primarily by the NC1 domain. However,
since complete inhibition was not obtained, and since effects
of antibodies against the PIV region were not examined, it
is possible that some activity is associated with other do-
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mains of the intact molecule. Although enhanced neurite
growth was not observed in our experiments with purified 7S
or PIV fragments, it is possible such activity was lost dur-
ing the proteolytic preparation of these peptides. This is es-
pecially true of PIV, since pepsin treatment can disrupt the
interruptions in the triple helical region.

The identification of specific domains within collagen IV
that mediate its effects on cellular function has been reported
in nonneuronal cell systems. Thus, attachment and migra-
tion of human fibrosarcoma cells (Aumailley and Timpl,
1986), aortic endothelial cells (Herbst et al., 1988), and
melanoma cells (Chelberg et al., 1989) on collagen IV are
differentially mediated by the triple helix-rich and NCI do-
mains. These observations, together with our demonstration
of the domain specificity of collagen IV’s neurite-promoting
activity, suggest that collagen IV is similar to laminin
(Sephel et al., 1989) and fibronectin (Rogers et al., 1989) in
that it contains multiple distinct sites which mediate cell at-
tachment, motility, and neurite outgrowth,

The Differing Effects of Collagen IV and Laminin
on Axonal Morphology

ECM molecules can regulate the morphogenesis of sym-
pathetic neurons in vitro by selectively modifying axonal or
dendritic growth (Lein and Higgins, 1989). Thus, when
these neurons are exposed to an extract of basement mem-
brane they form multiple dendrites; however, when grown in
the presence of laminin alone, they extend only axons. Our
data show that collagen I'V resembles laminin in that it also
selectively promotes axonal growth. The mechanism by
which these proteins confer process-specific information is
unknown, but a testable hypothesis is that receptors for
ECM molecules with axon-specific effects are expressed
on axons but not dendrites. Although qualitatively similar,
collagen I'V’s effects on axonal morphology differed quantita-
tively from laminin’s in that (a) collagen IV caused a signif-
icantly smaller increase in total neuritic length (approxi-
mately half that on laminin); and (b) collagen IV promoted
the growth of a single axon, whereas laminin caused the for-
mation of multiple axons. These differences in axonal mor-
phology persisted even after long-term exposure to individ-
ual ECM proteins. Similar results have been observed in
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cultures of retinal ganglion cells (Hall et al., 1987). The
smaller amount of neuritic outgrowth elicited by collagen IV
can not be attributed to decreased binding of this protein to
the substrate relative to that of laminin since precoating with
maximally effective concentrations of either protein resulted
in greater amounts of collagen IV bound. Possible explana-
tions for the differences between collagen IV’s and laminin’s
effects on axonal morphology include (a) these proteins are
acting through the same receptor(s) but with different effi-
cacy; or (b) collagen IV’s and laminin’s effects are mediated
via different receptors. Results obtained using antibodies to
various integrin subunits suggest the latter may be true in
sympathetic neurons.

Collagen IV and Laminin Modulate Process Growth
via Immunologically Distinct Integrins

Integrins are a superfamily of transmembrane glycoproteins
that mediate many of the effects of ECM on cellular function
(Hynes, 1987; Reichardt et al., 1989). Each receptor is a
dimer in which a specific 8 subunit can associate with one
of various o subunits to form a functional receptor. Antise-
rum specific for the rat 8, integrin subunit (Gullberg et al.,
1989) or anti-ECMR antiserum (Knudsen et al., 1981),
which selectively inhibits 8, integrin-mediated functions in
both neuronal (Tomaselli et al., 1987, Tomaselli et al., 1988)
and nonneuronal cells (Sutherland et al. 1988; Albelda et
al., 1989), caused an almost total inhibition of neuritic out-
growth in sympathetic neurons grown on collagen IV or
laminin. That this inhibition resulted from a specific disrup-
tion of 8, integrin function is supported by observations
that antisera had negligible effects on cell attachment to
mixed substrates of polylysine and ECM proteins. Moreover,
these inhibitory effects on process growth were reversible.
mAb 3A3, specific for the a8 integrin (Ignatius et al.,
1990; Tawil et al., 1990), inhibited neuritic outgrowth on
collagen IV but not laminin in both sympathetic and dorsal
root sensory neurons. The antigen recognized by 3A3 in
sympathetic neurons was identified as the o3, integrin by
immunoprecipitation of detergent extracts of radiolabeled
cells followed by SDS-PAGE. As has been observed using
PC12 cells (Tomaselli et al., 1990) and several nonneuronal
rat tissues (Clyman et al., 1990; Gullberg et al., 1990; Tawil
etal., 1990), mAb 3A3 specifically precipitated two surface-
labeled proteins whose molecular masses under nonreducing
conditions were consistent with those expected for the o,
(180 kD) and 3, subunits (120 kD). These data indicate that
(a) the o3 integrin functions as a selective collagen IV
receptor in sympathetic and sensory neurons; (b) the o,8;
integrin is quantitatively the most important receptor medi-
ating the neurite-promoting activity of collagen IV in periph-
eral neurons; and (c) the effects of laminin are mediated by
a 3, integrin immunologically distinct from «,3;.
Antibody 3A3 has been reported to cause retraction of
neurites extended by PC12 cells on collagen or laminin
(Turner et al., 1989), suggesting that the o3, integrin in
this cell type mediates neuritic growth on both ECM pro-
teins. Subsequently, Tomaselli et al. (1990) observed that al-
though 3A3 inhibited both collagen and laminin-induced
neurite outgrowth in PC12 cells, these effects were quantita-
tively different in that there was much less inhibition of the
latter. Several explanations for the discrepancy between the
above data and our data are plausible: (a) recent observa-
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tions suggest that the ligand specificity of the a,8, integrin
is modulated by cell type-specific factors (Elices and Hem-
ler, 1989; Kirchhofer et al., 1990), and similar modulation
may occur with the neuronal o3, receptor; and (b) the rel-
ative expression of o3; and laminin-binding integrin(s) not
recognized by 3A3 may differ quantitatively between neu-
ronal cell types. The validity of either of these possibilities
is dependent upon the expression by peripheral neurons of
at least one other 8, integrin that interacts with laminin. In
this respect, it is important to note that (a) at least four inte-
grins of the 8, family have been demonstrated to bind lami-
nin (Gehlsen et al., 1988; Sonnenberg et al., 1988; Elices
and Hemler, 1989); (b) three of these laminin-binding inte-
grins have been identified in sympathetic and sensory neurons
(Tomaselli et al., 1990); {c) the a3, integrin is involved in
laminin-induced process outgrowth in a neuroblastoma cell
line (Clegg et al., 1989) and in PC12 cells (Tomaselli et al.,
1990); and (d) the CSAT mAb which inhibits laminin-in-
duced neuritic outgrowth in chick retinal ganglia cells (Hall
et al., 1987) has recently been shown to immunoprecipitate
the 8, subunit complexed to «; and as subunits (Hynes et
al., 1989). These data suggest that (a) the neurite-promoting
activities of collagen IV and laminin can be mediated via
different receptors; and (b) laminin-induced process growth
may be regulated by multiple 3, integrins, the relative roles
of which may be determined by cell-specific factors.

Cycloheximide markedly inhibited process formation and
growth on collagen IV. Observations in other cell systems
have indicated that cell attachment to collagen IV, specif-
ically that mediated by the NC1 domain, is also inhibited by
cycloheximide (Herbst et al., 1988; Chelberg et al., 1989).
In contrast, cycloheximide had no effect on initial process
formation on laminin, although by 24 h some inhibition of
neuritic growth was observed. Similarly, it has been reported
that cycloheximide did not block laminin-mediated attach-
ment and neuritic outgrowth in a neuronal cell line (Lucken-
bill-Edds and Kleinman, 1988). Thus, the neurite-promot-
ing activity of collagen I'V, but not that of laminin, is partially
dependent upon de novo protein synthesis. Although the
cause of this differential dependence is unknown, these data
lend further support to the hypothesis that the neuritic re-
sponse of sympathetic neurons to collagen IV and laminin
is mediated by different receptors.

In summary, laminin has been shown to participate in both
the formation and regeneration of the peripheral nervous sys-
tem. The role of collagen IV in these processes is less clearly
defined. This study demonstrates that collagen IV exerts an
axon-specific effect on the morphogenesis of sympathetic
neurons. Moreover, peripheral neurons express an «;f3; inte-
grin that serves as the dominant receptor mediating collagen
I'V-induced neuritic outgrowth but does not play a functional
role in the response of these neurons to laminin. Since an
mAb specific for this receptor retards nerve regeneration in
situ (Toyota et al., 1990), these data raise the possibility that
collagen IV and laminin may operate in a coordinated fash-
ion to regulate axonal growth in the peripheral nervous sys-
tem. Interestingly, studies of retinal ganglia cells have dem-
onstrated that at the time these neurons innervate their
targets, the function of integrins that recognize laminin is
downregulated yet the activity of integrins that interact with
collagen IV is maintained (Cohen et al., 1987; Hall et al.,
1987). Similar studies of the developmental expression of
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laminin and collagen IV receptors in sympathetic neurons
may allow assessment of their relative roles in the morpho-
logical development of axons in this class of neurons.
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