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SUMMARY

1. C6 glioma cells were transfected with two constructs carrying C-terminal laminin
�1-chain sequences of 117 and 114 bp length, respectively. These sequences are specifically
known to code for peptides which have neurite-promoting activity.

2. The stable expression and secretion of the two peptides was detected by Northern
and Western blot analysis.

3. Primary neuronal cultures derived from embryonic mouse forebrain were cocul-
tured with these transfected cells and exhibited a substantial increase in neurite outgrowth
and in survival time. Conditioned media from the transfected cells generated similar effects.

4. Organotypic cultures from embryonic mouse brain were used as a second system
as being closer to the in vivo situation. Again, coculture of brain slices with transfected
cells or treatment with laminin peptide-containing media increased neuronal outgrowth.

KEY WORDS: neurite outgrowth; laminin peptides; transfection, glia.

INTRODUCTION

Neurite outgrowth is part of neuronal differentiation and the key event for functional
nervous communication throughout the body. Neurites adhere to particular surfaces
and travel along pathways with guidance posts whose molecular composition is
unknown. Laminin, a large glycoprotein of about 800 kDa and part of the extracellu-
lar matrix (ECM), is one of the well-studied adhesive matrix molecules which enable
neurites to travel (Aumailley and Krieg, 1996; Sasaki et al., 1988). Every laminin
molecule consists of three different chains (�, �, �) which assemble to structurally
and functionally distinct laminin molecules. Genetically different isoforms of each
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chain are known. Laminin-1 (formerly known as EHS-laminin) possesses �1, �1,
and �1 chains and represents one of the best-studied isoforms. Like some other
major ECM components such as fibronectin, thrombospondin, tenascin, and colla-
gens, laminin is a multidomain molecule. It possesses individual domains which
appear to have distinct biological activities. Laminin has been reported to influence
cell shape, proliferation, motility, differentiation, and growth factor responsiveness
as well as angiogenesis (Martin and Timpl, 1987; Goodman et al., 1987; Grant et
al., 1992; McKerracher et al., 1996; Malinda and Kleinman, 1996; Ryan et al., 1996;
Luckenbill-Edds, 1997).

Laminin also exerts striking effects on many types of neurons by promoting
neurite outgrowth, migration, and regeneration (Lander, 1987; Letourneau et al.,
1988). In addition, it promotes early neural differentiation; for instance, embryonal
carcinoma cells become neurons when grown on laminin substrates (Sweeney et
al., 1991).

Most experiments have been performed in vitro using laminin coats on glass
or plastic culture dishes. These experiments have shown that neurites precisely
follow laminin traces even when the width of the trace is in the range of some
micrometers (Clark et al., 1993). The phenotype of neurites varies depending on
the laminin concentration: the higher the concentration of coated laminin, the longer
and less branched will the elicited neurites grow (Buettner and Pittman, 1991).

The neuron-specific activities of the entire laminin molecule have been mapped
to several domains of the laminin molecule as determined by elastase digestion. In
this way, major neuron-specific activities were attributed to the E8 fragment, which
starts at the amino acid position 1886 and comprises 223 amino acids of the �-
helical region, and to a large globular heparin-binding domain (G-domain) at the
end of the �1 chain (amino acid residues 2110–3060) (Edgar et al., 1984). Besides
promoting nonneuronal cell adhesion and spreading, the E8 fragment was found
to stimulate neurite survival and outgrowth (Liesi et al., 1989; Begovac et al., 1991).
In order to further elucidate this effect, several groups have synthesized peptides
from the laminin �1 chain and have screened them for biological activities. A 19-
mer peptide termed PA22-2 from just above the globular domain was found to
promote cell adhesion, spreading, and migration of cells and neurite outgrowth.
Even a smaller sequence within the 19-mer peptide, the pentapeptide IKVAV, was
responsible for cell adhesion and neurite outgrowth (Tashiro et al., 1989). A series
of peptides from the globular domain were synthesized and tested for neurite
outgrowth-promoting activity, several of which (termed GD 1–4) did indeed have
a strong neurogenic effect (Skubitz et al., 1991).

Although the ability of laminin to induce neuronal migration and survival may
have considerable therapeutic potential as a means of regenerating and repairing
damaged neuronal tissue or neuronal loss in vivo, no major effort has been made to
investigate the availability of laminin-derived peptides in a gene therapy approach.

We have established stably transfected glial-cell subpopulations overexpressing
two peptides of the laminin �1 chain (Fig. 1). The neurite-promoting activity of
the transfected cells was tested in neural cultures as well as in an organotypic culture
system. Cotransfection of the glial cells with a laminin construct and a lacZ reporter
gene allowed us to study the adhesive capacity and migrational behavior of the
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Fig. 1. Schematic diagram of pep1 and pep2 posi-
tions in the laminin �1-chain sequence.

genetically modified glial cells in neural tissues. We demonstrate that the laminin
peptides produced by glial cells markedly increase neurite outgrowth of primary
neuronal cultures and of cultured neural explants and greatly enhance survival rates
of neurons in vitro.

MATERIALS AND METHODS

Animals

NMRI inbred mice bred were used. For the in vitro experiments (neuronal
cultures and brain slices; see below) pregnant mice of various stages were anaesthe-
tized and killed; the embryos were removed and put into ice-cold phosphate-buf-
fered saline. Stages of pregnancy were determined by plug checks in the morning
after mating; noon was taken as 0.5 day of gestation.

Cell Cultures and Conditioned Media

Neurons were isolated as described by Bauer and Tontsch (1990). In short,
forebrains from 14.5-day-old mouse embryos were carefully cleared from meninges,
cut into small pieces, and digested for 5 min with 0.25% trypsin dissolved in glucose-
enriched Dulbecco’s medium at 37�C. After several rounds of gentle trituration,
neurons were transferred into serum-free N2 culture medium (Bottenstein and Sato,
1979), plated onto poly-L-lysine-coated 35-mm plastic petri dishes, and cultured in
a CO2 incubator at 37�C. Culture medium was changed every second or third day.
After about 1 week in culture, cells were differentiated and more than 95% of all
cells proved to be neurons as determined by marker expression (neuron-specific
enolase or neurofilaments, respectively) (data not shown). C6 glioma cells were
kept in Ham’s F12 medium enriched with 10% FCS. Conditioned media were
collected from confluent cultures kept for 3 days in MEM without serum.

Organotypic CNS Cultures

Brain slices were basically prepared as described by Gähwiler (1981) and Stoppini
et al. (1991). Slices were produced from forebrains of embryonic (E14–E17) and
neonatal mice using either a McIllwain tissue chopper or surgical knives, depending
on the size and stability of the tissue. Slices had a thickness of 200–400 �m and



608 Webersinke, Bauer, Danninger, Krizbai, Schittny, Thalhamer, and Bauer

were cultured on Millicell CM (Millipore) or on nucleopore (Falcon) membranes
which had been previously soaked with culture medium. The culture medium con-
tained MEM supplemented with Hepes (50%), horse serum (12.5%), FCS (12.5%),
and Hank’s buffer (25%) at pH 7.2. Glucose was added to a final concentration of
6.5 mg/ml. Membranes were used uncoated except for certain experiments where
either laminin was used as coating or transfected glial cells were seeded as feeder
layer for the slice. During long-term cultivation (up to 2 months) the culture medium
was gradually changed to a neuron-specific N2 medium enriched with 0.5–10% FCS,
depending on whether or not glial cells were cocultured.

PCR and Cloning of the Laminin Constructs

Plasmids containing the full-length cDNA of the laminin �1 chain were a gift
of Dr. Y. Yamada (NIH, Bethesda, MD). PCR amplifications were done using
AmpliTaqu polymerase (Perkin Elmer, USA). Amplification products were electro-
phoresed on 1.5% agarose gels and the DNA was extracted using a QIAEX II kit
(Quiagen, USA). All PCR fragments were cloned into pBluescript KS II (pBSKII)
vector (Stratagene) and sequenced using a Sequenase� kit (USB). A 120-bp cDNA
fragment containing the coding sequence of the original laminin signal peptide was
generated by PCR with synthetic oligonucleotides 5�-GAGCGCAGGTA
CCGGCGGCG-3� and 5�-GGCAGGGTCTAGACCTCTCTGC-3�. KpnI and
XbaI restriction sites were introduced by primer modification. Pep1 and pep2 cDNA
fragments were generated by PCR amplification using oligunucleotides 5�-GCA
GAAATCTAGAGGAGATC-3� and 5�-GGTGTTGGGATCCGTAGATTA
AGTCTG-3� (pep1) and 5�-CGATCGATCTAGACAACCTG-3� and 5�-GCATG-
GGTGGGATCCAAA AGTTAAGCGTC-3� (pep2), containing modifications to
yield XbaI and BamHI restriction sites and artificial stop codons (Fig. 2).

A pBSK II vector was used as a basis for the laminin constructs. Restriction
enzymes were obtained from Boehringer Mannheim (Germany). A part of the
‘‘long terminal repeat’’ (a 450-bp NheI–KpnI fragment) of the Moloney murine
leukemia virus was chosen as a promoter (MoLTR). The cDNA fragment corre-
sponding to the laminin signal peptide was cloned into the KpnI and a XbaI sites
of pBSKII (see Fig. 2). The PCR-amplified fragments encoding pep1 and pep2
(positions 6366–6483 and 7926–8040) were digested with XbaI and BamHI and
were cloned together with a BamHI–EcoRI-digested fragment containing the SV40
polyadenylation signal and a CAT (chloramphenicoltransferase) sequence down-
stream of the signal peptide into the XbaI and EcoRI sites of the polylinker. A
hygromycine resistance gene under the control of the PGK (phosphoglycerate
kinase) promoter was introduced into the SalI site of the constructs (see Fig. 2)
in opposite transcriptional direction. All plasmid constructs were confirmed by
restriction analysis and DNA sequencing. For transfection experiments, constructs
were linearized by HindIII digestion.

Northern Blotting

Total RNA was isolated by phenol extraction using standard procedures and
electrophoresed through a 1.2% agarose gel under denaturing conditions. RNA was
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blotted onto Hybond membranes (Amersham, UK) overnight and probed with a
32P-labeled BamHI–EcoRI fragment consisting of the CAT and the SV40 region
of the laminin constructs.

Transfection of Glial Cells and Feeder Layers

C6 glioma cells and primary astrocytes were cultured in 250-ml plastic flasks
(Falcon) to semiconfluence, removed with a rubber policeman, and washed three
times with cold electroporation buffer containing 20 mM Hepes, 0.137 M NaCl, 5
mM KCl, 0.7 Na2HPO4, 3 mM glucose, and 0.01% �-mercaptoethanol, pH 7.2. One
ml of cell suspension (approx. 5 � 107 cells) containing 20 �g of linearized DNA
(pep1, pep2) was electroporated at 1.5 kV (Biorad Gene Pulser�) at 4�C. Cells
were plated on 90-mm plastic petri dishes and fed with medium containing 200 �g/
ml hygromycin. For cotransfection studies a lacZ reporter gene construct conferring
neomycin resistance to the transfected cells was used. �-Galactosidase staining was
done according to standard protocols. Remaining cells clones were isolated and
tested for the transgene integration by Northern analysis. Fast-growing C6 cells
carrying the laminin constructs were either kept in culture and their conditioned
media harvested or were plated onto 35-mm plastic petri dishes and used as feeder
layers for primary neuronal cultures. These feeder layers were first grown in Ham’s
F12 medium enriched with FCS, and after reaching confluence, isolated neocortical
neurons were seeded upon and the medium was changed to N2 neuron-specific
medium.

Quantification of Neurite Outgrowth and Neuron Survival

Primary neurons were grown in 35-mm plastic dishes either on feeder layers
of transfected C6 glioma cells or in N2 medium enriched with 10–50% conditioned
media derived from transfected C6 glioma cells. At various time intervals, neurite
outgrowth was determined by counting neurites in five randomly chosen microscopic
fields (about 2 mm2). Means and standard errors are given. Three independent
experiments were performed. For each experimental group three culture dishes
were used. Survival of neurons was determined by counting cells which looked vital
(firm adherence to the surface of the dish of both cell body and neurites) and by
a colorimetric tetrazolium salt assay (MTT: 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide from Sigma; see Mosmann, 1983) following the protocol of
Manthorpe et al. (1986). For the latter assay neurons were grown on 35-mm plastic
petri dishes and on plastic 24-well plates (Primaria; Falcon). After 1, 2, and 3 weeks
in culture either on feeder layers or treated with CMs of the transfected glioma
cells (see Methods above) MTT sterile stock solution (1.5 mg/ml) was added at
a ratio of 1:5. After incubation overnight, cultures were terminated by adding
isopropanol–0.08 N HCl and after careful mixing the samples were read at 630 nm
with a Hitachi spectrophotometer.

Antibodies and Western Blotting

For the detection of endogenous laminin in cell lysates, commercial antibodies
were used (Sigma, USA). Two polyclonal antibodies against the laminin peptides
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(pep1, pep2) were raised in rabbits using synthetic peptides as antigens. Western
blots were performed using serum-free supernatants from C6 cells. The supernatants
were collected under sterile conditions and 10–25 times concentrated using an
Amicon concentration system. Protein concentration was determined according to
Bradford (1976) using BSA as a standard. Equal amounts of protein samples (about
10 �g/lane) were separated by SDS–PAGE (16%) according to Laemmli (1970) at
200 V for 1 hr and transferred to immobilon P membrane (Millipore). Following
the transfer and blocking in 5% nonfat dry milk, membranes were incubated with
the antibodies diluted to 1:2000 in TBS containing 0.1% Tween 20 (TBS-T) for 2
hr at room temperature. Membranes were then washed (2 � 15 min) in TBS-T
and protein bands were visualized using the ECL Western blotting analysis kit
(Amersham, UK).

RESULTS

Expression of Laminin Peptides in C6 Cells

Stably transfected glioma cells were selected by addition of hygromycin to the
culture medium and subsequent cloning throughout several weeks. Four cell clones
of each transfected population were randomly chosen and tested for the expression
of laminin peptides by Northern blotting. A 32P-labeled BamHI–EcoRI fragment
of the constructs was used as hybridization probe.

Pep2-transfected cells showed a generally weaker expression than pep1-
transfected cells (Fig. 3). For further experiments only those clones showing strong
expression of laminin peptides were used. Phase contrast pictures did not reveal
any difference in the morphology of the transfected C6 cells versus nontransfected
cells. Cell growth and proliferation rate were also unchanged in the transfected
cells (data not shown). Expression of the peptides was detected in the supernatant of
the cultured transfected cells using Western blot analysis and polyclonal antibodies
directed against pep1 and pep2. Specificity of the antibodies was tested by staining

Fig. 3. Northern blot analysis of transfected C6 cells. (A) C6 cells transfected with pep1. Lane 1,
untransfected C6 cells; lanes 2–5, four clones of transfected cells. (B) C6 cells transfected with pep2.
Lane 1, untransfected C6 cells; lanes 2–5, four clones of transfected cells.
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of pep2 supernatants with the pep1 antibody and vice versa. Both antibodies were
shown to recognize specifically the proper antigen (Fig. 4). However, besides a
specific reaction the antibodies exhibited also a weak unspecific reaction with un-
transfected cells, a problem which we could only partly overcome by increasing the
NaCl concentration of the antibody reaction buffer to a maximum of 900 mM.

Cocultivation Studies Using Neuronal Cell Cultures

The effect of transfected cells on neurite outgrowth and neuronal survival was
studied using both primary neuronal cultures and organotypic cultures derived from
mouse forebrain. The neuronal cultures consisted to a very high extent of neurons
as described earlier (Bauer and Tontsch, 1990). A few nonneuronal cells, probably
of mesenchymal origin, were visible. Results from coculture experiments using
C6pep1 and C6pep2 cells with primary neurons (freshly isolated neurons) are shown
in Fig. 5. After 2 days of cocultivation, no differences in morphology and outgrowth
could be observed between experimental groups and control cultures cocultured
with untransfected C6 cells as feeder layers, although control cultures were less
dense and exhibited significantly fewer neurites (Fig. 5a, d, h; Fig. 6A). Since
transfected C6 glioma cells sometimes develop long extensions which could be
mistaken for neurites, staining with antibodies against GFAP was performed rou-
tinely to avoid miscountings. It was virtually impossible to determine the exact cell
numbers since cells had a strong tendency to form clusters, especially when grown
on the pep1/pep2-transfected glioma cells. Therefore, another method for cell
survival was employed using a colorimetry assay (MTT assay, see Materials and
Methods section). After 1–2 weeks of cocultivation, control cultures showed a
substantial decrease in cell density (fewer cell clusters and single cells) and the
number of neurites was significantly reduced compared to the peptide-treated cul-
tures, which also showed a significant decrease in neurite outgrowth (Fig. 5 and

Fig. 4. Western blots demonstrating pep1 and pep2 in conditioned media
from transfected C6 cells. Lane 1, conditioned medium from C6 cells
transfected with pep1; lane 2, conditioned medium from C6 cells
transfected with pep2. Immunoreaction was performed with peptide anti-
bodies directed against (A) pep1 and (B) pep2.
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Fig. 5. Primary neuronal cultures grown on transfected C6 glioma cells. (a–c) Neurons grown on pep1-
transfected cells for (a) 2, (b) 6, or (c) 13 days. (d–g) Neurons grown on pep2-transfected cells for (d)
2, (e) 6, (f) 13, and (g) 20 days. (h–j) Neurons grown on untransfected C6 cells for (h) 2, (i) 6, and (j)
13 days. (90�)



Fig. 6. Relations between neurite numbers and presence of laminin pep-
tides. (A) Neurite numbers of primary neurons grown on feeder layers of
C6 glioma cells transfected with laminin �1-chain constructs. (B) Number
of neurites of primary neurons grown in conditioned media derived from
transfected C6 glioma cells. Black bars, pep 1; white bars, pep 2; shaded
bars, C6 cells, controls. n � 15. Means and SE are given.
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Fig. 6A). After 3 weeks of cocultivation only neurons grown on pep2-transfected
C6 cells still exhibited many neurons interconnected with neurites (Fig. 5g). Neurons
grown on pep2-transfected cells showed the strongest effect both on survival and
on neurite outgrowth. Our results concerning cell survival have been confirmed by
the MTT assay, demonstrating that pep1- and pep2-transfected C6 cells dramatically
increase survival of cocultured neurons (Table I).

Experiments with Conditioned Media

Figure 7 shows the effects of various conditioned media (CM) on neurons in
culture after 5, 8, and 12 days. At all three time intervals neuronal cultures treated
with CM from C6pep1 and C6pep2 were viable and contained partly interconnected
neurites. The total cell numbers were about equal in cultures treated with pep1 or
pep2 CM (about 30–40 cells/mm2) during the observation period. Again, it was
impossible to obtain exact numbers because of the tendency of the neurons to form
clusters. In general, more cells survived and more neurites were observed in cultures
treated with pep1 (6B). In control cultures treated with CM from untransfected C6
cells fewer cells survived (after 12 days about 10 cells/mm2) and the number of
neurites was very low. The data obtained by the MTT assay revealed a similar
tendency, showing maximal survival of neurons cultured with pep1 CM (Table I).

Studies with Organotypic Cultures

Organotypic cultures are useful model system to study neuronal functions or
cell–cell interactions. Other than primary neuronal cultures, they are long-lasting:
using the appropriate media, an organotypic brain culture derived from E13 or E16
mouse brain survived for up to 4 months in culture.

Figure 8a shows explants derived from E16 mouse brains cultured for 5 days
on laminin-coated filters. As expected, long neurites were observed in these cultures.
In order to study the effect of C6pep1/pep2-derived CMs on organotypic brain
cultures, brain slices derived from mice of various developmental stages were cul-
tured on filters and treated with the CMs. Cultures treated with CMs of pep1- or
pep2-transfected C6 cells exhibited rapid sprouting; however, neurites were more
abundant, but thinner and shorter than those in explants treated with laminin (not
shown). After 3 weeks brain explants incubated with pep1 CM appeared thinned
and spread out, but neurons were still branching (Fig. 8d), whereas in control

Table I. MTT Assay Testing Neuronal Survivala

C6 cells Pep1–C6 Pep2–C6

�CM Coculture �CM Coculture �CM Coculture

6 days 98 � 13 183 � 12 156 � 6 207 � 17 152 � 4 257 � 31
12 days 233 � 51 439 � 65 673 � 48 663 � 102 500 � 58 699 � 72
21 days ND 230 � 71 ND 478 � 122 ND 490 � 68

a 100%: Neurons without glial CM or feeder layer. n � 6–12. Means and SE are given.
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Fig. 7. Primary neuronal cultures grown in the presence of conditioned media (CM) derived from
transfected C6 glioma cells for various lengths of time. (a–c) CM of pep1 glioma cells; (d–f) CM of
pep2 glioma cells; (g–i) CM of nontransfected glioma cells; (j) no CM. (a, d, g) Neurons for 5 days in
culture; (b, e, h) neurons for 8 days in culture; (c, f, i) neurons for 12 days in culture; (j) neurons for
8 days in culture. (90�)
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Fig. 8. Organotypic cultures derived from anterior embryonic (E16 resp. E13) mouse forebrain slices.
(a) Five-day-old culture grown on laminin-coated filter. (b) Three-week-old culture cocultured with C6
glioma cells. (c) Three-week-old organotypic culture in medium enriched with 10% CM from non-
transfected C6 cells. (d) Three-week-old organotypic culture in medium enriched with 10% CM from
pep1-transfected C6 cells. (e) Five-week-old organotypic culture (derived from E13) in medium enriched
with 10% CM from pep1-transfected C6 cells. (90�)

cultures hardly any neurites were left and numerous necrotic cells were visible (Fig.
8c). After 5–8 weeks in culture, pep1 CM-treated explants still showed neurites
ond only a few necrotic cells were visible (Fig. 8e). Pep2 CM had a similar effect.
The density of the sprouting neurons was comparable to that of pep1 CM-treated
cultures (data not shown). Slices of the same origin incubated with C6 CM showed
no or very little neurite outgrowth (Fig. 8b).
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DISCUSSION

In the present study the ability of recombinantly produced laminin peptides
to promote neurite outgrowth and neuronal survival has been demonstrated. We
studied the neurogenic effect of two peptides located in two structurally and func-
tionally distinct regions of the laminin �1 chain. We generated two constructs
containing the cDNA sequences known to encode small peptides corresponding to
the amino acid regions from 2081 to 2108 (pep1) and 2615 to 2631 (pep2). Pep1
was encoded by a cDNA sequence located at the N-terminal end of the E8 domain
of the laminin �1 chain. The pep1 fragment comprised a sequence previously
described by Tashiro et al. (1989) coding for the PA-22 peptide, which was found
to contain the pentapeptide IKVAV as its active core region. The IKVAV peptide
was reported to promote hepatocyte attachment and neuronal process extension
(Clement et al., 1990; Sephel et al., 1989; Tashiro et al., 1989). Peptide 2 (pep2) was
an expressed fragment of the globular domain (G-domain) of the laminin �1 chain
encompassing the GD1 fragment previously described by Skubitz et al. (1991). This
peptide was found to promote adhesion and spreading of fibrosarcoma cells and
increased neurite outgrowth from dorsal root ganglion neurons (Sephel et al., 1989).

To our knowledge, all studies demonstrating the neurogenic action of laminin
have involved the addition of purified laminin protein or laminin peptides, particu-
larly laminin �1-chain fragments. Coating of culture dishes or addition to cell culture
media has been the usual application form. Although all experimental evidence
has clearly proven the neurogenic/neurotrophic effect of laminin, several difficulties
arising with the use of purified peptides have been reported. For instance, experi-
ments including E8 fragment showed that cell migration on E8 varied substantially
among experiments. The explanation for this was suggested to be simple: E8 is
considerably less stable than intact laminin, and preparations of it lose activity upon
storage or when exposed to air (Tashiro et al., 1989). On the other hand, it is
impossible to know in a given experiment what fraction of a multidomain sequence
is active. Thus, it is advantageous to work with the smallest entities possible if a
restricted and distinct action of a laminin fragment is to be measured.

We first tested whether the transfected glial cells could promote neurite out-
growth of primary neuronal cells. As a result, cocultivation of neurons with
transfected glial cells or addition of C6pep1/pep2-derived conditioned medium to
primary neuronal cultures had a positive effect on neuronal survival and neurite
outgrowth. The neurite-promoting effect of pep1 and pep2 was relatively slow (2–15
hr) compared to the entire laminin molecule adsorbed to the plastic dish. In addition,
we found that not only was neurite outgrowth promoted, but so was neuronal
survival, resulting in a survival period three times longer than untreated neu-
ronal cultures.

Northern blotting revealed that the transfected cDNAs were transcribed in C6
cells, though at varying levels. For all experiments cell clones showing high levels
of pep1/pep2 mRNA were chosen. Expression of laminin �1 chain in nontransfected
C6 cells and primary astrocytes could not be detected by Northern blotting, but
was visible by RT-PCR (data not shown). Addition of heparin to cocultures of
neurons and C6pep1/2 cells did not reveal a significant change in the rate of neurite
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outgrowth (data not shown), suggesting that heparin binding is not necessary for
neurite outgrowth, but is probably involved in the adhesive function of laminin as
described for other cells (Skubitz et al., 1991).

In our studies we found that seeding of syngenic primary astrocytes overexpress-
ing laminin peptides onto mouse brain slices resulted in an efficient and more rapid
adhesion of the cells to the neural tissue (not shown). Since comparable results
were obtained with C6 cells, this cell line was used for all our experiments because
they grew much faster and gave comparable results to the transfected astrocytes.

Organotypic cultures represent a useful tool to mimic the in vivo situation and
to maintain the ‘‘natural’’ cellular environment of the neuronal cells under study.
In our experiments we successfully used slices from embryos of E13.5 to newborn
mice at postnatal day 2. Generally, transplanted glial cells adhered better to embry-
onic slices, but the tissue was less stable and electron-optical studies revealed a
more frequent appearance of necrotic cells (data not shown). Brain slices from
older embryos or postnatal animals were more stable and necrotic events were only
scarcely seen; however, transplanted cells did not adhere to the same extent as to
slices from E13.5 embryos as evidenced by �-galactosidase staining.

Comparing the neurite outgrowth-promoting activity of pep1 and pep2 recom-
binant peptides, we found major differences in single-cell cultures when the peptide-
secreting glial cells were used as feeder layers. Pep2-transfected cells elicited the
most neurites and the longest lasting in culture. Neuronal survival was also best in
cocultures of neurons with pep2-secreting glia cells, which may be explained by the
presence of neurites which usually connect the cells or cell clusters, thus increasing
survival rates.

As predicted by their amino acid sequence, pep1 and pep2 did not contain
RGD sequences, indicating that no RGD-dependent integrin-receptor binding was
involved in their actions on neuronal cells. Pep2, encompassing the GD1 peptide
(Skubitz et al., 1991), was reported to bind heparin with high affinity, suggesting
that this peptide may interact with cells by way of their glycosaminoglycans or
proteoglycans. In earlier years there was a simple picture concerning how the
laminin �1 chain acts on neuronal outgrowth and migration. In this respect, E8 was
suggested to act via a single integrin receptor (�6�1 integrin), accounting for all
of laminin’s neurogenic effect. However, during the last couple of years a more
complicated picture has emerged. On one hand, integrin receptors have been found
to be involved in laminin action, but on the other hand, various synthetic peptides
from the different laminin chains, including the E8 domain, have been synthesized
which were shown to promote cell adhesion and neuronal migration without using
an integrin as a receptor (Graf et al., 1987; Kleinman et al., 1989; Liesi et al., 1989;
Tashiro et al., 1989; Clement et al., 1990; Hynes, 1992; McKerracher et al., 1996;
Powell and Kleinman, 1997).

Grafting of genetically modified neural or nonneural cells to the CNS as a
source of neurotrophic factors holds promise for the treatment of neurodegenerative
diseases. Interestingly, various cell lines such as PC12 cells, glial cells, C2C12 my-
oblasts, and 3T3 fibroblasts have been used for CNS transplantation studies
(Blakemore and Franklin, 1991; Gage et al., 1991). Cell lines offer some advantages
over primary cells since they are essentially immortal and thus have a high potential
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to survive following their implantation into the brain. On the other hand, this
capacity of continuous cell division may also lead to intracerebral tumor formation
(Shimohama et al., 1989; Ushida et al., 1989). A promising approach to overcome
this problem has been reported by several authors using a polymer encapsulation
of genetically modified cell lines secreting hCNTF or dopamine (Aebischer et al.,
1996; Jaeger et al., 1996; Deglon et al., 1996).

We have shown that genetically modified glial cells may be used as a source
of secreted laminin peptides known to exert neurotrophic effects on CNS tissue.
We have demonstrated that two distinct peptides of the laminin �1 chain can
independently promote neuronal outgrowth. Survival and outgrowth of primary
neurons as well as of neurons from CNS explants were shown to be substantially
increased following cocultivation with glial cells overexpressing two peptides derived
from the laminin �1 chain.
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