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Evidence that the B2 chain of laminin is responsible for the neurite 
outgrowth-promoting activity of astrocyte extracellular matrix 
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Extracellular matrix (ECM) derived from cerebral cortical astrocytes stimulates neurite outgrowth from pheochromocytoma (PC12) ceils in 
the absence of the classical nerve growth factor (NGF). We have shown here that astrocyte ECM can also stimulate neurite outgrowth from 
primary cultures of central nervous system (CNS) neurons. Using PC12 cells for a quantitative assay, we also demonstrated that the neurite 
growth-promoting activity increased as the astrocytes matured in vitro: ECM from older astrocytes (3-12 weeks in vitro) exhibited two-fold 
more neurite growth-promoting activity than ECM for younger astrocytes (5 days to 2 weeks in vitro). We applied various antibodies to identify 
the neurite growth-promoting factor of astrocyte ECM and found that anti-laminin inhibited neurite outgrowth by 50%, whereas 
anti-fibronectin and anti-NGF had no effect. Immunoblots, using laminin chain-specific antibodies, and cDNA hybridization of laminin mRNA 
demonstrated that cultured astrocytes synthesize only the B2 chain of laminin. This suggests that the B2 chain of laminin suffices to stimulate 
neurite outgrowth. 

INTRODUCTION 

A fundamental characteristic of the developing ner- 

vous system is the orderly growth of axons along specific 

pathways to reach their proper targets. Studies of the 
embryonic central nervous system (CNS) in mammals 

and amphibians have indicated that radial glial cells act 
as substrates to promote and guide axonal growth 52'55. In 

the developing CNS of fishes and amphibians, neuro- 
epithelial cells form extracellular channels 27'52"54'55. 

These channels are filled with extracellular matrix (ECM; 
a meshwork of glycoproteins and other macromolecules 

closely surrounding the cell). As development continues, 

axons invade and grow within these ECM-filled channels, 

suggesting that the ECM may be responsible for stimu- 
lating and guiding the growth of embryonic axons. 

In vitro systems have been used to further investigate 

the cellular and molecular interactions between glial cells 
and growing axons. Noble et al. 4° and Fallon 2° demon- 

strated that rat CNS neurons exhibited greater neurite 
outgrowth on cultured astrocytes than on non-glial cells. 
Since this effect could not be duplicated by conditioned 

culture medium, the authors concluded that cell surface 
interactions were responsible for the stimulation of 

neurite outgrowth. Another study has shown that the 

isolated astrocyte ECM of rats can promote neurite 
outgrowth from PC12 cells 67. Neurite outgrowth from 

chick ciliary ganglion cells was partially inhibited on glial 

cell surfaces by antibodies against laminin receptors, 

laminin being a component of the ECM, and by anti- 
bodies against N-cadherin, a Ca2÷-dependent cell adhe- 
sion molecule in the cell membrane 6a'63. A combination 

of both antibodies produced near complete inhibition of 
neurite outgrowth 6a. In addition, culture conditions that 

eliminated the majority of ECM molecules from the 

astrocyte cell surface did not appreciably diminish neurite 

outgrowth from dorsal root ganglion cells seeded on 
these astrocytes 1. These results indicate that some neurite 

outgrowth-promoting activity resides in both the ECM 

and the cell membrane. In our studies, we have focused 
on the effects of astrocyte ECM on neurite outgrowth 

from CNS neurons. We report that primary cerebellar 
granule neurons and cerebral cortex explants extend 
neurites in the presence of ECM. 
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In p rev ious  s tudies  a t t empt ing  to de t e rmine  which of 

the  d i f fe rent  molecu la r  c o m p o n e n t s  of the E C M  can 

induce  neur i t e  ou tgrowth ,  these molecules  had been  

pur i f ied  f rom m o r e  a b u n d a n t  n o n - n e u r a l  sources and  

tes ted for their  effect on  neur i t e  outgrowth .  F ib ronec t in  

s t imula t ed  neur i t e  ou tg rowth  f rom n e u r o n s  of the pe- 

r iphera l  ne rvous  system (PNS),  but  no t  f rom CNS 

n e u r o n s  44. Col lagen  s t imula ted  neur i t e  ou tgrowth  f rom 

dorsal  root  gang l ion  ( D R G )  cells of  the chick and  of 

PC12 cells 7"s bu t  no t  f rom ciliary gangl ion  n e u r o n s  of the 

chick 63. L a m i n i n  induced  neur i t e  ou tg rowth  f rom all 

n e u r o n s  tes ted 2A9'36'44'57. Of  par t icu lar  i m p o r t a n c e  to our  

work  is l amin in ,  which is a large (900 kDa)  g lycopro te in  

of  the E C M  61. Studies  using var ious  cell types ( tera to-  

c a r c inoma  cells,  par ie ta l  e n d o d e r m  cells, L6 myoblas ts )  

and  mouse  e m b r y o s  have shown that  l amin in  consists of 

3 po lypep t ide  subuni t s :  an A chain  (400 kDa) ,  a B1 chain  

(230 k D a )  and  a B2 cha in  (220 k Da) ,  which are l inked  by 

disulf ide bonds  in a cross-shaped s t ructure  6°. 

In  this pape r ,  we r epor t  that  PC12 cells vigorously 

e x t e n d e d  neur i t e s  w h e n  seeded on  astrocyte  E C M  and  

that  this effect was inh ib i t ed  50% by an t i - l amin in  bu t  no t  

by an t i - f ib ronec t in  68. As t rocy tes  have b e e n  r epor t ed  to 

con t a in  l a m i n i n  ~'5° and  f ib ronec t in  43, bu t  no t  col lagen 45. 

Next ,  we inves t iga ted  which l amin in  c o m p o n e n t s  were 

p re sen t  in as t rocytes  because  some cell types do not  

synthes ize  all 3 l am i n i n  subuni t s .  For  example ,  myoepi -  

thel ia l  t u m o r  cells, e m b r y o n i c  mo u s e  muscle  cells, and  

cu l tu red  Schwann  cells p roduce  the l amin in  B chain(s)  

bu t  no  de tec t ab le  A chain  9'13'28"66. In adul t  mo u s e  tissues, 

the re  are cons ide rab le  var ia t ions  in the ratios of  each 

l a m i n i n  m R N A  26. We have found ,  by an analysis  of bo th  

l a m i n i n  m R N A  and  p ro te in ,  that  cu l tu red  astrocytes 

synthes ize  on ly  the B2 chain  of l amin in  69. These  results  

suggest  that  astroglial  cells of  the deve lop ing  ne rvous  

sys tem p roduce  only  B2-1aminin,  and  that  this c o m p o n e n t  

suffices to s t imula te  axonal  growth.  

MATERIALS AND METHODS 

Cell culture 
Primary cultures of astrocytes from the cerebral cortex of 

neonatal Sprague-Dawley rats, Wistar rats, and BALB/C mice were 
obtained as described by Estin and Vernadakis 18. The cells were 
grown in Dulbecco's Modified Eagle Medium (DMEM) without 
glutamine but containing 10% fetal calf serum (FCS) (serum- 
supplemented medium) until the cells became confluent. Then the 
culture medium was changed to DMEM containing 10% dialyzed 
FCS in which o-valine was substituted for L-valine to eliminate 
fibroblasts 18"21. The astrocytes were maintained in culture flasks for 
periods of 5 days to 3 months. The astrocyte cultures were 
determined, by indirect immunofluorescence microscopy, to be 
greater than 95% positive for glial fibrillary acidic protein (GFAP; 
anti-GFAP generously provided by Dr. L. Eng). Cells were 
incubated at 37 °C in 5% CO 2, and the medium was changed twice 
a week. Mouse F9 teratocarcinoma cells (from American Type 
Collection, CRL #1720) were grown in DMEM plus 15% FCS and 

2 mM glutaminc. Laminin synthesis was induced by adding rctinoLc 
acid (100 nM) and dibutyryl cyclic adenosine monophosphatc (I 
mM) to the F9 culture medium and grown for 4--7 days before 
protein or RNA extraction. 

To isolate astrocyte ECM, the astrocytes were trypsinized, 
passaged into 35 mm Primaria culture dishes (Falcon) at I × tl) ~ 
cells/cm 2 and incubated for 24 h in serum-supplemented medium. 
Using the method of Wujek and Akeson 67. the astrocytes were 
incubated with 0.5% Triton X-lfX) in phosphate-buffered saline 
(I).9% NaCI, 1.5 mM KH2PO 4 and 5.1 mM Nat ' I2PO 4 at  pit 7.2; S 
& S Media, Inc., Rockville, MD), and then extensively rinsed with 
the phosphate-buffered saline alone. This treatment left a layer of 
ECM attached to the surface of the culture dish. For negative 
controls, Primaria dishes were incubated with serum-supplemented 
medium (no cells) for 24 h, and treated the same as the experimental 
dishes. 

Cerebral cortical explants, dissociated cerebellar granule neurons 
or PC12 cells were used to test for neurite growth-promoting activity 
of astrocyte ECM. Cerebral cortical explants were obtained from 
embryonic day 14 Sprague-Dawley rat fetuses according to the 
method of Oorschot and Jones 4~. Several explants (1-2 mm 3) were 
placed into ECM-coated dishes or poly-L-lysine-coated dishes in a 
small volume of the N1 serum-free medium of Bottenstein and Sato 4 
containing l% bovine serum albumin (serum-free medium). Dis- 
sociated cerebellar granule neurons were obtained from postnatal 
day 8 rat pups according to previously described methods 3259. 
Granule neurons were seeded at a density of 1 x l0 s cells/cm ~ into 
ECM-coated or poly-L-lysine coated dishes in serum-free medium. 
Cytosine arabinoside (2 x 10 -5 M) was added to cultures of cerebral 
cortex explants and cerebellar granule neurons to inhibit prolifer- 
ation of non-neuronal cells. PC12 cells were seeded at a low density 
(3 × 103 cells/cm 2) in dishes coated with astrocyte ECM or in 
uncoated dishes in serum-free medium. 

Neurite outgrowth from PC12 cells was used to quantitate 
neurite-promoting activity of astrocyte ECM. The PC12 cells were 
not preincubated with nerve growth factor (NGF). After 24 h, PC12 
cells with and without neurites were counted (a neurite was defined 
as a cytoplasmic extension that was at least as long as the diameter 
of one cell body; it usually had a swollen growth cone at its tip). The 
fraction of such neurite-containing cells was expressed as a percent- 
age of the total number of PC12 cells. For negative controls, PC12 
cells were seeded in dishes that had been incubated only with 
serum-supplemented medium. Positive controls were identical to 
negative controls except that 20 ng/ml NGF (prepared from male 
mouse saliva according to the method of Burton et al. 6) were added 
to the culture medium. 

Anti-laminin antiserum was collected from rabbit that bad been 
immunized with purified laminin (Bethesda Research Labs). Sub- 
sequently, anti-laminin immunoglobulins (IgG) were purified from 
the serum by affinity chromatography 61 , using immobilized laminin 
kindly provided by Dr. H. Kleinman (NIDR/NIH). Anti-fibronectin 
antiserum was obtained from Kirkegaard and Perry. Anti-NGF was 
the generous gift of Dr. J. Mill (NINDS/NIH). Pre-immune serum, 
from the same rabbits immunized with laminin, served as negative 
controls. Antisera, normal serum or IgG were diluted in serum-free 
medium and applied to astrocyte ECM-coated dishes. PC12 cells 
were then added to the culture dishes and neurite outgrowth was 
measured 24 h later. 

Protein immunoblots 
Astrocytes (4 weeks in culture) and differentiated F9 cells were 

washed twice with ice-cold Tris-buffered saline (0.15 M NaCI and 25 
mM Tris-HCl, pH 7.4). Proteins were extracted by adding 1 ml of 
hot sample buffer (2% sodium dodecyl sulfate (SDS), 5% fl- 
mercaptoethanol, 10% glycerol, and 62.5 mM Tris-HCl, pH 6.8). 
The cell lysates were transferred to microcentrifuge tubes, boiled for 
5 min, and then centrifuged at 10,000 g for 10 min to remove 
insoluble material. The supernatant was saved at -20 °C for 
analysis. Estimates of protein concentration were performed as 
described by Bradford 5 using a BioRad kit. Cellular proteins were 



electrophoresed on SDS-polyacrylamide linear gradient gels (4- 
12%), and then transferred to nitrocellulose filters 62. Immunore- 
active protein bands were detected by incubation with rabbit 
antibodies against the individual laminin chains 51 (diluted 1:800 or 
1:1600). Anti-laminin immunoreactivity was visualized by incuba- 
tion with alkaline phosphatase-conjugated anti-rabbit IgG and color 
development according to the supplier's instructions (Promega). 

RNA analysis 
Primary cultures of astrocytes were grown for specified periods of 

time, then passaged into 75 cm 2 culture flasks at a density of 1 x 
105 cells/cm 2 and incubated for 24 h. Total RNA was isolated from 
astrocytes and from differentiated and undifferentiated F9 cells, 
using the standard guanidinium isothiocyanate/cesium chloride 
(GTC) method ~2. In this procedure, cultured cells were directly 
lysed in GTC solution, then homogenized with a Polytron homog- 
enizer. The homogenate was layered onto a CsCI solution in a 
centrifuge tube and centrifuged overnight at 170,000 g. The RNA 
pellet was resuspended in 7.5 M guanidine-HCl, extracted with 
phenol/chloroform (1:1) and then precipitated with ethanol. This 
pellet was resuspended in diethyl pyrocarbonate-treated water and 
reprecipitated with ethanol. The purified RNA was dissolved in 
diethyl pyrocarbonate-treated water and stored at -70 °C. 

Aliquots of total RNA (10/~g) were loaded on a denaturing 0.9% 
agarose/18% formaldehyde gel with 0.02 M MOPS (3-[N-morpho- 
lino]propanesulfonic acid) buffer and electrophoresed at 25 V for 
16-20 h. The RNA was transferred to a nitrocellulose filter by 
passive diffusion. Two cDNA probes for the A chain were used: 
clone PAO3, which codes for the 5" end of the mRNA, and PAO5, 
which codes for the 3" end 48. The clones for the B1 chain (PBI; a 
300 bp, Hind III-Hla I fragment from P24 cloned into PUC19 
vector) and for the B2 chain (P7) both code for the 3" end of the 
mRNA 47'49. The probes were radioactively labelled with [32p]dCTP 
by random primer labelling. The filters were hybridized with the 
cDNA probes (25 ng; 107 cpm) at 50 °C for 24 h in hybridization 
buffer (50% formamide; 50 mM sodium phosphate, pH 6.5; 5x 
sodium chloride/sodium citrate (SSC) buffer; 0.2% SDS; 1 mM 
ethylenediamine tetraacetic acid; 0.05% Ficoll; 0.05% polyvinylpyr- 
rolidone; and 200/~g/ml denatured salmon DNA), then washed at 
65 °C with 0.1 x SSC and 0.5% SDS, dried, and exposed to Kodak 
X OMAT-AR X-ray film at -70 °C. In addition, several filters were 
washed at low stringency (2 x SSC/I% SDS at 50 °C). 

Quantities of mRNA were measured by optical scanning of 
autoradiograms (Zeineh soft laser scanning densitometer; Biomed 
Instruments, Inc.). To correct for possible variations in total RNA 
quantities, the blots were rehybridized with a cDNA probe for 
cyclophyllin, a protein produced in constant amounts n. The 
autoradiograms were scanned again, and the RNA values expressed 
as a ratio of the OD of laminin to cyclophyllin mRNA. 

RESULTS 

CNS neurons extend neurites on the extracellular matrix of  
astrocytes 

Cerebellar  granule neurons were dissociated from 

8-day-old rat pups and seeded onto astrocyte ECM as 

described in Materials and Methods. Within 24 h, the 

neurons  had attached to the substrate in clumps and 

extended many neurites (Fig. 1A). During the next 2 -4  

days, the neurites extensively elongated and later 

branched.  Long, thick fascicles of neurites were often 

seen to connect  neighboring cell clumps. 

Some neuri te outgrowth from granule neurons was 

also observed on poly-L-lysine-coated dishes; the granule 

neurons  tended to attach singly or in small clumps of cells 
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Fig. 1. Neurite outgrowth from eerebellar granule neurons 24 h after 
being seeded onto astrocyte ECM or poly-L-lysine. A: neurons on 
ECM that had been derived from astrocytes grown 3 weeks in 
culture. B: neurons on poly-L-lysine. Bar = 20/~m. 

(Fig. 1B). In contrast to the pat tern of neuri te outgrowth 

on astrocyte ECM,  the neurites on poly-e-lysine tended 

to elongate as thin fibers (possibly as individual neurites) 

with numerous  branches along their length. 

To examine neuri te outgrowth from cortical neurons,  

small cubes (1-2 mm 3) of cerebral cortex were obtained 

from rat embryos (day 14 of gestation) and placed onto 

astrocyte ECM- or poly-e-lysine-coated dishes. A vari- 

able number  of explants dislodged from the substrate and 

floated in the culture medium. For the attached explants, 

the extent of neuri te outgrowth was minimal  after 24 h 

regardless of substrate. But after 2 days in vitro, 

extensive neuri te outgrowth was observed on astrocyte 

ECM (Fig. 2A,B).  Numerous  large fascicles of neurites 

extended from the explants; these fascicles then broke up 

into small fascicles and finally became thin fibers that 

were extensively branched with growth cones at their tips 

(Fig. 2B). In contrast,  little or no neurite outgrowth was 

evident from explants attached on the poly-L-lysine 

substrate (Fig. 2C). 

Anti-laminin inhibits neurite outgrowth on astrocyte ECM 

Polyclonal antibodies against iaminin,  f ibronectin,  and 

N G F  were used in a neuri te  outgrowth inhibit ion assay to 

determine the molecular type(s) of neuri te  outgrowth- 

promoting factor within astrocyte ECM. To measure 

inhibition of neuri te outgrowth,  PC12 cells were used 

instead of primary neurons  because they uniformly 

attached to the substrate and extended neurites in an 
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Fig. 2. Cerebral cortex explants (embryonic day 14) after 4 days on 
astrocyte ECM or poly-tAysine. A: explant on ECM derived from 
astrocytes grown 3 weeks in culture. This view illustrates neurite 
fascicles as they emerge from the explant. B: tips of neurites distant 
from explant on astrocyte ECM. C: explant on polyq-lysine. Bar = 
20 1~m. 

'all-or-none' manner that was readily quantifiable. 
Antibody cross-reactivity was tested by immunoblot- 

ting against purified iaminin, fibronectin, collagen and 
N G E  Strong immunoreactivity was observed with lami- 
nin, whereas no reactivity was visible with fibronectin or 
collagen (data not shown). 

Antibodies were diluted 1:400 in serum-free culture 
medium and applied onto the astrocyte ECM 20 rain 
before the PC12 cells were seeded. Fig. 3 demonstrates 
the effect on neurite outgrowth after 24 h. Addition of 
normal rabbit serum (Fig. 3A) or normal goat serum 
(data not shown) had no apparent effect on neurite 
outgrowth from PC12 cells. Numerous neurites, which 
are several cell body diameters long and tipped with 
bulbous growth cones, extended from the cell bodies. 
Anti-laminin antibodies (Fig. 3B) reduced the number of 
PC12 cells that exhibited neurites. The number of PC12 

cells appeared greater in the presence of anti-laminin 
than in the presence of the other sera. Since the 
stimulation of neurite outgrowth in PC12 cells stops their 

proliferation, it is likely that the inhibition of neurite 
outgrowth by anti-laminin causes renewed cell prolifer- 
ation. 

Quantitative measurements demonstrated a reduction 
of neurite outgrowth by approximately 50% (Fig. 4). The 
length of neurites appeared shorter in the presence of 
anti-laminin antibodies than in the presence of normal 
rabbit serum. Addition of anti-fibronectin (Figs. 3C; and 
4) or anti-NGF antibodies (Figs. 3D and 4) had no visible 
effects on neurite outgrowth from PC12 cells. 

We attempted to achieve complete inhibition of neu- 
rite outgrowth by increasing the antibody concentration. 
However, this resulted in greater inhibition by the 
normal serum as well as by the anti-laminin antibody. In 
a previous study of neurite outgrowth, serum had been 
shown to non-specifically inhibit neurite outgrowth 56. To 

rule out any non-specific serum effect, we repeated the 
experiment using normal IgG and affinity-purified anti- 
laminin IgG. Fig. 5 illustrates that 5 and 10/~g/ml of the 
purified anti-laminin inhibited neurite outgrowth whereas 
the normal rabbit IgG showed little or no inhibition. 
However, the increased amount of anti-laminin still 
produced only about 50% inhibition. 

E C M  neurite growth-promoting activity increases as astro- 

cytes mature in vitro 

We tested whether the neurite-promoting activity of 
astrocyte ECM changed when primary astrocytes were 
grown for extended time periods in vitro. Astrocyte 
cultures were established from neonatal rats and grown 
for 1, 2, 3, 4 and 12 weeks in culture flasks. At these 
times, the astrocytes were trypsinized, passaged into 35 
mm Primaria dishes (1 × 105 cells/cm z) and incubated for 
24 h to produce fresh ECM. PC12 cells were then seeded 
onto the ECM and neurite outgrowth was measured. At 
each time point, astrocyte ECM stimulated neurite 
outgrowth to some extent, but the activity increased 
two-fold when the astrocytes had grown for more than 2 
weeks in vitro (Fig. 6). Apparently, the older astrocytes 
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Fig. 3. Antibody inhibition of neurite outgrowth from PC 12 cells after 24 h on astrocyte ECM. All antisera or non-immune sera were added 
to culture medium at a final dilution of 1:400 prior to seeding PC12 cells onto the substrate. A: negative control: pre-immune rabbit serum. 
B: rabbit anti-laminin (X-LN). Note the reduction of numbers of PC12 cells with neurites as well as the decrease in length of the neurites. 
C: goat anti-fibronectin (X-FN). D: rabbit anti-nerve growth factor (X-NGF). Bar ~ 20 am. 
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Fig. 4. Quantitative analysis of antibody inhibition of neurite 
outgrowth from PC12 cells using antiserum. NRS, pre-immune 
rabbit serum; Anti-LN, anti-laminin antiserum; Anti-NGF, anti- 
nerve growth factor antiserum; Anti-FN, anti-fibronectin antiserum. 
Final dilution of all antisera of pre-immune sera was 1:400. Error 
bars represent standard deviation. 
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Fig. 6. Neurite growth-promoting activity of astrocyte ECM as a 
function of time in vitro. Astrocytes were cultured for 1-12 weeks, 
then passaged into test dishes (1 × 105 cells/cm 2) and incubated for 
24 h. Cells were removed from the dish (see Materials and 
Methods), leaving a layer of ECM. Neurite outgrowth was mea- 
sured as the percentage of PC12 cells possessing neurites. 

synthesized neuri te  growth-promoting factor at a greater 

rate than the younger astrocytes. 

Astrocytes synthesize only the laminin B2 chain 
Analysis of astrocyte proteins by immunoblot t ing  with 

laminin chain-specific antibodies revealed that only the 

B2 chain of laminin was synthesized by cultured astro- 

cytes. Cellular proteins extracted from astrocytes (4 

weeks in culture) and from differentiated F9 cells were 

electrophoresed and transferred to a nitrocellulose filter. 

The filter was cut into 3 strips and each strip was 

incubated with laminin chain-specific ant ibody 5~. 

The cultured astrocytes exhibited a polypeptide band 

that was immunoreact ive  with the anti B2-1aminin but no 

immunoreact ivi ty  appeared with the ant i -A chain or with 
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Fig. 5. Quantitative analysis of antibody inhibition of neurite 
outgrowth from PC12 cells using normal rabbit IgG or affinity- 
purified anti-laminin IgG. Error bars represent standard deviation. 
The differences between anti-laminin IgG and normal rabbit IgG at 
5/~g/ml a~d at 10 ~g/ml were statistically significant by Student's 
t-test (99% confidence level). 
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Fig. 7. Protein immunoblot of cell lysates from differentiated F9 
cells (lanes 1.3 and 5) and from astrocytes (lanes 2. 4 and 6). F9 
cell proteins (15/~g) and astrocyte protein (100/~g) were electro- 
phoresed (SDS-PAGE; 4-12% gradient) under reducing conditions 
and transferred to a nitrocellulose filter. The filter was cut into 3 
strips and incubated with anti-B2 laminin (1:800), anti-A laminln 
(1:800) or anti-B1 laminin (1:1600). Astrocytes exhibited an 
immunoreactive polypeptide band with anti-B2 (lane 2), but no 
bands appeared with anti-A (lane 4) or anti-B1 (lane 6). F9 cells 
showed immunoreactivity with all 3 chain-specific antibodies (lanes 
1, 3 and 5). Molecular weight standards (xlO00) are indicated on 
the left-hand side. 
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Fig. 8. A: Northern blot of RNA from cultured mouse astrocytes (lanes 1, 4 and 7), rat astrocytes (lanes 2, 5 and 8) and differentiated F9 
teratocarcinoma cells (lanes 3, 6 and 9). Lanes 1-3 were hybridized with B2 chain cDNA probe (P7), lanes 4-6 were hybridized with a B1 
chain cDNA probe (PBI) and lanes 7-9 were hybridized with an A chain cDNA probe (PA03). The F9 cells exhibit mRNA for all 3 chains 
of laminin (A, B1, B2), whereas the astrocytes exhibit mRNA only for the B2 chain of laminin. B: Northern blot of total RNA from rat and 
mouse astrocytes and from mouse F9 teratocarcinoma cells hybridized with a B2 chain cDNA probe (P7). Lanes 1-5: Sprague-Dawley rat 
astrocytes grown for 1, 2, 4, 6 and 10 weeks in culture, respectively. Lanes 6 and 7: Wistar rat astrocytes grown for 4 and 6 weeks in culture, 
respectively. Lane 8: Sprague-Dawley rat astrocytes in serum-free medium. Cells had been grown 20 days in serum-supplemented medium, 
then passaged and grown 24 h in serum-free medium. Lane 9: BALB/C mouse astrocyte RNA (3 weeks in culture). Lane 10: mouse F9 
embryocarcinoma cell RNA. Position of 28S and 18S ribosomal RNA is marked on left-hand side. 

the anti-B1 chain ant ibodies  (Fig. 7; lanes 2, 4 and 6). 

Di f fe ren t ia ted  F9 t e ra tocarc inoma cells (see Mater ia ls  

and Methods)  served as a posit ive control ,  since these 

cells synthesize all 3 laminin chains 6°. These  cells exhib- 

i ted immunoreac t iv i ty  with each of the laminin chain- 

specific an t ibodies  (Fig. 7; lanes 1, 3 and 5). 

R N A  blot  hybr idizat ion was carr ied out  to identify 

laminin m R N A  transcripts  in cul tured mammal ian  astro- 

cytes. The  blots were hybr idized with c D N A  probes  for 

the A ,  B1, and B2 chains of  laminin 47-49. R N A  from 
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Fig. 9. Quantitative analysis of laminin B2 and cyclophilin mRNA 
levels in cultured rat Sprague-Dawley astrocytes as measured by 
optical density scanning of autoradiograms. SF, serum-free medium 
(3 weeks in culture). 

d i f ferent ia ted F9 t e ra toca rc inoma cells, which abun- 

dant ly  express all laminin chains,  served as a posit ive 

control.  As  shown in Fig. 8A (lanes 3, 6 and 9), the F9 

cells p roduced  m R N A  for the B2, B1 and A chains of 

laminin.  In contrast ,  cul tured rat astrocytes  synthesized 

m R N A  for B2 laminin (Fig. 8A,  lane 2), but not for B1 

or A laminin (Fig. 8A,  lanes 5 and 8). To test whether  

this result was unique to as t rocytes  from S p r a g u e -  

Dawley  rats,  we also p robed  R N A  from Wis tar  rat  (data  

not shown) and B A L B / C  mouse  astrocytes.  Again ,  we 

found only B2 laminin (Fig. 8A,  lanes 1, 4 and 7). Even 

when the filters were washed at low str ingency (see 

Mater ia ls  and Methods) ,  we did not observe  hybridiza-  

tion of the A or  B1 laminin c D N A  probes  with astrocyte 

R N A  (data  not  shown).  

We also examined the product ion  of B2 laminin 

m R N A  by astrocytes  as a function of  t ime in culture (Fig. 

8B, lanes 1-5).  When  the same amount  of total  R N A  was 

appl ied  to each lane of the agarose gel, the amount  of B2 

laminin (measured  by scanning au torad iograms)  was 

relat ively low at 1 week in culture,  increased after 2 

weeks,  and cont inued to increase up to 10 weeks in 

culture (the longest  t ime examined) .  The quanti ta t ive 

analysis (Fig. 9) verif ied the visual observat ions .  

The effect of as t rocyte  growth in a serum-free ,  

chemically defined culture medium was also tested.  Af te r  
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20 days in serum-supplemented medium, the astrocytes 
were passaged into new flasks and grown for 24 h in 
serum-free medium. Again, only B2 laminin mRNA was 
formed and its level was almost twice that observed with 
serum-supplemented cultures of the same age (Fig. 8B, 
lane 8; Fig. 9); it approached the mRNA levels found in 
serum-supplemented cultures of 10 weeks. 

DISCUSSION 

We have examined the neurite outgrowth from 3 types 
of neuronal cells on the ECM obtained from cortical 
astrocytes. The astrocyte ECM was newly secreted 
(within 24 h) and anchored to the tissue culture dishes. 
Previous work has shown that neurons derived from the 
PNS vigorously extend neurites on cultured astrocytes 1' 
62.63 or on astrocyte E C M  67. CNS neurons also exhibit 
neurite outgrowth on cultured astrocytes 2°'4°. We have 
extended these findings by demonstrating that astrocyte 
ECM can stimulate neurite outgrowth from cerebellar 
granule neurons and cerebral cortex explants. 

Astrocytes secrete the ECM components fibronectin 
and laminin and heparan sulfate proteoglycan 1'43'5°. 
Collagen found in the ECM of other cell types, such as 
Schwann, endothelial, and fibroblast 3T3 cells 3"1°'22'65 has 
not been described for astrocyte ECM. 

Our antibody studies with anti-fibronectin, anti-nerve 
growth factor and anti-laminin antiserum showed inhibi- 
tion of neurite outgrowth on astrocyte ECM only with the 
latter. The failure of anti-NGF to inhibit neurite out- 
growth on astrocyte ECM suggests that a neurite out- 
growth-promoting mechanism exists in PC12 cells differ- 
ent from the NGF-stimulating mechanism. The anti- 
laminin did not completely block neurite outgrowth, 
which might have been due to insufficient amounts of 
antiserum. However, attempts to increase the quantity of 
antibody led to non-specific inhibition, as seen by the 
almost complete inhibition of neurite extension with 
normal rabbit serum. This could be similar to the 
non-specific inhibition of neurite outgrowth observed 
with fetal calf serum 56. To eliminate the non-specific 
effect, the neurite inhibition experiments were repeated 
with affinity-purified fractions of anti-laminin IgG. In- 
creasing the amount of anti-laminin IgG still produced a 
maximum of 50% inhibition. Therefore, the astrocyte 
ECM may contain other neurite growth-promoting factors. 

We have used laminin cDNA probes and chain-specific 
laminin antibodies (developed from the EHS tumor) to 
investigate the synthesis of laminin mRNA and protein 
by cultured cerebral cortex astrocytes. Our results indi- 
cated that cultured astrocytes synthesize only the B2 
laminin subunit. This finding contrasts with the work of 
Selak et al. 5°, who claimed that astrocytes synthesized all 

3 laminin subunits. The higher molecular weight protein 
immunoprecipitated with anti-laminin by Selak et al. 5~ 
(see Fig. 4) probably corresponds to the :::>250 kDa 
protein immunoprecipitated by Cornbrooks et al. ~ (see 
Fig. 3g). Since other ECM proteins (e.g. collagen IV and 
entactin) can be immunoprecipitated as part of a poly- 
peptide complex, it is quite possible that the high 
molecular weight protein immunoprecipitated by Selak et 
al. 5° and Cornbrooks et al. 9 is not the 400 kDa laminin 
A chain. 

Recently, McLoon et al. 39 demonstrated that the optic 
nerve of the developing rat exhibited the B chain(s) of 
laminin, but not the A chain. Also, Mattiessen et al. 38 
showed that conditioned medium from cortical astrocytes 
contained the B chain(s) of laminin, but not the A chain. 
In both cases, the workers used immunoblotting with 
polyclonal antibodies against the whole laminin mole- 
cule, but were not able to distinguish between the B1 and 
B2 chains of laminin. In another study 35, RNA hybrid- 
ization with cDNA probes for the individual laminin 
chains indicated that mRNA transcripts for both B1 and 
B2 laminin were present in embryonic mouse brain. 
However, the use of brain tissue as a source of RNA in 
those experiments precluded an unequivocal determina- 
tion of the cell type producing the laminin mRNA. 

We have carried out immunoblotting (with laminin 
chain-specific antibodies) and Northern hybridization 
analyses of protein and mRNA extracted from purified 
cultures of cortical astrocytes. Thus, we confirmed that 
astrocytes do not synthesize the laminin A chain. Fur- 
thermore, we extended the previous findings by demon- 
strating that cultured cortical astrocytes synthesize only 
the B2 chain and not the B1 chain of laminin. 

Recent work  17"25 has indicated that laminin may 
represent a family of genes that extends beyond the genes 
of the 3 EHS tumor laminin chains. Hunter et al. z5 have 
demonstrated a novel laminin-like protein concentrated 
in the synaptic cleft of the neuromuscular junction which 
they have called s-laminin. In addition, Leivo and 
Engval129 have identified a new laminin-like basement 
membrane protein, which they called merosin. Appar- 
ently, merosin possesses laminin B I and B2 chains 
identical to that of the EHS tumor laminin 17, but the 
third chain has a molecular weight of 300 kDa 15 (refer- 
ences in Leivo et al.3°). 

Possibly, the astrocytes are synthesizing their own 
variant of laminin which consists of more than just the B2 
chain. The merosin variant of iaminin exhibits 40% 
sequence identity with the EHS tumor A chain of 
laminin 17. With 40% sequence identity between merosin 
and A chain 3°, it seems likely that at least one of the EHS 
tumor cDNA probes for the A chain that we used would 
have recognized astrocyte mRNA that encodes for 



merosin. However, it remains possible that astrocytes 
produce a merosin-like laminin A chain sufficiently 
different that it is not recognized by EHS tumor cDNA 
probes. Such a molecule may form part of the astrocyte 
iaminin and contribute to its neurite growth-promoting 
activity. Using a cDNA probe to s-laminin (generously 
supplied by J. Sanes), we have obtained preliminary 
evidence that cultured astrocytes synthesize mRNA for 
s-laminin (unpublished observations). This astrocyte 
mRNA transcript appears to have the same molecular 
weight as the EHS tumor B1 laminin mRNA. As 
described by Hunter et al. 25, the s-laminin is most similar 
to the B1 chain and less like the B2 and A chains of 
laminin. Although neurons adhered strongly to substrates 
coated with the s-laminin protein, no neurite outgrowth 
was described 25. Recent work by Ogawa et al. 4a found no 
neurite outgrowth-promoting activity on substrates 
coated with purified recombinant B1 laminin chain. This 
would suggest that, although the astrocytes may make a 
Bl-like laminin chain (i.e. s-laminin), the neurite out- 
growth-promoting activity of the astrocyte laminin re- 
sides within the B2 chain. 

Studies using proteolytic fragments of laminin TM and 
monoclonal antibodies to laminin fragments ~6 have local- 
ized the neurite-growth promoting site to the long arm of 
the laminin molecule. Since the long arm of laminin 
consists of a portion of all 3 laminin subunits bound 
together by sulfide bonds 6°, these experiments do not 
determine whether the neurite growth-promoting site is 
to be found on one, two or all 3 subunits. More recent 
experiments have shown that peptides derived from 
either the A chain or the B2 chain of laminin have neurite 
growth-promoting activity 36'58, whereas purified recom- 
binant B1 laminin subunit protein did not exhibit neurite 
growth-promoting activity 41. In addition, mutations af- 
fecting the B2 laminin chain gene in Caenorhabditis 

etegans were found to cause misguided axonal growth 23. 
(E. Hedgecock, personal communication). 

These results suggest that all 3 chains together are not 
required for neurite growth-promoting activity. Further- 
more, the A chain and the B2 chain (but not the B1 
chain), together or separately, may suffice to stimulate 
neurite outgrowth. In particular, the demonstration that 
a B2 laminin peptide stimulates neurite outgrowth 36 
supports our hypothesis that the B2 laminin is responsible 
for the neurite outgrowth-promoting activity of astrocyte 
ECM. 
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