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Abstract SCO-spondin is a newly identified protein,
strongly expressed in the subcommissural organ (SCO),
an ependymal differentiation of the brain. When secreted
into the cerebrospinal fluid at the entrance to the Sylvian
aqueduct, it condenses and forms Reissner's fiber. Several
conserved domains have previously been characterized
in SCO-spondin, e.g., thrombospondin type 1 repeats
(TSRs), low-density lipoprotein receptor (LDLr) type A
repeats, and epidermal-growth-factor-like domains, which
are potent sites of protein-protein interaction. To clarify
the role of this protein on neuronal development, we have
tested the effect of oligopeptides, the sequences of which
include highly conserved amino acids of TSRs, LDLr
type A repeats and a potent site of attachment to proteo-
glycan, on cortical and spinal-cord neurons in primary
cell cultures. One of these peptides (WSGWSSCSRSCG),
corresponding to a SCO-spondin TSR sequence, marked-
ly increases adhesivity and neuritic outgrowth of cortical
neurons and induces an opposite effect on cortical and
spinal-cord neuronal aggregation. These effects are spe-
cific, as no response is observed with the scrambled se-
quence of this peptide. Another peptide (WGPCSVSCG)
is only slightly active on adhesivity and neuritic out-
growth of cortical neurons and has no effect on spinal-
cord neurons. Peptides derived from other conserved do-
mains of SCO-spondin are not effective under our exper-
imental conditions. Thus, SCO-spondin may be responsi-
ble for at least a part of the effects previously observed on
neuronal cells cultured in the presence of Reissner's fiber.
In addition, SCO-spondin seems to interfere with neuro-
nal development and/or axonal guidance during ontogen-
esis of the central nervous system in modulating side-to-
side interactions and neuritic outgrowth.
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Introduction

SCO-spondin, first identified in cattle (Gobron et al.
1996), is a secreted protein of the central nervous system
(CNS) and is strongly expressed in the subcommissural
organ (SCO), an ependymal differentiation located at
the entrance to the Sylvian aqueduct (see Oksche et al.
1993; Meiniel et al. 1996). This protein, when released in-
to the cerebrospinal fluid (CSF), contributes to the forma-
tion of Reissner's fiber (RF), a thread-like structure run-
ning along the central canal of the spinal cord. RF has a
remarkable phylogenetic constancy; it has been described
in all subphyla of chordates (Olsson 1993), and the SCO/
RF secretory process appears early during ontogeny
(Schoebitz et al. 1986; Didier et al. 1992, chicken;
Meiniel et al. 1990, cattle).

We have shown that RF modulates cell adhesion
mechanisms and increases in vitro survival of both prima-
ry cortical and spinal-cord neuronal cells (Monnerie et al.
1995, 1996, 1997a, b). SCO-spondin present in RF has
been partly sequenced; this protein exhibits molecular
features that could account for at least some of the effects
observed when developing neurons are exposed to RF.
SCO-spondin shares homologies with molecules ex-
pressed in the nervous system, including the extracellular
matrix (ECM) proteins thrombospondin 1 and 2 (Frazier
1991; Bornstein 1995), F-spondin, a morphogenetic mol-
ecule expressed in the floor plate, another secretory epen-
dymal differentiation present in the developing spinal
cord (Klar et al. 1992), the transmembrane proteins se-
maphorin F and G (Adams et al. 1996), and the Caeno-
rhabditis elegans protein UNC-5 (Leung-Hagesteijn et
al. 1992). All these molecules exhibit several conserved
domains known as thrombospondin type 1 repeats (TSRs)
and are suspected of playing a crucial role in cell adhesi-
vity and neuritic outgrowth (Neugebauer at al. 1991;
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O'Shea et al. 1991; Leung-Hagesteijn et al. 1992;
Osterhout et al. 1992; Adams et al. 1996).

The putative function of thrombospondins has been ex-
tensively studied in various biological systems (for a re-
view, see Adams et al. 1995), and it is generally accepted
that TSRs mediate binding interactions of thrombospon-
din with other molecules in a variety of cell types (Prater
et al. 1991). Thrombospondin has been shown to promote
process outgrowth of both peripheral and central nervous
system neurons (Neugebauer at al. 1991; Osterhout et al.
1992; De Freitas et al. 1995), and a 140-kDa fragment
containing TSRs is known to be able to promote both ad-
hesion and neurite outgrowth in vitro (O'Shea et al.
1991). Likewise, the recombinant F-spondin of 116 kDa,
which contains TSR motifs, also increases both cell adhe-
sion and neuritic outgrowth (Klar et al. 1992). Interesting-
ly, several conserved domains have been identified in bo-
vine SCO-spondin, including TSRs, low density lipopro-
tein receptor (LDLr) type A repeats, and epidermal-
growth-factor (EGF)-like repeats (Gobron et al. 1996).

In order (1) to analyze whether SCO-spondin could ac-
count for at least some of the various RF effects observed
previously in vitro and (2) to identify sequences that could
mediate adhesion and neurite outgrowth, we have tested
the effects of several peptides containing the most con-
served amino acids of the consensus TSR and LDLr se-
quences of SCO-spondin on chick cortical and spinal-cord
neurons in cell culture. These sequences are putative sites
of SCO-spondin interaction with other proteins and so
might participate in these processes (Gobron et al. 1996).

Materials and methods

Cell culture systems

Cortical neurons

Neuronal cultures were obtained from 8-day-old chicken embryos, a
favorable stage from which to maintain cortical neurons in culture.
Cerebral hemispheres were stripped of meninges, cut into small
pieces, and enzymatically dissociated with 0.25% trypsin (Boehrin-
ger, Mannheim, France) in Ca2+-free and Mg2+-free phosphate-buf-
fered saline (PBS) for 15 min at 37�C. The cells were centrifuged at
200g for 5 min in Dulbecco's modified Eagle's medium (DMEM;
Boehringer) containing 20% fetal calf serum (FCS; Boehringer)
for trypsin inactivation. The cells were then filtered through a nylon
sieve (pore size: 48 mm) and collected in a serum-free, chemically
defined medium consisting of a 1:1 mixture of DMEM and Ham's
F12 (Boehringer) supplemented with glutamine (4 mM), glucose
(33 mM), penicillin G (50 U/ml), streptomycin sulfate (50 mg/ml),
and the N2 supplements of Bottenstein and Sato (1979); putrescin
(100 mM), sodium selenite (30 nM), human transferrin (50 mg/ml),
progesterone (20 nM), insulin (5 mg/ml), and b-estradiol (1 pM).
All N2 supplements were purchased from Sigma (Saint-Quentin-
Fallavier, France). Cells were plated at a density of 1.5�105 cells/
cm2 onto 24-well plastic plates. Alternatively, for experiments with
low-density cultures, cells were plated at a density of 7.5�104 cells/
cm2 onto 24-well plastic plates. For some experiments, plastic plates
were coated with either fibronectin (24 mg/ml) (Boehringer) or
thrombospondin (20 mg/ml; Boehringer). The cultures were incubat-
ed at 37�C and 10% CO2 in air. The medium remained unchanged
throughout the experiment. We had shown previously that these cul-
tures consisted of more than 95% neuronal elements (Monnerie et al.
1996).

Spinal-cord neurons

Spinal cords from 6-day-old chicken embryos (stage determined as
favorable for the maintenance of spinal-cord neurons in culture)
were dissected out, cleaned of their meningeal membranes, and
minced into small pieces in Ca2+-free and Mg2+-free PBS. After in-
cubation with 0.25% trypsin (Boehringer) for 10 min at 37�C, the
tissue was centrifuged at 200g for 4 min in growth medium contain-
ing 20% FCS (Boehringer) to stop trypsination. The cells were then
dissociated by repeated trituration with a Pasteur pipette having a
fire-polished tip and resuspended in serum-free, chemically defined
medium, as described above.

Cells were plated at a density of 7.5�104 cells/cm2 onto 24-well
plastic plates. The cultures were incubated at 37�C and 10% CO2 in
air. The medium was not changed throughout the experiment. We
had previously demonstrated that the cell population under investi-
gation consists of at least 93% neuronal elements (Monnerie et al.
1997b).

Immunofluorescence analysis

To identify neuronal cells in the cultures, we used an antibody raised
against the 68-kDa neurofilament protein. Cultures were fixed in
ethanol/ acetic acid (95:5) for 4 min, washed with PBS, and incubat-
ed for 30 min in PBS containing 2% bovine serum albumin (BSA).
Immunostaining of neuronal cells was performed for 2 h at room
temperature (RT) with mouse monoclonal anti-68-kDa neurofila-
ment protein (anti-NF, Sigma) diluted 1:10 in PBS/BSA. Cultures
were then washed with PBS and incubated with tetramethylrhod-
amine-isothiocyanate-conjugated sheep anti-mouse IgG antibodies
(Sigma) diluted 1:100 in PBS/BSA for 2 h at RT. After being
washed, the immunostained cells were examined under a Leica mi-
croscope equipped with an epifluorescence system.

Astrocytes were labeled by using glial fibrillary acidic protein
(GFAP) according to the same procedure as described for neurons.
Rabbit antiserum to GFAP (Sigma) was added at 1:80 to the block-
ing buffer for 2 h at RT. Visualization was performed by using flu-
orescein-isothiocyanate-conjugated goat anti-rabbit IgG antibodies
(Sigma) diluted 1:100.

Experimental procedures

The amino-acid sequences of the oligopeptides, WSGWSSCSRSCG
(pep1), WGPCSVSCG (pep2 ), RKAR (pep3), DCKDGSDE (pep4),
and a scrambled sequence of the former, SSCRSGCWGSSW
(pep1 S), were purchased from Synt:em (Nîmes, France). An aliquot
of 6 ml of each peptide (25 mg) was spotted onto the center of each
well of 24-well plastic plates and incubated at 37�C. After 4 h, the
plates were washed twice with culture medium, and neurons were
added to the dishes as described above and then examined (on the
indicated days after plating) for morphological appearance and mor-
phometric analysis.

Alternatively, for experiments with ECM proteins, 24-well plas-
tic plates were previously coated with either fibronectin (24 mg/ml)
or thrombospondin (20 mg/ml) prior to the application of 6 ml of the
corresponding peptide.

Soluble heparin was added to the culture medium at either 40 mg/
ml or 80 mg/ml at the time of cell plating in both control and pep1-
treated cultures. For experiments with substrate-coated heparin,
both heparin (40 mg/ml) and pep1 were added in the same spot
and incubated for 4 h at 37�C. The plates were then washed twice
with culture medium, and neuronal cells were plated directly onto
the plates.

For experiments to test the effect of pep1 and pep2 in solution,
peptides were added to the culture medium at the time of cell plat-
ing, at concentrations ranging from 50 mg/ml to 500 mg/ml.
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Quantitative analyses

Aggregation assay

To quantify the effect of peptides on neuronal aggregation, we
counted the number of neuronal cell aggregates by examining
phase-bright cells in fields randomly selected with a reticule grid
(1�1 cm, subdivided into 100 squares) in the eyepiece of the micro-
scope, at a magnification of �125. Aggregates were counted when
their size reached nearly 0.25 mm2 corresponding to the size of
the reticule, and when they displayed at least one well-defined neu-
rite bundle, longer than one aggregate diameter. Some 2.5% of the
total surface of the well was examined. The number of independent
experiments is indicated by n.

Adhesion assay

Plastic plates (24-well) were coated with 6 ml pep1, pep2, pep1 S, or
BSA and were then incubated for 4 h at 37�C. After two washes with
culture medium, 1.5�105 freshly dissociated cells were seeded into
each well. After 1 h of incubation at 37�C, the cells were gently
washed with PBS to remove unattached cells, and the number of ad-
herent cells was counted from three fields (at �250) under the phase-
contrast microscope.

Alternatively, peptides were bound to individual wells by nitrocel-
lulose dissolved in methanol as described by Lagenaur and Lemmon
(1987). The procedure then followed the above-described protocol.
Experiments were performed in triplicate and repeated three times.

Neurite extension from cortical neurons

Dissociated cortical cells were added to either peptide-coated 24-
well plastic plates or untreated plastic plates. After 5 days (stage
of optimal difference between control and treated cultures), neurites
were scored as present if the processes were longer than one aggre-
gate diameter. The number of neurites per aggregate and the length
of the longest neurite per aggregate were determined from three re-
gions of each well and from at least three replicate cultures, provid-
ed the aggregates were of the same size.

Neurite extension from spinal-cord neurons

To examine sprouting of neurons, dissociated cells were added to ei-
ther peptide-coated 24-well plastic plates or untreated plastic plates.
After 7 days (stage of optimal difference between control and treated
cultures), neurites were scored as present if they were longer than
one cell diameter. Experiments were performed at least three times.

Statistical analysis

Data were expressed as the mean�SEM of n independent experi-
ments. For all experiments, we statistically compared control groups
and peptide-treated groups by using analysis of variance (ANOVA,
for independent series and with different parameters for each group),
followed, where necessary, by the Newman-Keuls post-hoc test. The
significance level was P<0.05.

Results

Several peptides deduced from the partially characterized
SCO-spondin sequence were first tested on neuron-en-
riched cultures of dissociated embryonic chick cortical
and spinal-cord cells. The peptides chosen included (1)
two sequences within two different thrombospondin type
1 repeats (TSRs), (2) one sequence present in one of the
LDLr type A domains, and (3) one glycosaminoglycan-
binding sequence also identified in a number of hepa-
rin-binding proteins (Cardin and Weintraub 1989)
(Fig. 1). These correspond to highly conserved amino ac-
ids of the TSR and LDLr consensus.

Effect of SCO-spondin-derived peptides on cortical
neurons

TSR-derived peptides

Pep1: WSGWSSCSRSCG. On plastic alone, cortical neu-
rons typically formed aggregates from which extended
very few neurites (Fig. 2A). Control cells seeded in the

Fig. 1 Schematic drawing of the SCO-spondin sequence (AC num-
ber X93922) including the position and sequence of the four pep-
tides tested. The thrombospondin type 1 repeats (TSRs) are striped,
the low-density lipoprotein (LDL) receptor type A repeats are shad-
ed, and the binding site to cytokine class II receptors is represented
by a triangle. Amino acid sequences correspond to the peptide po-
sition within a specific domain
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Fig. 2A±C Effect of pep1 and
pep2 on the morphology of
cortical neurons. Phase-contrast
micrographs of cells grown for 5
days in the absence of any sub-
strate. A Control culture in
which neuronal cells constitute
aggregates without neuritic out-
growth. B In the presence of
pep1, numerous neuritic pro-
cesses extend from the neuronal
aggregates. C In comparison
with pep1, neuritic outgrowth is
less well-developed in the pres-
ence of pep2. Bar 50 mm
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absence of any peptides were gradually lost from the plas-
tic substrate during the first 5 days of culture. In contrast,
on the spot area where pep1 had been coated, aggregated
neurons were mostly connected by long thick bundles of
neurites within 5 days in culture (Fig. 2B). Furthermore,
cells adhered well to the pep1-coated substrate, and no ag-
gregate detachment was detected. The number of neuro-
nal aggregates (Fig. 3A) increased 9.3-fold from control
cultures to cultures growing on pep1 (4.33�0.47 to
40.33�4.64), and both the number of neurites per aggre-
gate (Fig. 3B) and the length of the longest neurite of
an aggregate (Fig. 3C) were significantly enhanced in
the presence of pep 1. Neuronal cells adhered poorly to
BSA-coated plastic wells.

Pep1 S: SSCRSGCWGSSW. To make sure that the prima-
ry amino-acid sequence was essential for the functional
activity of pep1 and that biological activity was not mere-
ly the result of the peptide net charge or amino-acid com-
position, we tested the scrambled peptide (pep1 S) at the
same concentration (25 mg/spot) as for the ªnativeº un-
scrambled peptide (pep1). No significant increase in cell
adhesion or neurite outgrowth was observed in the pres-
ence of pep1 S (data not shown).

Fig. 3A±C Quantitative analysis of cortical neuronal aggregates in
the presence of pep1 or pep2. Cells were grown for 5 days in N2 me-
dium only (solid bars), in the presence of pep1 (broadly striped
bars), in the presence of pep2 (shaded bars), or with BSA (narrowly
striped bars). The number of neuronal aggregates (A), the average
number of neurites per aggregate (B), and the average length of
the longest neurite per aggregate (C) are shown. Values are the
mean�SEM (n=3). *P<0.0001 vs controls; **P<0.001 vs controls
(ANOVA)

Fig. 4 Effect of pep1 and pep2 on cortical neuronal adhesion. A sin-
gle cell suspension (1.5�105 cells per 16 mm well) was plated onto
plastic plates alone (solid bar), or plates coated with pep1 (broadly
striped bar), pep2 (shaded bar), or BSA (narrowly striped bar). No
significant difference was observed in the number of adhering cells
between control (solid bar) and peptide-treated cultures 1 h after cell
seeding. Values represent the mean�SEM of duplicate cultures

Fig. 5A±C Effect of pep1 and pep2 on neurite outgrowth in low-
density cortical neuronal cultures. Cells were grown for 4 days in
the absence (solid bar) or presence of pep1 (broadly striped bar)
or pep2 (shaded bar). The percentage of neurons bearing neurites
(A), the average number of neurites per cell (B), and the average
length of the longest neurite per cell (C) are shown. Values are
the mean�SEM (n=3). *P<0.0001 vs controls (ANOVA)
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Pep2: WSPCSVSCG. Pep2 tested at the same concentra-
tion as pep1 was less efficient; aggregate detachment
was observed with time in culture, in contrast to pep1-
treated cultures, and neuritic outgrowth was poorly devel-
oped (Fig. 2C vs Fig 2B). Morphometric analysis revealed
that the number of neuronal aggregates increased 5-fold
from control to pep2-treated cultures (4.33�0.47 to

21.67�4.19) instead of 9.3-fold to pep1-treated cultures
(Fig. 3A). For the number of neurites per aggregate
(Fig. 3B), a 1.6-fold decrease was observed from pep2
vs pep1-treated cultures (3.90�1.0 between pep2 and con-
trols; 6.18�1.01 between pep1 and controls), whereas the
length of the longest neurite per aggregate was unaffected
(Fig. 3C).

Fig. 6A, B Effect of pep1 on
the morphology of cortical neu-
rons grown for 5 days on
thrombospondin-coated plates.
Phase-contrast micrographs.
A Control culture with neuronal
aggregates exhibiting poor neu-
ritic outgrowth. B In the pres-
ence of pep1, the aggregates are
interconnected by bundles of
neuritic processes. Bar 50 mm
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Pep3: RKAR. No effect was detected on either cell adhe-
sion or neurite outgrowth in the presence of pep3.

LDLr type A-derived peptide

Pep4: DCKDGSDE. No effect was obtained with pep4
spotted at a single dose from 25±200 mg per spot (data
not shown).

Effect of TSR-derived peptides under various experi-
mental conditions

Cell-to-substrate adhesion

We looked for a relationship between the ability of pep1
and pep2 to promote neuronal adhesion and the ability to
increase cell-to-substratum interactions during the first
hour post-plating. As shown in Fig. 4, no difference in
the number of adhering cells was detected between con-
trol and peptide-treated cultures. On the other hand,
BSA was poorly adhesive.

Low-density cultures

To determine whether the neurite outgrowth promoting
activity of pep1 and pep2 depended on neuronal aggrega-
tion, we cultivated the cells at low density to avoid aggre-
gate formation. As shown in Fig. 5, in the absence of ag-
gregation, both peptides significantly increased the per-
centage of neuronal cells bearing neurites. In controls, on-
ly 24.4% of the adherent cells exhibited neurites after 4
days in culture, whereas a 3-fold and a 2.5-fold increase

occurred in the presence of pep1 and pep2, respectively.
In addition, a significant increase in both the number of
neurites per cell (2.3-fold) and the length of the longest
neurite (1.9-fold) was observed in the presence of pep1,
but not with pep2.

Different substrates

Since all the above experiments were performed on plas-
tic substrate, we investigated whether the more active
peptide, namely pep1, could affect neuronal behavior in
the presence of ECM proteins in the same way. In the
presence of thrombospondin, pep1 also increased neuritic
outgrowth (compare Fig. 6A and 6B). As shown in Fig. 7,
the adhesion and thus the number of neuronal aggregates
in pep1-treated cultures increased on thrombospondin,
compared with control cultures. In the presence of fibro-
nectin alone, neuronal cells adhered more efficiently; this
meant that there was no measured difference between
pep1-treated and untreated cultures on cell aggregation.
However, pep1 significantly increased the number of neu-
rites per aggregate in both thrombospondin- and fibronec-
tin-coated wells compared with controls (13.6-fold and 5-
fold for thrombospondin and fibronectin, respectively)
and increased the length of the longest neurite per aggre-
gate (4.72-fold and 1.8-fold, respectively).

Presence of heparin

To determine whether the WSXWS sequence in pep1
could interact with proteoglycans, we tested various con-
centrations of heparin in the presence of pep1 coated onto
plastic wells (Fig. 8). In the presence of heparin alone,
cortical neuronal cells adhered as poorly as previously
shown on the plastic substrate. In contrast, cells seeded
onto pep1 in wells in which heparin was added at 40 mg/
ml adhered, aggregated with time in culture, and did not
display any detachment from the substrate after 5 days
in culture. In addition, neuronal aggregates were intercon-
nected by neuritic processes. Quantitative analysis re-
vealed a significant increase in both the number of neu-
rites per aggregate (4-fold) and the length of the longest
neurite per aggregate (2.5-fold) from cultures incubated

Fig. 7A±C Quantitative analysis of the effect of pep1 on cortical
neuronal cell adhesion and neuritic outgrowth in the presence of
ECM proteins. Cells were plated on plastic plates alone (P), on
thrombospondin-coated plates (TSP), or on fibronectin-coated plates
(FN). Cells were maintained without (solid bar) or with pep1
(broadly striped bar) for 5 days. The number of neuronal aggregates
(A), the average number of neurites per aggregate (B), and the av-
erage length of the longest neurite per aggregate (C) are shown. Val-
ues are the mean�SEM (n=3). *P<0.0001 vs controls (ANOVA)
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in the presence of heparin alone compared with those in-
cubated with both heparin and pep1. No inhibition of
pep1-mediated cell adhesion was observed in the presence
of a higher heparin concentration (80 mg/ml; data not
shown). Preincubation of pep1 substrate with 40 mg/ml
heparin abolished neither attachment nor neuritic out-
growth, indicating that heparin binding to pep1 was un-
likely. As for experiments with soluble heparin, morpho-
metric analysis revealed an increase in both the number of
neurites per aggregate (2.4-fold) and the length of the
longest neurite per aggregate (2.2-fold) compared with
substrate-coated heparin alone (data not shown).

Soluble form

We analyzed whether the peptides could influence the de-
velopment of cortical neurons in culture, when presented
to the cells in a soluble form. When peptides were added
at concentrations up to 500 mg/ml, no effect was obtained
on either neuronal adhesion or morphology compared
with untreated cells seeded on the plastic substrate (data
not shown).

Effect of pep1 on spinal-cord neurons

No difference in the number of adhering cells between
control and pep1-treated cultures was recorded 1 h after
plating (data not shown). The morphology of cultured
neurons was different according to the presence or ab-
sence of pep1 (compare Fig. 9A, B with Fig. 9C, D).
When spinal-cord cells were plated in the presence of
pep1-coated substrate, neurons remained evenly distribut-
ed for at least one week in vitro. Neurons displayed prom-
inent neuritic outgrowths forming a network of processes
with no obvious fasciculation of neurites. In contrast, neu-

ronal cells in controls generally formed small aggregates
interconnected via long processes. Neurites grown from
the aggregates joined to form relatively straight fascicles
along which many single bi- or tripolar neurons could be
seen. A quantitative assessment of both neuronal aggrega-
tion and neurite growth is shown in Fig. 10. No difference
in neuronal morphology was observed between control
and pep1 S-treated cultures. In addition, pep2 when tested
under the same conditions and at the same concentration
as pep1 had no effect on spinal-cord neuronal morpholo-
gy.

Discussion

We show that two peptides derived from two TSR se-
quences of SCO-spondin promote the adhesion and neu-
ritic outgrowth of embryonic chick cortical neurons culti-
vated in serum-free medium. One of these peptides (pep1)
is more potent than the other (pep2). The biological ef-
fects observed with pep1 are specific, since the scrambled
sequence (pep1 S) has no activity under the same condi-
tions. In addition, only pep1 displays different biological
activities depending on whether the cells are of cortical or
spinal-cord origin.

Ability of TSR-derived peptides to promote adhesion
and neuritic outgrowth

Previous studies have demonstrated the ability of
thrombospondins to promote adhesion and process out-
growth from central and peripheral neurons (Neugebauer
at al. 1991; O'Shea et al. 1991; Osterhout et al. 1992; De
Freitas et al. 1995), but the exact mechanisms involved in
these processes have not yet been clearly defined. Never-
theless, the neurite-promoting activity has been localized
within the region that includes the TSRs (Osterhout et al.

Fig. 8A±C Quantitative analysis of the effect of pep1 on cortical
neuronal cell adhesion and neurite outgrowth in the presence of sol-
uble heparin. Cells were grown for 5 days in the presence of 40 mg/
ml heparin alone (solid bar), or in the presence of both heparin and
pep1 (broadly striped bar). The number of neuronal aggregates (A),
the average number of neurites per aggregate (B), and the average
length of the longest neurite per aggregate (C) are shown. Values
are the mean�SEM (n=3). *P<0.0001 vs controls (ANOVA)

Fig. 9A±D Influence of pep1 on spinal-cord neuronal morphology.
Anti-68-kDa neurofilament protein immunofluorescence of neurons
grown for 5 days in the absence of any substratum. A, B Control cul-
ture with neuronal aggregates interconnected by bundles of neurites.
C, D In the presence of pep1, spinal-cord neurons remain evenly dis-
tributed, and neuritic outgrowth constitutes a dense network. A, C
Bar 100 mm. B, D Bar 50 mm
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1992; De Freitas et al. 1995). Our results convincingly
show that an amino-acid sequence present within a TSR
of SCO-spondin is able to modulate both adhesion and
neuritic outgrowth from chick CNS neurons.

Some TSRs from identified proteins including
thrombospondins contain the amino acid sequence
VTCG, which promotes cell adhesion in various biologi-
cal systems (Prater et al. 1991). Pep2 contains a sequence
(VSCG) that displays a single conservative substitution,
but this sequence has been shown to be functionally
equivalent to the VTCG sequence in properdin (Prater
et al. 1991). Although the sequence of pep1 differs from
the VTCG consensus domain by two amino acids
(RSCG), it is more potent in mediating cortical cell adhe-
sion and neuritic outgrowth than the pep2 sequence.

Thus, the presence of other or additional amino acids
in pep1 may increase pep1-mediated cell adhesion and/
or neurite outgrowth compared with the less potent
pep2; pep1 contains a WSXWS sequence, which is absent
from pep2 and which is a site of protein-protein interac-
tion in other biological systems. This motif is also found
in the variant fibronectin type III repeat of receptors for
several growth and differentiation factors (Bazan 1990;
Patthy 1990; Davis et al. 1991), and a mutation of this
motif in the interleukin 2 receptor has been shown to
block transmembrane signaling (Miyazaki et al. 1991).

The only contribution showing an involvement of pep-
tides with the WSXWS sequence in cell adhesion comes
from Guo et al. (1992). These authors have reported that
peptides from the TSRs of human thrombospondin con-
taining this consensus sequence promote melanoma cell
adhesion when immobilized on plastic. Furthermore, they
have defined a distinct class of heparin-binding peptides
that lack the currently known heparin-binding consensus
sequences (the BBXB domain, where B is a basic amino
acid; Cardin and Weintraub 1989).

In addition, the WSPWS sequence has been reported to
play a role in neuritic outgrowth (Osterhout et al. 1993)
via a heparin-binding moiety, since the promotion of neu-
ritic outgrowth can be inhibited by soluble heparin. Our
data, however, do not show any heparin-mediated inhibi-
tion on cortical cell adhesion or on neurite extension in
the presence of pep1. Thus, the mechanism of pep1 activ-
ity remains unclear, but the involvement of heparin-bind-
ing molecules of the neuronal cell surface appears unlike-

ly. Nevertheless, recent studies have identified various
types of proteoglycans on developing neurons (Margolis
and Grumet 1996); these proteoglycans are involved in
neuronal development and could function as receptors
of SCO-spondin. According to Neugebauer et al.
(1991), integrins, which are widely involved in the recog-
nition of ECM components, may function as thrombo-
spondin receptors mediating neurite outgrowth of retinal
neurons. Moreover, the integrin a3b1 recognizes the TSRs
and mediates neurite outgrowth of rat sympathetic neu-
rons on purified thrombospondin (De Freitas et al.
1995). By analogy, integrins are candidates for a certain
class of SCO-spondin receptor, but exactly which amino
acids of the TSRs are involved in this response has yet
to be determined.

The exact mechanism by which pep1 interacts with
neuritic outgrowth remains to be demonstrated, but we
emphasize that this activity is highly specific, since it
does not appear when using the pep1 S sequence. In addi-
tion, ECM substrates, which exhibit some homologies
with the pep1 sequence, do not significantly modify the
neuronal response to this peptide.

Pep 3 (RKAR), a BBXB sequence that is known to
bind proteoglycans in thrombospondin (Adams et al.
1995), has no effect on either cortical neuronal adhesion
or neurite outgrowth. Similarly, O'Shea et al. (1991) have
shown the inability of a thrombospondin 25-kDa fragment
containing the amino-terminal heparin-binding domain to
promote either central or peripheral neuronal adhesion or
neuritic outgrowth. In addition, a sequence containing
both BBXB and VTCG motifs can be inactive with re-
spect to binding heparin (Guo et al. 1992). Even so, under
our cell culture conditions, the RKAR motif is not in-
volved in the cell adhesion process.

Concerning the LDLr type A domains, no effect has
been detected on cortical neuronal cells by using peptides
with highly conserved amino acids of this motif. Thus, in
our cell system, this domain is probably not involved in
cell adhesion or neurite outgrowth. However, such do-
mains are also present in proteoglycans (Kallunki and
Tryggvason 1992) or in morphoregulatory proteins resem-
bling ECM proteins, e.g., the Drosophila nudel protein
(Hong and Hashimoto 1995). Whether these domains oc-
curring in SCO-spondin are involved in binding to lipo-
proteins or to some other related molecules requires fur-

Fig. 10A, B Quantitative anal-
ysis of the effect of pep1 on
spinal-cord neurons. Cells were
plated for 7 days in the absence
(solid bar) or presence of pep1
(broadly striped bar). The
number of neuronal aggregates
(A) and the average number of
neurites per cell (B) are shown.
Values are the mean�SEM
(n=2). *P<0.0001 vs controls
(ANOVA)
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ther study. It is interesting to note that Godyna et al.
(1995) have identified members of the LDLr family as re-
ceptors for thrombospondin in smooth muscle cells, endo-
thelial cells, and fibroblasts.

Putative mechanism(s) of pep1 activity

Adhesion process

Several investigations have demonstrated the relationship
between repulsive mechanisms and the cell aggregation
process in dissociated central or peripheral neuron cul-
tures. For instance, the chick neural ECM protein restric-
tin allows retinal cells to adhere and aggregate but not to
extend neurite outgrowth (Rathjen et al. 1991). Likewise,
embryonic chick forebrain neurons form aggregates with-
out extending processes when plated on GP55, a protein
isolated from adult chick brain (Clark and Moss 1994).
In several other studies, where CNS neurons have been
plated on a substrate containing repulsive molecules, they
do not even adhere (Faissner and Kruse 1990; Maeda and
Noda 1996). Our results, however, show that pep1 is not
an anti-adhesive substrate, as it promotes enhanced neu-
ritic outgrowth. In addition, when pep1 is coated onto fi-
bronectin or thrombospondin substrates, numerous pro-
cesses extend from the aggregates, suggesting that the ef-
fect of pep1 is mainly independent of the type of sub-
strate.

On the other hand, when added in solution, pep1 has
no effect on neuronal morphology, suggesting that the
conformation of the peptide and its presentation as soluble
vs substrate-bound is important for its activity; pep1 is an
adhesive substrate that favors neurite development
through an increase in cell-to-substrate interactions.

Side-to-side interactions

Our observations demonstrate that pep1 not only pro-
motes neurite outgrowth, but also modifies side-to-side
interaction at least in spinal-cord cell cultures; spinal-cord
cells no longer aggregate in the presence of pep1 and neu-
rites do not fasciculate, an effect that recalls RF activity
on spinal-cord neurons (Monnerie et al. 1997b). In con-
trast, on cortical neurons, no decrease in side-to-side in-
teraction is observed in the presence of pep1, consistent
with the effect of RF on cortical cells (Monnerie et al.
1997a). Pep1, and thus SCO-spondin, might exert oppo-
site effects depending on the cortical or spinal origin of
the cells, by acting on different molecules at the neuronal
cell surface and/or in relation to their spatio-temporal ex-
pression. On the other hand, since neuritic outgrowth is
still enhanced in the absence of cell aggregation (cultures
at low density), both neuritic outgrowth and aggregative
mechanisms can be regarded as being mediated by differ-
ent sequences of SCO-spondin, as has been demonstrated
with tenascin (Husmann et al. 1995). To date, only half of
the sequence of SCO-spondin is known (unpublished da-

ta); domains other than (or within) the TSRs might be in-
volved in the cell-to-cell adhesion process (Gobron et al.
1996; Orsini et al. 1996).

The results reported here suggest that SCO-spondin
displays multifunctional activities during CNS develop-
ment, involving different domains of the molecule and
in relation to the target cell type. In addition, it may be
of interest to determine whether domains present in
SCO-spondin account for the neuronal survival-promot-
ing activity reported in the presence of RF (Monnerie et
al. 1995) and the neuronal anti-aggregative activity ob-
served in the presence of soluble RF-material (Monnerie
et al. 1996).

Putative sites of SCO-spondin activity in vivo

SCO-spondin may be widely distributed throughout the
CNS, either as a leptomeningeal secretion originating
from the basal release of the secretory material (Oksche
1969) or via the RF, leading to the establishment of a gra-
dient of soluble molecules in the developing spinal cord.
Depending on the position of the neurons within the gra-
dient and the origin of the cells, from a spinal or cortical
source, SCO-spondin could display differential effects on
neuronal targets. Using synthetic peptides, we have
shown that such variations may exist between cortical
and spinal-cord neurons.

Differential adhesive properties are essential during
cell migration and differentiation and may influence
morphogenetic movements in the developing CNS
(Whitesides and LaMantia 1995). Axon elongation and
selectivity of growth direction are subjected to regulato-
ry influences (Keynes and Cook 1995). Several glyco-
proteins with related functions may coexist on identical
axons, and differences in the level of expression of spe-
cific glycoproteins on distinct axonal subsets could influ-
ence the adhesive preferences between cell populations.
Both molecular and in vitro studies strengthen the hy-
pothesis that the SCO/RF complex, particularly SCO-
spondin, is involved in developmental aspects during
CNS formation.
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