
The Journal of Neuroscience, August 1987, 7(8): 2293-2304 

Heparan Sulfate Proteoglycan and Laminin Mediate Two Different 
Types of Neurite Outgrowth 

D. Hantaz-Ambroise, la2 M. Vigny,3 and J. Koenig4 

‘INSERM U. 153, 75005 Paris; *Laboratoire d’Histologie-Embryologic, 75270 Paris Cedex 06; 31NSERM U. 118, 75016 Paris; 
and 4Laboratoire de Neurobiologie Cellulaire, UniversitQ de Bordeaux II, 33405 Talence, France 

Spinal cord neurons cultured in vitro have been shown to 
respond to changes in their environment by means of 2 dif- 
ferent types of neurite outgrowth: (1) neurite elongation and 
(2) emergence and branching of newly formed neurites. 

Culture of spinal cord neurons with heparan sulfate pro- 
teoglycan (HSPG) medium resulted in a 3-fold increase in 
neurite elongation compared to the control. Extensive 
branching was seen when neurons were cultured in laminin- 
supplemented culture medium. HSPG-induced elongation and 
laminin-induced branching of neurites were blocked by spe- 
cific anti-HSPG and antilaminin sera, respectively. Further- 
more, laminin antibodies did not inhibit neurite elongation 
and HSPG antibodies did not block neurite branching. 

Conditioned medium from primary embryonic rat muscle 
cultures (MCM) mimicked the effects of both HSPG and lam- 
inin on neurite outgrowth. lmmunoprecipitation with anti-HSPG 
and antilaminin antibodies demonstrated that MCM contains 
these 2 basal lamina components. Our observations suggest 
that HSPG and laminin might be highly effective molecules 
for promoting neurite outgrowth of rat spinal cord neurons 
in vitro. 

Neuron cells grown in vitro are sensitive to 2 types of factors: 
attachment factors, which allow cells to adhere and therefore to 
survive, and neurite outgrowth-promoting factors. 

The first factor described as having neurite growth-promoting 
activity was NGF, discovered by Levi-Montalcini and Angeletti 
(1968). The basal lamina promotes neurite outgrowth of several 
neuron types in vitro (Collins, 1978; Lander et al., 1982, 1985a; 
Manthorpe et al., 1983; Edgard et al., 1984; Davis et al., 1985). 
Neurite outgrowth is apparently influenced by at least 2 com- 
ponents ofthe basal lamina: heparan sulfate proteoglycan (HSPG) 
and laminin. Laminin purified from a murine tumor enhances 
the growth of human sensory neurons (Baron-Van-Evercooren 
et al., 1982) and mouse hypothalamic cells (Faivre-Bauman et 
al., 1984). It was first suggested that an HSPG species produced 
by bovine endothelial cells induced elongation of rat sympa- 
thetic neurites (Lander et al., 1982). The same authors have 
purified the net&e-promoting factor produced by bovine cor- 
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neal endothelial cells (Lander et al., 1985a). This factor consists 
of laminin and 2 associated molecules, entactin and an HSPG. 
Upon further purification of the components of the factor, only 
the laminin fractions were bioreactive, whereas fractions con- 
taining only entactin or HSPG appeared inactive. Nevertheless, 
antilaminin antibodies inhibited neurite outgrowth on laminin- 
treated dishes but not on substrate treated with conditioned 
media. 

The absence of an effect of antilaminin antibodies in the latter 
case is still puzzling, since Lander et al. (1985b) have clearly 
shown that the active factor in different conditioned media was 
laminin. These authors suggested that the presence of other 
molecules, such as entactin or HSPG, could explain the failure 
of antilaminin antibodies to block the effect of conditioned me- 
dium. The same conclusions were reached by Davis et al. (1985). 
In muscle, HSPG, laminin, and entactin are 3 components of 
the basal lamina that surrounds the muscle fibers. These 3 com- 
ponents are secreted by muscle cells in culture (Lander et al., 
1985a) and form a complex in muscle-conditioned media 
(MCMs). Laminin alone was effective in inducing neurite out- 
growth in this complex, as analyzed under the experimental 
conditions described by Lander et al. (1985b). In this study, we 
investigated the effects of laminin, HSPG purified from Engel- 
breth-Holm-Swann (EHS) tumor and primary MCM on the 
neurite outgrowth of spinal cord neurons in culture. We show 
that the 2 purified molecules promoted 2 different patterns of 
neurite outgrowth, whereas the conditioned medium resulted 
in neuron growth characteristic of a combined laminin-HSPG 
effect. This suggests that these 2 molecules are secreted by the 
muscle cells. The effects of specific antibodies directed against 
these components strengthened these conclusions. The results 
obtained in the identification of these 2 molecules in the me- 
dium, using techniques such as enzyme-linked immunoassay 
(ELISA) or nitrocellulose dot immunobinding assay are dis- 
cussed. 

Materials and Methods 
Culture of spinal cord cells: control plating medium 
Spinal cords were dissected from 14-d-old rat embryos and were dis- 
sociated by trituration through a Pasteur pipette, as described by Koenig 
et al. (1982). Dishes and coverslips precoated with 1% poly+lysine 
(Sigma) were plated at 2 x lo6 cells/35 mm dish or 1 x lo5 cells/ 
coverslip. The cells were incubated in a control plating medium of 80% 
Eagle’s minimal essential medium (MEM), 10% medium 199 supple- 
mented with glutamine (Gibco), 10% horse serum (Gibco), penicillin 
(20 U/ml), and streptomycin (10 mg/ml). All neuron cultures were 
incubated in control medium for 24 hr at 37°C in an atmosphere of 8% 
CO,. After this incubation 50% of neurons adhered to the poly+lysine- 
treated dishes. Fresh control medium, basic defined medium, or ex- 
perimental media were then added. 

Defined medium. Modified Eagle’s medium F 12 with transfenin ( 100 
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Figure 1. Phase contrast microscopy 
of spinal cord neuron after 3 d of cul- 
ture. In control plating medium, neu- 
ron exhibits few short neurites (a; 
x 320). Fluorescent photomicrograph 
of tetanus toxin-labeled neuron show- 
ing growth of neurites after 6 d in the 
presence of control medium (b; x 750). 
Scale bars, 10 pm. 

U/ml), insulin (25 U/ml), progesterone (2 x 1O-8 M), putrescine (6 x 
lo-+ M), and selenium (3 x lo-* M) (Bottenstein and Sato, 1979). 

Muscle-conditioned medium. Muscle cells were obtained from leg 
muscles of 1 &d-old rat embryos, as described previously (Koenig et al.: 
1982). The muscle was mechanicallv dissociated and mated on mlatin- 
coated dishes in control plating medium. After 6 d of incubation, MCM 
was removed and replaced by serum-free medium, which, in turn, was 
conditioned for 24 hr. This latter medium was collected and diluted 1: 1 
with fresh control medium. The final concentration of horse serum was 
adjusted to 10%. 

Control medium supplemented with basal lamina components. (1) 
Control medium supplemented with HSPG alone or laminin alone. 
HSPGs were purified from (EHS) sarcoma, as recently described by 
Hassel et al. (1985). This procedure led to the purification of 3 types of 
HSPG: a high-density proteoglycan called SH, which is extractable in 
saline buffer, and high-density (UH) and low density (UL) proteoglycans, 
both of which are extractable in urea. The low-density proteoglycan 
probably corresponds to the native proteoglycan in the basal lamina 
(Hassel et al.. 1985). The results of SDS electronhoresis before and after 
treatment of the 3 proteoglycans with heparmnase were identical to 
those reported by Hassel et al. (data not shown). No laminin or other 
contaminating components were detected. 

Laminin was purified from EHS tumor as previously described (Timpl 
et al., 1979; Kleinman et al., 1982). HSPG and laminin were added to 
the culture medium at different concentrations: 0.5, 1,4, and 10 &ml 
after the initial 24 hr incubation period in control plating medium. 
Dose-response curves were used to estimate neurite outgrowth in re- 
sponse to different HSPG and laminin concentrations. Five culture 
coverslips were evaluated at each HSPG and laminin concentration after 
6 d in culture. 

(2) Control medium supplemented with HSPG and laminin. HSPG 
and laminin were both added to control medium at optimal concen- 
trations. 

Precouting. To test substrate-bound factors, poly-r;lysine-coated dishes 

and coverslips were treated overnight with control medium or MCM 
medium SUDDlemented with HSPG and/or laminin. Dishes and cover- 
slips were then washed extensively in MEM and were used to culture 
spinal cord neurons in control medium for 5 d. 

Antisera and purification of antibodies 
Antisera were induced in rabbits by injection of purified low-density 
proteoglycan UL or laminin. As tested by the ELISA assay, antilaminin 
sera presented titers of approximately l/20,000 and showed no contam- 
ination with anti-HSPG antibodies. On the other hand, sera against 
HSPG presented titers of approximately 115000 but contained some 
antilaminin antibodies. The titer of the antilaminin antibodies in the 
anti-HSPG serum was on the order of l/50. The latter antibodies were 
completely removed after chromatography on a laminin affinity column. 
To test the effect of antibodies against HSPG and laminin, we added 
these antibodies to control, defined, muscle-conditioned, HSPG, lam- 
inin, and HSPG + laminin media at a dilution of 1: 100. 

Neurite growth analysis 
Neurites were analyzed by the binding of tetanus toxin antitoxin fluo- 
rescein-bound antibody conjugates (Raff et al., 1979; Crisanti-Combes 
et al., 1982; Schachner, 1982). Tetanus toxin and antitoxin were gen- 
erous gifts from Professeur B. Bizzini, Institut Pasteur. Quantification 
of neurite outgrowth was analyzed from randomly sampled fields. 

Determination of neurite length. Neurite elongation from the neuronal 
perikarya was measured with a Kontron image analyzer. Measurements 
were performed in triplicate for each experimental treatment with 200 
six-day-old neurons in 5 culture dishes. The measurement technique 
consisted of measuring each neurite, classifying neurites into length 
classes, and counting the number of neurites in each length class. The 
percentage of neurites in each class was expressed in terms of a histo- 
gram. 

Determination of degree of branching. Neurite branching was deter- 
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mined by centering on the perikarya a series of concentric circles (radii 
increasing in increments of 3 mm up to 33 mm; Letraset 63223). The 
points of intersection between neurites and circles were counted. Mea- 
surements were performed in triplicate with 100 neurons in 3 culture 
dishes. Mean values *SEM for the number of points of intersection 
were plotted against the distance from the perikarya. 

Direct immunojluorescence techniques 
Anti-HSPG and antilaminin reactivities were studied on poly-L-lysine- 
coated coverslips treated in 2 ways: overnight incubation without neu- 
rons either in control plating medium or in MCM. After washing, an- 
tibodies were applied to the coverslips for 1 hr at room temperature. 
The coverslips were then rilised 3 times, incubated with fluorescein- 
labeled second anti-rabbit antibody, washed, fixed in 2% paraformal- 
dehyde fixative solution for 15 min and then mounted in mowiol so- 
lution and examined. 

Immunoprecipitation techniques 
Antibodies blocking neurite outgrowth were detected by immunopre- 
cipitation assays as follows: Control plating medium and MCM were 
incubated overnight at room temperature with a 1: 100 dilution of an- 
tilaminin serum or anti-HSPG serum, then for 2 hr with a 1: 100 dilution 
of nonimmune rabbit serum as carrier, and finally with a 1: 100 dilution 
of anti-rabbit immunoglobulin antiserum produced in the pig (a gift 
from Dr. J. Grassi). The mixture was then centrifuged at 2000 x g for 
30 min. The supematant was filtered (0.22 mm; Millex, Millepore) and 
used as culture medium (Marsh et al., 1984). 

Enzyme-linked immunoassay 
HSPG and laminin levels were measured in control and MCMs, as 
described by Rennard et al. (1980), using specific immunosera directed 
against HSPG and laminin. Laminin and HSPG levels were estimated 
bi a sandwich method immunoassay by measuring the inhibition of 
binding of the first antibody to the antigen-coated well. 

Nitrocellulose dot immunobinding assay 
To determine the levels of laminin in the MCM we also used a dot 
immunobinding assay on nitrocellulose filters similar to the assay de- 
scribed by Oh& and Hall (1985) for the C2 cell line. Briefly, purified 
laminin. HSPG. or MCM was sDotted (100 ~1) onto nitrocellulose filters. 
The ni&ocellul&e was blocked with ‘1% &-BSA for 1 hr at 37”C, 
incubated with a l/1000 dilution of antilaminin serum, washed 3 times 
in 1% PBS-BSA, incubated with peroxidase anti-rabbit IgG diluted by 

Figure 2. Sketch of the transforma- 
tion of neurons into: neuron exhibiting 
neurite elongation (E) in HSPG-sup- 
plemented medium; neuron exhibiting 
neurite branching (B) in laminin; or 
neuron exhibiting both elongation and 
branching (E + B) in MCM compared 
to normal neuron outgrowth in control 
plating medium (see Figs. 4-7). 

l/1000 and washed 4 times in PBS. The bound peroxidase activity was 
then measured spectrophotometrically. 

Results 
Neuronal cell d@erentiation in control media (plating and 
dejined media) 
Approximately 50% of embryonic spinal cord neurons adhered 
to dishes, and these cells began to extend neurites within 20 hr 
after plating. 

After 2 d of culture, isolated neurons exhibited l-2 thin, short 
neurites (Fig. la). After 6 d of culture, neurites emerging from 
the perikarya were extended and presented a few ramifications 
along the neurites (Fig. lb). 

Neurite outgrowth in defined medium was similar to that seen 
in control plating medium. However, neurons survived a shorter 
time in the defined medium- 10 d compared to more than 2 
weeks in the control medium. 

Two patterns of neurite outgrowth could be distinguished: 
neurite elongation, in which a few neurites (2-5) emerged from 
the perikarya and elongated with or without short branches and 
branching neurites, in which a greater number of neurites (5- 
10) emerged from the perikarya and branched several times, 
forming a network around the cell bodies (Fig. 2). 

Effect of basal lamina components 
Addition of low-density HSPG (UL) at different concentrations 
(OS-10 pg/ml) resulted in a 3-fold increase in neurite elongation 
compared to control cultures (Fig. 3, a, b; 4, A, B; Tables 1, 2). 
The maximum effect was seen when 4 pg/ml HSPG was added 
to the medium. This effect was barely detectable at day 1 of 
culture in HSPG medium and was fully expressed at day 2 (2 
d in HSPG medium + 1 d in control plating medium). This 
effect was seen when HSPG was added either to the defined 
medium or to the horse serum-supplemented medium (Fig. 5A). 

We also compared neurite outgrowth in control dishes with 
that in HSPG-coated dishes. The elongation process obtained 
in HSPG-coated dishes was similar to that obtained when the 
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Figure 3. Phase contrast microscopy 
of spinal cord neuron after 3 d of culture 
in HSPG-supplemented-4 fig/ml me- 
dium; neuron often developed one ma- 
jor long neurite. This effect was de- 
scribed as neurite elongation (a; x 320). 
Tetanus toxin-labeled neuron exhibited 
neurite elongation (arrow) in HSPG- 
supplemented medium after 6 d of cul- 
ture (1 d in control medium plus 5 d in 
HSPG medium), b; x 750. Scale bars, 
10 pm. 

proteoglycan was added in solution (Fig. 5B). This result indi- 
cated that HSPG probably acts as a substrate bound to the poly- 
L-lysine-coated dishes. 

The effects of high-density proteoglycan SH were also tested. 
Compared to control cultures, no modification in neurite out- 
growth was observed. 

This maximal effect was seen with 1 @/ml laminin after day 
1 of culture, whereas the maximal effect of HSPG was obtained 
in 2 d. The branching observed was very extensive, showing a 
2.5fold increase compared to control values within 6 d of cul- 
ture (5 d in laminin medium and 1 d in control plating medium) 
(Fig. 7, Table 2). 

The effect of laminin on neurite outgrowth was different from Neurites induced by the proteoglycan were, on average, 3 
that of HSPG and was evident earlier. Within 1 d of culture, times longer than the neurite processes observed with laminin. 
laminin induced a maximal effect consisting of extensive emer- Furthermore, the neurite processes triggered by the proteoglycan 
gence and branching of short neurites around the perikarya (Fig. generally did not form large networks with other neurons. Figure 
6, a, b). 8, A, B, shows the time course and the dose-response effect for 

Table 1. Number and percentage (GEM) of neurites measured for each length class and for each experimental treatment 

Length classes 
(urn) Control Percent HSPG Percent 

HSPG 
Lami- + 
nin Percent laminin Percent MCM Percent 

O-50 
50-100 

100-200 
200-400 
400-600 
600-800 
800-1000 

1000-1400 
1400-l 800 
No. of neurites measured 

for each treatment 

575 49+1.4 - - 
375 32 k 0.9 - - 
151 13 k 1.5 - - 
40 3k1.2 41 4 + 0.5 
11 1 f  0.8 64 6 f  0.8 
- - 92 9 + 1.3 
- - 129 13 * 1.0 
- - 277 28 k 0.9 
- - 384 38 iz 2.1 

408 28k2.1 37 4 t- 0.8 36 2 + 0.9 
421 29 + 1.8 47 5 + 1.0 76 6 X!T 1.1 
294 20 + 0.2 103 10 * 1.6 168 13 * 2.1 
276 19 k 0.7 122 13 -t 0.5 173 13 -t 0.9 
49 3 zk 0.3 132 13 k 1.4 162 13 k 0.7 
- - 113 12 f  0.7 181 14 + 0.6 
- - 132 13 + 1.5 194 15 + 1.6 
- - 217 21 * 2.1 245 19 -t 0.7 
- - - - - - 

1152 987 1451 903 1239 

See Figure 4A. 
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Figure 4. A, Neurite elongation after 6 d of culture in control plating medium (C), in media supplemented with 4 pg/ml HSPG (H), in 1 &ml 
laminin (L), in both HSPG and laminin (H + L), and in MCM (A4). Neurites were classified by length. Ordinate values were expressed as percentages 
(+SEM) of neurites in each length class under each set of experimental conditions. Measurements were performed in triplicate, with 200 neurons 
for each treatment in 5 dishes (see Table 1). B, Neurite elongation was defined as the maximal length attained by neurites grown under different 
culture conditions, and was expressed as a percentage of the maximal neurite elongation seen under control conditions (= 100%). Neurite elongation 
was invoked when the longest neurite exceeded 600 pm in length (see Table 2). Vertical bars represent the SEM. 

laminin. The same effect was seen when laminin was added to exhibited the combined effects of HSPG and laminin. The same 
the defined medium or when the dishes or coverslips were coated neuron was therefore able to respond to both HSPG and lam- 
with this component. inin. 

Combined effects of HSPG and laminin 
HSPG alone was shown to have a marked effect on neurite 
elongation whereas laminin alone caused extensive neurite 
branching. When both HSPG and laminin were added to the 
medium, neurons extended branched processes after day 1 and 
the majority of neurons developed highly elongated neurites 
after 2 d in the presence of the 2 antigens (plus 1 d in control 
plating medium = 3 d of culture). It might be supposed that 
different neuron types exhibit varying sensitivities to HSPG or 
laminin, but this is not the case. Each of the neurons examined 

Efect of muscle-conditioned medium 
MCM reproduces the combined effects of HSPG and laminin 
on neurite outgrowth (Fig. 9). In MCM, neurite elongation was 
increased by a factor of 2.5, roughly corresponding to the effect 
of an HSPG concentration of 2 &ml; the neuron branching 
induced by MCM corresponded to the effect of 0.5 Kg/ml lam- 
inin. 

Table 3. Number of points of intersection between neurites and 
concentric circles, showing the degree of neurite branching after day 6 
of culture in control (C), HSPG (H), laminin (L) and muscle- 
conditioned media (MCM) (SEM k 1) 

Table 2. Effect of HSPG, laminin, HSPG + laminin, and MCM on 
neurite elongation and branching (optimal concentrations were used) 

Different media 

Neurite 
Neurite branching 
length as as 
percentage percentage 
of the of the 
control control 
value value 
(*SEM) (?SEM) 

Control medium (C) 100 100 
C + HSPG 287 k 6.3 38 k 3.6 
C + laminin 122 +- 3.5 251 * 5.9 
C + HSPG + laminin 241 ? 5.8 197 + 4.0 
Muscle-conditioned medium (MCM) 247 + 6.0 203 + 4.8 

Each value represents growth as a percentage of the control value (*SEM) and 
refers to 200 neurons randomly analyzed from 5 dishes for each experiment 
performed in triplicate. Cultures were fixed after 6 d of culture. (See Figs. 4B, 7.) 

Distance 
from 
perikarya 
(mm) 

Number of points in different media 

Control HSPG Laminin MCM 

3 6 3 14 8 
6 6 3 16 11 
9 7 3 21 13 

12 8 4 21 14 
15 8 4 20 15 
18 8 5 21 14 
21 7 5 21 14 
24 6 4 18 9 
27 5 4 17 9 
30 5 3 18 9 
33 5 2 20 9 

>33 5 2 20 9 

See Figure 11A 
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Figure 5. A, Dose-response curves showing HSPG neurite elongation 
in response to different HSPG concentrations used in control medium 
(C’) and in defined medium (0). Five culture dishes were evaluated at 
each HSPG concentration after 6 d culture. Maximum (or optimal) effect 
was obtained at 4 &ml HSPG. Note that the effects were similar for 
the 2 treatments. The values of mean percentage neurite growth are 
shown +SEM and refer to 50 neurons. B, Time curves showing the 
effects of HSPG and laminin neurite elongation as a function of the 
length of culture. HSPG (H) and laminin (L) were added to control 
plating medium (-) or were used to coat culture dishes (. . .). Closed 
triangles (L) and circles (H) indicate neurite growth when laminin and 
HSPG, respectively, were added to the medium; open triangles (CL) 
and circles (CH) indicate when laminin and HSPG, respectively, were 
used to coat culture dishes. 

Antibody inhibition eflects 
Antiserum against laminin inhibited the rapid development of 
neurite branching induced by either purified laminin or MCM 
(Fig. 10a). Antiserum against HSPG blocked the extensive neu- 
rite elongation induced by either purified HSPG or by MCM 
(Fig. lob). In experiments in which MCM and medium con- 
taining both HSPG and laminin would normally elicit a com- 
bined elongation-branching response from the neurons, anti- 
bodies against HSPG blocked neurite elongation without affecting 
the laminin-induced branching response. Antibodies against 
laminin blocked only the laminin-induced response. When MCM 
was subjected to immunoprecipitation with anti-UL antibodies 
(see Materials and Methods), both types of neurite outgrowth- 

Figure 6. Phase contrast microscopy of spinal cord neuron after 3 d 
of culture in laminin-supplemented medium (1 d in control plating 
medium plus 5 d in laminin- 1 &ml). Neuron exhibited extensive neu- 
rite branching (a; x 320). Fluorescent photomicrograph of neuron cul- 
tured for 6 d in laminin-1 &ml supplemented medium and labeled 
with tetanus toxin. Neuron processes (arrow) showed a “laminin” 
branching pattern (b; x 750). Scale bars, 10 Frn. 

promoting activities were eliminated (Fig. 10, c, d), suggesting 
that both laminin and the proteoglycan were immunoprecipi- 
tated. Effects of antibodies on elongation and branching are 
presented in Figure 11 and Tables 3-5. 

Figure 7. Neurite branching was defined in terms of the number of 
intersections between neurites and each concentric circle. The degree of 
branching was expressed as a percentage kSEM by comparing the num- 
ber of intersections under each set of conditions with the control value 
(100%). Branching was defined as what occurred when the number of 
points of intersection with each concentric circle was greater than 10 
(see Table 3). Vertical bars represent the SEM shown for A-C. 
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Figure 8. A, Dose-response curves showing laminin neurite branching 
in response to different laminin concentrations used in control medium 
(C) and in defined medium (0). Five culture dishes were evaluated at 
each HSPG concentration after 6 d culture. Maximum (or optimal) effect 
was obtained at 1 &ml laminin. Note that the effects were similar for 
the 2 treatments. The values of mean percentage neurlte growth are 
shown -+SEM and refer to 50 neurons. B, Time curves showing the 
effects of HSPG and laminin neurlte branching as a function of the 
length of culture. HSPG (H) and laminin (L) were added to control 
plating medium (-) or were used to coat culture dishes (. . .). Closed 
triangles (L) and circles (H) indicate neurite growth when laminin and 
HSPG, respectively, were added to the medium; open triangles (CL) 
and circles (CH) indicate when laminin and HSPG, respectively, were 
used to coat culture dishes. 

Immunoprecipitation with antilaminin antibodies gave the 
same results. By contrast, immunoprecipitation performed with 
antifibronectin antibodies did not modify the effect of MCM on 
neurite outgrowth (data not shown). 

HSPG (UL) and laminin levels in MCM 
To determine the levels of laminin or HSPG in the MCM, we 
used either MCM concentrated 10 times by dialysis followed 
by lyophilization, or unconcentrated MCM. In the case of the 
proteoglycan, the ELISA assay clearly showed that this com- 
ponent was present at a concentration of 1.5-3 &ml in the 
conditioned medium. Estimates using the concentrated medium 
gave the same results. In contrast, no laminin was detected in 

Figure 9. Neuron cultured for 6 d (1 d in control plating medium plus 
5 d in MCM-supplemented medium) and labeled with tetanus toxin. 
MCM-treated neuron exhibited both neurite branching (arrow I) and 
neurlte elongation (arrow 2) x 750. Scale bar, 10 pm. 

the medium. We concluded from this method that our MCM 
contained less than 3-5 n&ml of laminin. It is possible, however, 
that the presence of other components in the medium, such as 
the proteoglycan, could have interfered with the assay. In order 
to test this hypothesis, we determined the concentration of pur- 
ified laminin after dilution either in PBS Tween or in the con- 
ditioned medium. In both cases, the values obtained were ab- 
solutely identical (data not shown). Added laminin was thus 
detectable in our medium using this method. These results led 
us to estimate the laminin concentration by a dot immuno- 
binding assay. 

Using this method, Olwin and Hall (1985) reported that C2 
cell-conditioned medium contains about 2 pmol of laminin/25 
cm2 medium, or 2 Mg of laminin/flask. Assuming that one flask 
corresponded to 4 ml of medium, each milliliter contained ap- 
proximately 500 q/ml of laminin; this concentration is at least 
100 times higher than the values noted in the present study. 
The intensity of the spots as a function of purified laminin 
concentration was linear over the range l-500 r&ml. Above 
500 @ml, the relation was nonlinear. Spots corresponding to 
10 Kg/ml purified human fibronectin or 4 kg/ml purified HSPG 
showed no laminin contamination. Thus, 10 pg of purified pro- 
teoglycan (UL) contained less than 1 ng of laminin. As expected, 
the control medium contained no laminin. In contrast, our MCM 
gave unexpected results. Nitrocellulose spotted with this me- 
dium clearly bound the antilaminin antibodies. Nevertheless, 
the intensity of the spots did not decrease upon dilution as did 
those corresponding to the purified laminin dilutions. In other 
words, the relation corresponding to the conditioned medium 
was nonlinear. If we estimate the laminin concentration from 
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Table 4. Effect of antilaminin antibodies added to HSPG, laminin, HSPG + laminin, and muscle- 
conditioned media (MCM) 

Number of points in 
Supplemented with media supplemented 
antilaminin (aL) with anti-HSPG (aH) 

Number of points in media antibodies antibodies 

Distance from HSPG + 
perikarya Laminin + laminin + MCM + Laminin + MCM + 
fmm) HSPG + aL aL aL aL aH aH 

3 4 4 4 3 
6 4 4 4 3 
9 4 5 3 3 

12 3 6 3 3 
1.5 3 6 3 4 
18 5 7 4 4 
21 5 7 4 4 
24 4 I 5 3 
21 3 6 5 2 
30 2 6 3 2 
33 3 5 3 2 

>33 3 5 3 2 
Neurite No change in Branching Branching Branching 

outgrowth elongation blocked blocked blocked 

13 6 
15 9 
20 10 
21 11 
20 12 
21 12 
20 11 
19 8 
16 7 
17 7 
19 I 
19 I 
No change in branching 

The number of points of intersection decreased with the degree of branching (see Fig. 11B). Anti-HSPG antibodies did 
not affect neurite branching when added to laminin- and MCM-supplemented media (see Fig. 110. SEM k 1. 

the undiluted medium spots we obtain a value of approximately 
25 rig/ml, whereas estimates from 64- or 128-fold dilutions give 
values of 500-l pg/ml. We checked to see whether this method 
was applicable to the proteoglycan. In this case the intensity- 
vs-concentration curves were linear for both the standard and 
conditioned media. However, the UL concentration estimated 
by this method was slighly higher than that determined by the 
ELISA assay: 4-6 hg/ml versus 1.5-3 pg/ml. 

Direct immunojluorescence techniques 

Direct immunofluorescence techniques were used to study the 
reactivity of anti-HSPG antibodies (anti-UL) and antilaminin 
antibodies on poly-L-lysine-coated dishes incubated overnight 
without neurons, with control plating medium, and with MCM. 
No laminin or HSPG reactivities were found in the case of the 

control plating medium. In contrast, coated laminin and coated 
HSPG were detected in the case of dishes coated with MCM. 

Discussion 
The major finding of this work is that laminin and heparan 
sulfate proteoglycan affect neurite outgrowth of spinal cord neu- 
rons in culture in 2 different ways. We investigated the effects 
of these 2 components in terms of their addition to the culture 
medium, their adhesion to the substrate after preplating, and 
their depletion following specific immunoprecipitation. 

All the effects of both molecules can probably be fully ex- 
plained by their binding to the culture dish substratum, but this 
point requires further experimental study for final confirmation. 
It is clear, however, that laminin and heparan sulfate bound to 
the culture dish when they were added in solution, as was shown 

Table 5. Effect of anti-HSPG and antilaminin antibodies on neurite elongation 

Length 
classes 
6.4 

O-50 
50-100 

100-200 
200-400 

>600 
Neurite 

outgrowth 

Percentage of neurites for each length class and for each treatment 

With anti-HSPG 
With antilaminin antibody antibody 

HSPG + 
HSPG Laminin laminin MCM HSPG MCM 

45 1- 1.0 36 k 1.1 49 k 1.0 31 k 2.9 - - 
39 f  1.7 37 k 1.9 37 k 1.6 36 k 1.3 - - 
14 + 1.9 18 IL 2.0 9 k 0.8 19kO.4 - - 

1 f 0.3 7 f  0.5 4 f  0.2 6 f  0.5 - - 

- - - - 96 f  2.9 91 + 1.9 
Elongation No change in Elongation blocked No change in elongation 

blocked branching 

Measurements were carried out for more than 100 neurons for each treatment. Percentages of neurites are expressed 
+SEM. (See Fig. 11, D, E.) 
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by the immunofluorescence experiments; but in solution they 
could also have induced further effects via the non-neuronal 
cells. 

Laminin induced extensive emergence and branching of short 

Figure 10. Effects of antibodies on 
neurons cultured for 6 d (1 d in control 
mating medium + 5 d in MCM) after 
ietanui toxin labeling. Note the neurite 
elongation in the presence of MCM 
treated with antilaminin antibodies (a) 
and the neurite branching that occurred 
when the medium was treated with anti- 
HSPG antibodies (b). Scale bars, 10 pm. 
The effect of both antilaminin and anti- 
HSPG antibodies on MCM-cultured 
neurons is shown. Neurons exhibited 
no neurite outgrowth (c). The same ef- 
fect of these 2 antibodies on 6-d-old 

, neurons viewed by phase contrast mi- 
croscopy (d). (u-c; x750; d; x 320); 
scale bars, 10 pm. 

neurites around the perikarya. This effect occurred rapidly and 
reached a maximum after 24 hr of culture in laminin medium. 
This type of neurite outgrowth is probably identical to those 
described by many authors for other neuronal cell types (Baron- 
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Figure 11. A, Curves showing the number of points of intersection between neurites and concentric circles as a function of distance from the 
perikarya for neurons cultured for 6 d in control plating medium (C), in laminin (L), HSPG (II) and muscle-conditioned (M)-supplemented media. 
The concentration of laminin was 1 &ml and that of HSPG, 4 pg/ml. The maximum number of points of intersection was obtained with laminin- 
supplemented medium. Means ?SEM (see Table 3) were calculated for 100 neurons. B, Effect of antilaminin antibodies on neurite branching. 
When antilaminin antibodies were added to laminin (L + aL)- and muscle-conditioned (M + al)-supplemented media, the number of points of 
intersection decreased dramatically, indicating blocked branching. No change was noted for HSPG + aL; the number of points was similar to that 
seen with HSPG alone (A). These results show that the effect of antilaminin antibodies neurite branching is specific. C, Effect of anti-HSPG antibodies 
on branching. Neurite branching was unaffected by the addition of anti-HSPG antibodies to laminin (L + aH)- and muscle-conditioned (A4 + 
&)-supplemented media. More than 100 neurons were counted for each concentric circle radius for B and C. The values were expressed tSEM, 
(see Table 4). D, Effect of anti-HSPG antibodies on neurite elongation. The addition of anti-HSPG antibodies to supplemented media blocked H, 
L, H + L, and M neurite elongation. Under these conditions, neurite length never exceeded 600 pm, demonstrating the specific effect of anti-HSPG 
antibodies on neurite elongation. E, Effect of antilaminin antibodies on neurite elongation. The addition of antilaminin antibodies to HSPG (II@ 
and MCM (M)-supplemented media did not affect neurite elongation for D and E (vertical bars represent *SEM). 

Van-Evercooren et al., 1982; Edgard et al., 1984; Lander et al., 
1985a; Manthorpe and Varon, 1985). The outgrowth-promoting 
activity of laminin was completely blocked by antilaminin an- 
tibodies and was unaffected by antiproteoglycan antibodies. 

The proteoglycan also promoted another type of neurite out- 
growth, corresponding to a 3-fold increase in neurite elongation 
compared to control cultures. This effect required 2 d (in HSPG 
medium + 1 d in control plating medium = 3 d of culture) to 
be fully expressed. This result could explain why Manthorpe et 
al. (1983) did not detect any effect when neurons were cultured 
for 20 hr with a purified HSPG, and why Lander et al. (1985a) 
found no outgrowth activity after 11 hr of culture with purified 
fractions of their conditioned medium that contained only the 
proteoglycan. It is noteworthy, however, that the high-density 
proteoglycan had no effect. It probably corresponded to a deg- 
radation product of the native UL proteoglycan, in which the 
major part of the protein core has been cleaved (Hassel et al., 
1985). Thus, the integrity of the proteoglycan was necessary to 
induce neurite elongation. SDS electrophoresis and dot blot 
immunoassay indicated that our proteoglycan UL was not con- 
taminated by laminin. The specific inhibition of proteoglycan- 
induced neurite elongation by anti-HSPG antibodies (devoid of 
antilaminin antibodies after affinity chromatography) and the 
absence of any effect of antilaminin antiserum on this neurite 

outgrowth pattern confirm that the HSPG could be an elonga- 
tion-promoting factor, whereas laminin could be a branching- 
promoting factor. In addition, when the medium was supple- 
mented with both laminin and proteoglycan, both types of 
neurite outgrowth were noted and blocked, respectively, and 
specifically by the antibodies against these 2 components. 

It is tempting to suggest that laminin might induce a type of 
dendritic outgrowth, whereas the proteoglycan might cause an 
axonlike neurite growth. This hypothesis is, however, purely 
speculative and will need further experimental confirmation us- 
ing dendritic or axonal markers if and when they are developed. 

The neuronal differentiation obtained with MCM mimics that 
induced by the combined addition of laminin and proteoglycan. 
Lander et al. (1985b) clearly showed that chicken myotube- 
conditioned medium contained laminin, proteoglycan, and en- 
tactin. It was therefore not surprising to find the 2 neurite- 
promoting activities in our media. The sandwich ELISA method 
and dot blot assay indicated that the MCM contained approx- 
imately 3 &ml proteoglycan. When compared to the effect of 
the addition of purified proteoglycan, the level of proteoglycan 
in the MCM could reasonably explain its elongation-promoting 
activity. A higher level of UL was recorded by the dot blot assay 
than by the sandwich method. It is possible that proteoglycan 
molecules coated on the nitrocellulose filters were more acces- 
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sible to the antibodies than were those in solution. For example, 
the presence of laminin molecules that bind to the proteoglycan 
in the medium could partially inhibit antibody binding in so- 
lution. 

The presence of anti-UL antibodies in the medium inhibited 
the elongation process caused by the MCM but did not modify 
branching outgrowth, an effect similar to that induced by pur- 
ified laminin. Immunoprecipitation using both antibodies (anti- 
UL HSPG and antilaminin) completely suppressed the 2 types 
of neurite outgrowth. It is reasonable to assume that this pre- 
cipitation depleted the medium of both laminin and proteogly- 
can. In fact, immunoprecipitation of 35 S methionine-labeled 
MCM with anti-UL antibodies and analysis of the immuno- 
precipitate by SDS electrophoresis clearly show that the high- 
molecular-weight corresponding to the proteoglycan, and lam- 
inin plus a 150 kDa band, probably corresponding to entactin, 
are immunoprecipitated with the proteoglycan (unpublished ob- 
servations). In contrast, concentration of laminin in the MCM 
was more difficult to evaluate: (1) Immunoprecipitation of 35 
S methionine-labeled MCM with antilaminin antibodies showed 
that laminin was present in our MCM (unpublished observa- 
tions); (2) antilaminin antibodies in solution in MCM inhibited 
neurite outgrowth in a manner similar to that of purified lam- 
inin, but did not affect the elongation process; (3) immunopre- 
cipitation of MCM with antilaminin antibodies depleted this 
medium of its 2 neurite-promoting activities. (This last result 
remains unexplained, and will be discussed further.) 

An attempt was therefore made to estimate the laminin con- 
centration in the MCM. Using the ELISA assay, the level of 
laminin found was much lower than the concentration of pur- 
ified laminin required to induce the neurite emergence-branch- 
ing process. This absence of antilaminin antibody binding in 
solution could be due to the fact that the laminin was complexed 
to proteoglycan and entactin in solution. Direct coating with 
MCM showed that this medium contained some laminin, but 
quantification was impossible, as described below for the dot 
blot assay. It is noteworthy that Lander et al. (1985a), who 
showed that laminin was present in their MCM, did not estimate 
the level of this component. If we conclude that the antilaminin 
antibody does not recognize its antigen in solution in MCM, as 
is suggested by the ELISA assay, it is surprising that the presence 
of antilaminin antibodies in solution in MCM blocked the spe- 
cific branching induced by laminin, and that immunoprecipi- 
tation with antilaminin antibodies suppressed the 2 neurite- 
promoting activities of the MCM: branching and elongation. It 
is also possible that the sandwich ELISA could give misleading 
results. It may be that the HSPG-entactin-laminin complex 
could still bind to laminin. In other words, when antilaminin 
antibodies were added in solution, the newly formed complex 
between HSPG-entactin and antilaminin antibodies could bind 
to coated laminin. In this case the level of free antilaminin 
antibodies would not be detected or analyzed. Further experi- 
ments, such as chromatography of the MCM on a laminin af- 
finity column, could test-this hypothesis. We have no results 
that can explain these data and can only speculate that the 
presence of antilaminin antibodies in solution could prevent the 
coating of laminin in the dishes, but would not interfere with 
that of the proteoglycan. On the other hand, immunoprecipi- 
tation with antilaminin antibodies could completely deplete the 
MCM of both laminin and proteoglycan and thus prevent the 
deposit of both molecules on the substratum. Using a dot blot 

clearly detected the presence of laminin in the MCM. Thus, the 
laminin in MCM, once coated on the nitrocellulose filters, was 
accessible to its antibodies. This result confirmed the finding 
that laminin immunoreactivity was found on the dish substra- 
turn incubated in the presence of MCM. The standard value of 
purified laminin, whether diluted in PBS or the control medium, 
was perfectly linear and unchanged. In contrast, the intensity of 
nitrocellulose spots coated with linear dilutions of MCM did 
not decrease as expected from the standard value result. In other 
words, the accessibility of antilaminin antibodies or laminin 
increased with the dilution of the medium. At this point, we 
cannot exclude the possibility that this result corresponds to an 
artifact, but the UL immunoreactivity, tested under the same 
conditions, did not respond in a similar manner. Both the stan- 
dard values and the MCM dot blot curves were perfectly linear. 
We can only say that laminin was indeed present in the MCM 
in the concentration range of 100 &ml-2 &ml. The fact that 
laminin was complexed with other components, such as pro- 
teoglycan and entactin, or might be complexed with other lam- 
inin molecules would explain this result. We should point out 
that the purified laminin was obtained from mouse EHS tumor 
and that the antilaminin antibodies used in our rat cultures were 
directed against mouse laminin. It is possible that rat and mouse 
laminin could differ in major epitopes, thus explaining some of 
our data. However, this point has already been discussed by 
Manthorpe and Varon (1985) who pointed out that rat and 
mouse laminin is very similar, if not identical. These conflicting 
results therefore remain unresolved. 

Nevertheless, the results do not detract from the major finding 
of this work, namely, that 2 components of the basal lamina, 
laminin and the heparan sulfate proteoglycan, exert 2 types of 
effects on neurite outgrowth: elongation (HSPG) and branching 
(laminin). 

It is tempting to draw parallels between the 2 types of neurite 
growth (elongation and branching) demonstrated here in vitro, 
and the 2 major patterns of neurite outgrowth observed in vivo. 
In the case of reinnervation, or following experimental paralysis 
of muscles, motor axons exhibit elongation and terminal 
branching (Brown et al.; 198 1). Furthermore, in mutant em- 
bryonic muscle (muscular dysgenesis) characterized by an in- 
ability of the striated muscle to contract, extensive overgrowth 
of axons and terminal branching are observed (Rieger et al., 
1984). One might suggest that elongation or branching of the 
motor axon is correlated with a difference in the nature or level 
of components of the basal lamina, which serves as a substratum 
during neurite growth, as well as with trophic factors released 
by the inactive muscle (Vrbova and Wareham, 1976). This hy- 
pothesis could be tested by characterizing the trophic molecules 
of the intact muscle during axonal growth. 

References 
Baron-Van-Evercooren, A., H. K. Kleinman, S. Ohno, P. Marangos, J. 

P. Schwartz, and M. E. Dubois-Dalco (1982) Nerve growth factor, 
laminin, and fibronectin promote net&e growth in human fetal sen: 
sory ganglia cultures. J. Neurosci. 2: 179-l 93. 

Bottenstein, J. E., and G. H. Sato (1979) Growth of a rate neuroblas- 
toma cell line in serum free supplemented medium. Proc. Natl. Acad. 
Sci. USA 76: 514-517. 

Brown, M. C., R. L. Holland, and W. G. Hopkins (198 1) Motor nerve 
sprouting. Annu. Rev. Neurosci. 4: 17-42. 

Collins, F. (1978) Induction of neurite outgrowth by a conditioned 
medium factor bound to culture substratum. Proc. Natl. Acad. Sci. 
USA 75: 5210-5213. 

assay similar to that developed by Olwin and Hall (1985) we Crisanti-Combes, P., A. M. Lorinet, A. Girard, B. Pessac, M. Wasseff, 



2304 Hantaz-Ambroise et al. * Heparan Sulfate PG and Laminin Mediate Neurite Outgrowth 

and G. Calothy (1982) Expression of neuronal markers in chick and 
quail embryo neuroretina cultures infected with Rous sarcoma virus. 
Cell Differ. II: 45-54. 

Davis, G. E., M. Manthorpe, E. Engvall, and S. Varon (1985) Isolation 
and characterization of rat schwannoma neurite-promoting factor: 
Evidence that the factor contains laminin. J. Neurosci. 5: 2662-267 1. 

Edgard, D., R. Timpl, and H. Thoenen (1984) The heparin-binding 
domain of laminin is responsible for its effects on neurite outgrowth 
and neuronal survival. EMBO J. 7: 1463-1468. 

Faivre-Bauman, A., J. Puymirat, C. Loudes, A. Barret, and A. Tixier- 
Vidal (1984) Laminin promotes attachment and neurite elongation 
of fetal hypothalamic neurons grown in serum free medium. Neurosci. 
Lett. 44: 83-89. 

Hassel, J. R., W. C. Leyshon, S. R. Ledbetter, B. Tyree, S. Suzuki, M. 
Kato. K. Kimata. and H. K. Kleinman ( 1985) Isolation of two forms 
of basement membrane proteoglycans: J. Biol. Chem. 260: 8098- 
8105. 

Kleinman, H. K., M. L. McGarvey, L. A. Liotta, P. Gehron-Roby, K. 
Tryggvason, and G. K. Martin (1982) Isolation and characterization 
oftype IV procollagen, laminin, and heparin sulfate proteoglycan from 
the EHS sarcoma. Biochemistry 21: 6 188-6 193. 

Koenig, J., M. Oren, and M. A. B. Melone (1982) Establishment of 
neuromuscular contacts in cultures of rat embryonic cells: Effect of 
tetrodotoxin on maturation of muscle fibers and on the formation 
and maintenance of acetylcholinesterase and acetylcholine receptor 
clusters. Dev. Neurosci. 46: 203-206. 

Lander, A. D., D. K. Fudjii, D. Gospodarowicz, and L. F. Reichardt 
(1982) Characterization of a factor that promotes neurite outgrowth 
evidence linking activity to a heparan sulfate proteoglycan. J. Cell. 
Biol. 84: 574-585. 

Lander, A. D., D. K. Fudjii, and L. F. Reichardt (1985a) Laminin is 
associated with the “neurite outgrowth-promoting factors” found in 
conditioned media. Proc. Natl. Acad. Sci. USA 78: 625-629. 

Lander, A. D., D. K. Fudjii, and L. F. Reichardt (198513) Purification 
of a factor that promotes neurite outgrowth: Isolation of laminin and 
associated molecules. J. Cell. Biol. 101: 898-9 13. 

Levi-Montalcini, R., and P. U. Angeletti (1968) Nerve growth factor. 
Physiol. Rev. 48: 534-569. 

Manthorpe, M., and S. Varon (1985) Regulation of neuronal survival 
and neuritic growth in the avian ciliary ganglion by trophic factors. 
In Growth and Maturation Factors, Vol. 3, pp. 77-l 17, Wiley, New 
York. 

Manthorpe, M., E. Engvall, E. Ruoslamti, M. Longo, G. E. Davis, and 
S. Varon (1983) Laminin promotes neuritic regeneration from cul- 
tured peripheral and central neurons. J. Cell. Biol. 97: 1882-1890. 

Marsh, D., J. Grassi, M. Vigny, and J. Massoulie (1984) An immu- 
nological study of rat acetylcholinesterase: Comparison with acetyl- 
cholinesterases from other vertebrates. J. Neurochem. 43: 204-213. 

Olwin, B. B., and W. Z. Hall (1985) Developmental regulation of 
laminin accumulation in the extracellular matrix of a mouse muscle 
cell line. Dev. Biol. 112: 359-367. 

Raff, M. C., K. L. Fileds, S. I. Kakomori, R. Mirsky, and J. Winter 
(1979) Cell-type-specific markers for distinguishing and studying 
neurons and the major classes of glial cells in culture. Brain Res. 174: 
283-308. 

Rennard, S. S. J., R. Ber, G. R. Martin, J. M. Foidart, and P. Robey 
f  1980) Enzvme linked immunoassav (ELISA) for connective tissue 
components. Ann. Biochem. 104: 245-2 14. ’ 

Rieger, F., J. A. Powell, and M. Pincon-Raymond (1984) Extensive 
nerve overgrowth and paucity of the tailed asymmetric form (16s) of 
acetylcholinesterase in the developing skeletal neuromuscular system 
of the dysgenic (mdg/mdg) mouse. Dev. Biol. 101: 18 l-l 9 1. 

Schachner, M. (1982) Cell type-specific surface antigens in the mam- 
malian nervous system. J. Neurochem. 39: l-8. 

Timpl, R., H. Rohde, P. G. Robey, S. Rennard, J. M. Foidart, and G. 
R. Martin (1979) Laminin, a glycoprotein from basement mem- 
branes. J. Cell. Biol. 251: 9933-9937. 

Vrbova, G., and A. C. Wareham (1976) Effects of nerve activity on 
the postsynaptic membrane of skeletal muscle. Brain Res. 118: 37 l- 
382. 


