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In adult mammals, injured neurons regenerate extensively 
within the PNS but poorly, if at all, within the CNS. We have 
studied the effect of substrata consisting of tissue sections 
from various nervous systems on nerve fiber growth in cul- 
ture and correlated our results with the growth potential of 
these tissues in wivo. Ganglionic explants from embryonic 
chicks (9-12 d) fail to extend nerve fibers onto sections of 
adult rat optic nerve or spinal cord (CNS) but do so on sciat- 
ic nerve (PNS). Dissociated DRG neurons behave similarly 
whether in serum-containing or defined medium. Tissue 
substrata from nervous systems that support regeneration 
in vivei.e., goldfish optic nerve, embryonic rat spinal cord, 
degenerating sciatic nerve-also support fiber growth in 
culture. Within the same culture, neurons will grow onto 
sciatic nerve rather than neighboring optic nerve sections, 
suggesting that the responsible agent(s) is not soluble. In 
addition, neurons adhere more extensively to sciatic nerve 
substrata than to optic nerve. The occurrence of 3 mole- 
cules known to be involved in neuron-substratum adhesion 
and nerve fiber growth in vitro has been documented im- 
munocytochemically in the tissue sections. One of these, 
laminin, is demonstrable in all tissues tested that supported 
nerve fiber growth. lmmunoreactivities for fibronectin and 
heparan sulfate proteoglycan are found in only some of these 
tissues. None of these 3 molecules can be demonstrated in 
neural cells of normal adult rat CNS tissue. Our data suggest 
that these molecules may be important effecters of nerve 
regeneration in neural tissues. 

Following trauma to the CNS of adult mammals, nerve fiber 
growth is meager and functional recovery correspondingly poor. 
In contrast, neurons of the PNS may extend nerve fibers for 
many centimeters, reconnecting more or less accurately with 
their targets. Aguayo and coworkers have shown that some ax- 
otomized CNS neurons have the capacity to regenerate their 
axons for considerable distances into peripheral nerve grafts 
(Richardson et al., 1980; David and Aguayo, 198 1; Aguayo, 
1985). Moreover, neither PNS (Nathaniel and Pease, 1963; Na- 
thaniel and Nathaniel, 1973; Aguayo et al., 1979) nor CNS 
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neurons are able to elongate into the adult CNS. Taken together, 
these data suggest that heterogeneity in the microenvironment 
of CNS and PNS neurons is largely responsible for their dis- 
parate response to axotomy. 

Hypotheses regarding the molecular basis of axonal regen- 
eration are often grounded in observations made on nerve fibers 
growing in culture. Cultured neurons require 2 major environ- 
mental influences to elaborate nerve fibers, growth factors 
(reviewed by Berg, 1984) and a properly adhesive substratum 
(Letourneau, 1975; Greene and Tischler, 1976). NGF, the best- 
known of the growth factors, is required for the survival and 
growth of dorsal root ganglion (DRG) and sympathetic neurons 
in vivo as well as in culture (reviewed by Greene and Shooter, 
1980). Other growth factors have been identified (Collins, 1978; 
Barde et al., 1982), but their function in vivo has not been 
described. 

Several adhesive molecules mediate the attachment of neu- 
rons to culture substrata in addition to supporting nerve fiber 
growth (Letoumeau, 1975; Akers et al., 1981; Baron van Ev- 
ercooren et al., 1982; Carbonetto et al., 1982; Manthorpe et al., 
1983; Rogers et al., 1983; Rauvala, 1984; Smalheiser et al., 
1984). Three of these, the adhesive proteins laminin, fibronec- 
tin, and collagen, are components of the extracellular matrix of 
the nervous system and may function in vivo as effecters of 
nerve fiber growth. For fibronectin (Carbonetto et al., 1983) and 
laminin (Edgar et al., 1984) growing nerve fibers interact with 
a discrete region of the protein, as might occur during ligand 
receptor binding. Interestingly, laminin alone can mimic some 
of the trophic properties of NGF (Edgar et al., 1984; Davis et 
al., 1985; Lander et al., 1985), suggesting that this large mul- 
tifunctional molecule has domain(s) that are neurotrophic and/ 
or adhesive for cells. The function of these adhesive proteins 
during nerve regeneration in vivo has not been tested. 

This paper describes our attempts to analyze some of the 
environmental influences within the nervous system affecting 
nerve fiber growth. In our studies, neurons were cultured on 
sections of neural tissues from PNS or CNS. The neurons failed 
to extend nerve fibers on tissue substrata from adult rat CNS 
(optic nerve, spinal cord), whereas extensive nerve fiber growth 
occurred on tissue from PNS (sciatic nerve). In addition, goldfish 
optic nerve and embryonic rat spinal cord, which support nerve 
fiber growth in vivo, did so in our culture system. The difference 
in the growth of neurons on these tissue substrata appears to 
reflect the inactivity or absence of adhesive molecules in the 
adult mammalian CNS tissues. Several extracellular matrix 
(ECM) components, mentioned above (laminin, fibronectin, he- 
paran sulfate proteoglycan), that are demonstrable immunocy- 
tochemically in the PNS are essentially absent in the adult CNS. 
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Figure 1. Growth of DRG explants on substrata from spinal cord and sciatic nerve. A, Ganglia attached to sections of CNS tissue generally 
not grow but occasionally extended several short processes such as the “minimal” growth shown here. Calibration bar, 0.5 mm. E, By compari! 
ganglia attached to sciatic nerve sections grew extensively (same magnification as in A). 
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Figure 2. Nerve fiber growth by DRG explants on CNS and PNS tissue 
substrata. Chick DRGs were seeded onto substrata as in Figure 1. Only 
ganglia directly attached to tissue sections were included in this analysis. 
The ordinate shows the percentage of those ganglia evaluated that grew 
minimally, moderately, or extensively (see Materials and Methods). 
Number of ganglia evaluated: sciatic nerve, n = 86; spinal cord, n = 
18; optic nerve, n = 63. 

Our data suggest that adhesive molecules within the ECM may 
be important determinants of nerve fiber growth in culture and 
in vivo. 

Materials and Methods 
Preparation of tissue substrata. Adult and embryonic Sprague-Dawley 
rats (Charles River), fertilized chicken eggs, and mature goldfish (sup- 
plied by Dr. R. Levine, McGill University) were used throughout this 
study. Adult rats were sacrificed by an overdose of chloral hydrate and 
perfused through the heart with PBS (0.1 M, pH 7.2). Segments of optic 
nerve, spinal cord, and sciatic nerve were excised. In all cases, sciatic 
nerves were desheathed and optic nerves and spinal cord freed of men- 
inges. In experiments with injured PNS and CNS tissues, substrata were 
prepared from rats that had optic and sciatic nerve transections per- 
formed unilaterally under chloral hydrate anesthesia. Degenerating nerves 
were excised and used S-10 d later. The tissue was then mounted, frozen 
in liquid nitrogen, and either stored at - 70°C or cut into sections on a 
cryomicrotome. Sections were mounted onto round coverslips (15 mm 
in diameter) of glass or tissue culture plastic (Thermanox, Lux) that had 
been coated overnight with polylysine (1 mg/ml in borate buffer, pH 
9). Prior to use, these substrata were sterilized by brief uv irradiation 
and washed extensively in culture medium. 

Preparation of neuronal cultures. For most of our experiments, cul- 
tures of ganglionic explants from DRG or sympathetic ganglia were 
prepared from 9-12 d chick embryos by conventional methods (Car- 
bonetto and Fambrough, 1978). Cells were cultured either in Dulbecco’s 
Minimum Essential Medium (DMEM) plus 10% fetal calf serum, cy- 
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Figure 3. Nerve fiber growth onto sciatic nerve and optic nerve tissue from distant ganglia. Ganglia generally grew extensively on the polylysine- 
coated plastic, producing a halo of fine nerve fibers that by 2 d in culture were essentially free of non-neuronal cells. A, These fibers approached a 
section of optic nerve and grew along the periphery of the section but did not grow onto the section. Calibration bar, 0.5 mm. B, Ganglia distant 
from sections of sciatic nerve grew extensively on the culture plastic and onto the tissue substrata. Calibration bar, 0.25 mm. 

tosine arabinoside (20 PM), and gentamicin or in defined medium (Bot- 
tenstein and Sato, 1978). Unless noted, all media contained NGF (50 
rig/ml). Cultures of dissociated cells enriched for neurons (> 80% neu- 
rons) were prepared by briefly treating ganglia with trypsin, tritumting 
them, and plating the dissociated cells on petri dishes coated with serum. 
During this preplating step non-neuronal cells (fibroblasts and glia) pref- 
erentially adhere to the culture substratum and the cells enriched for 
neurons can be harvested by simply shaking the dish and aspirating the 
medium. PC 12 cells were maintained as described by Greene and Tis- 
chler (1976) and treated with NGF for approximately 6 d before seeding 
onto tissue substrata. Ganglionic explants or dissociated cells (2 x lo5 
cells/ml) were seeded onto coverslips coated with tissue sections (lOO- 
200 plkoverslip) placed in 35 mm culture dishes. Cultures were fed the 
following day with fresh medium and maintained for 2-5 d to allow 
nerve fiber growth. 

Qua&cation of neuron-substratum adhesion and nervejiber growth. 
Neuronal somata or nerve fibers from ganglionic explants located di- 
rectly on tissue sections could not be reliably visualized in living cul- 
tures. To quantify neuronal adhesion and nerve fiber growth, the cultures 
were washed with DMEM, fixed with paraformaldehyde (4% in 0.1 M 
phosphate buffer, pH 7.2), rinsed in PBS, and stained with Coomassie 
Blue (0.1% in 10% acetic acid, 25% propanol) for 4 min. Following 
staining, nerve fibers were easily visible on tissue sections, as were any 
non-neuronal cells. 

Neuron substratum adhesion was quantified by seeding DRG cells 
enriched for neurons and counting the somata that attached to tissue 
sections. The cell density was determined by counting the total number 
of cells attached per substratum and measuring the surface area of the 
tissue substrata with an IBAS image analyzer (Zeiss). 

Nerve fiber growth from ganghonic explants was separated into 2 
categories: (1) growth from ganglia attached to and growing directly on 

top of tissue substrata or (2) growth from ganglia attached to the culture 
plastic at some distance from the tissue and subsequently growing onto 
it. In the first category, nerve fibers that grew a distance of about 1 
diameter of the ganglion were considered to be growing minimally. Less 
than this distance was considered negligible growth, and more than this 
was moderate (approximately 2 diameters of the ganglion) or extensive 
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Figure 4. Nerve fiber growth onto CNS and PNS tissue substrata from 
DRGs distant from the tissue. Cultures were prepared as in Figure 3. 
Only ganglia not in contact with tissue sections and clearly growing 
fibers were included in this analysis. The ordinate gives the percentage 
of ganglia growing on the culture plastic that grew minimally, moder- 
ately, or extensively on the tissue. Number of ganglia: sciatic nerve, n = 
65; spinal cord, n = 18; optic nerve, n = 36. 
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Figure 5. Nerve fiber growth on sciatic nerve and optic nerve sections within the same culture. For these experiments, tissue sections of sciatic 
nerve and optic nerve were placed side by side and ganglia seeded between the sections. The ganglion grew extensively up to the optic nerve section 
but not onto it. Fibers can be seen growing around the section (arrowheads), while others may have stopped growing altogether (small arrows). 
Growth of the same ganglion to the somewhat more distant sciatic nerve section resulted in readily observable growth of the fibers onto the tissue 
(arrows). Calibration bar, 0.5 mm. 

growth (more than 2 diameters of the ganglion). In the second category, 
growth onto the tissue substrata from distant ganglia was quantified as 
minimal (i 10 fibers on the tissue), moderate (1 O-50 fibers on the tissue), 
or extensive (> 50 fibers on the tissue). For culture of dissociated neu- 
rons, individual neurons and all aggregates extending nerve fibers on 
the tissue were summed, and neuronal growth was expressed as a per- 
centage ofthe total number ofaggregates attached to the tissue substrata. 
Data were analyzed for statistical significance by comparing means di- 
rectly for the least significant difference (Steel and Torrie, 1980). 

Zmmunocytochemistry. For immunocytochemical localization of ex- 
tracellular matrix components (laminin, fibronectin, heparan sulfate 
proteoglycan), rats were perfused with 4% paraformaldehyde and the 
tissues of interest excised. The tissue was sectioned (10 pm) on a cryostat 
as in preparing tissue substrata. Sections were then preincubated for 30 
min in 3% albumin in PBS and subsequently incubated overnight with 
affinity-purified antibodies to horse serum fibronectin, and antisera to 
EHS laminin and to heparan sulfate proteoglycan (a gift from Dr. John 
Hassel, NIH). The antibodies were thoroughly washed free from the 
tissue, the sections incubated with FITC-conjugated goat anti-rabbit 
IgG (Cappel), thoroughly washed again in PBS, and mounted in Tris- 
buffered glycerol (pH 9). 

Results 
Nerve fiber growth by ganglionic neurons on adult rat sciatic 
nerve, optic nerve, and spinal cord 
Explants of DRG or sympathetic ganglia attached to substrata 
of sciatic nerve, optic nerve, or spinal cord from adult rats. Once 
attached to sciatic nerve sections, the ganglia extended a halo 

of nerve fibers onto the tissue and surrounding culture plastic 
(Figs. lB, 2). In contrast, ganglia attached to optic nerve or 
spinal cord substrata grew poorly, if at all, on the CNS tissue 
(Fig. 1A). For example, 66% (n = 68) of the ganglia on sciatic 
nerve grew moderately compared with none on optic nerve 
(n = 63) (Fig. 2). 

Ganglionic explants contain non-neuronal cells (Schwann cells 
and fibroblasts) as well as neurons. These non-neuronal cells are 
known to stimulate nerve fiber outgrowth from neurons attached 
to them (Luduefia, 1973), as well as from neurons placed on 
substrata coated with materials they produce (Helfand et al., 
1976; Collins, 1978; Hawrot, 1980). This raises the possibility 
that the tissue sections are acting indirectly, through ganglionic 
non-neuronal cells, to affect nerve fiber growth. To examine this 
possibility we analyzed the growth of ganglionic explants at- 
tached to the culture plastic distant from the tissue sections. In 
these experiments, cytosine arabinoside in the medium inhib- 
ited cell division and the halo of nerve fibers extending from 
ganglia was largely free of non-neuronal cells (Fig. 3) (Wood, 
1976). Of the ganglia growing to contact sciatic nerve, more 
than 72% (n = 65) grew at least minimally onto the tissue 
substratum (Figs. 3B, 4). In comparison, 98% of the ganglia 
(n = 36) that had fibers contacting sections of optic nerve and 
78% of those contacting spinal cord (n = 18) showed no growth 
onto the tissue. In several instances nerve fibers were found to 
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Figure 6. Dissociated DRG neurons on sections of optic nerve and sciatic nerve. A, Sections of optic nerve had few cells attached, and these 
showed little fiber growth. Interestingly, there was frequent attachment and fiber growth along the periphery of the tissue, which, in this culture, 
appears as a “septum” between 2 adjacent sections (arrows). Calibration bar, 250 Frn. B, On sections of sciatic nerve, dissociated cells attached, 
and extended nerve fibers readily. Same magnification as in A. 

grow on the periphery of the CNS tissue (Fig. 3A), as if growing 
on the residual connective tissue sheath. Culturing DRG cells 
in serum-free medium (Bottenstein and Sato, 1978) yielded the 
same results: growth on PNS (sciatic nerve) but not on CNS 
(optic nerve) substrata. Thus, neither non-neuronal cells or their 
products nor serum components such as fibronectin appear to 
modify tissue substrata such that growth results only on PNS 
substrata. 

The pattern of nerve fiber growth on the culture coverslip but 
not on the optic nerve substratum nearby suggests a local effect 
rather than one produced by factors diffusing some distance 
from the tissue. For example, outgrowth from ganglionic areas 
adjacent to sciatic nerve sections was not obviously more ex- 
tensive than from regions of the ganglia away from the section. 
Similarly, fibers from ganglia near optic nerve grew to contact 
the tissue before growing around it (Fig. 3A). To determine more 
directly whether a diffusible agent(s) might be responsible for 
the growth of DRG explants on sciatic nerve but not CNS, 
ganglia were cultured on coverslips between sections of optic or 
sciatic nerve. Among those that grew to contact both PNS and 
CNS substrata (n = 23), 70% (8 minimal growth, 8 moderate 
growth) showed a marked preference for sciatic nerve (Fig. 5). 
In no case was there any growth on optic nerve. In a smaller 

sample where ganglia were given a “choice” of spinal cord or 
sciatic nerve, 75% of the cases showed growth on sciatic nerve 
with none on spinal cord (n = 4). 

The growth of these distant ganglia whose nerve fibers are 
free of non-neuronal cells onto sciatic but not optic nerve is 
consistent with the hypothesis that the fibers are responding to 
the tissue sections themselves and not to factors produced by 
non-neuronal cells (see Discussion). Moreover, the pattern of 
outgrowth of ganglia placed between optic and sciatic tissues 
suggests that this effect is not mediated by a diffusible sub- 
stance(s) but by direct neuron-substratum contact. 

Dissociated neurons: adhesion to and growth on sciatic nerve 
and optic nerve substrata 
Ganglionic explants are covered by a capsule of connective tis- 
sue that is difficult to remove and probably restricts outgrowth 
from regions of ganglia or inhibits growth entirely (approxi- 
mately 1 O-25% of our ganglionic explants failed to extend pro- 
cesses on any substratum). By preparing enriched cultures of 
DRG and sympathetic neurons it was possible to avoid the 
limitations resulting from the encapsulating connective tissue 
and the variability of fiber outgrowth from ganglia. Dissociated 
DRG neurons behaved qualitatively the same as explanted gan- 
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Figure 7. Quantification of attachment and growth of dissociated DRG 
neurons on sections of optic and sciatic nerves. The ordinate gives the 
mean density of cells and cell-aggregates attached to the sections and 
extending nerve fibers onto them. 

glia, growing on sciatic nerve substrata but not on optic nerve. 
Although seeded as single cells, the neurons often aggregated 
into small clumps on the tissue substrata (Fig. 6). By 2 d in 
culture there were fewer cells attached to optic nerve substrata 
than to sciatic nerve (Figs. 6, 7), and the outgrowth of nerve 
fibers was much greater on sciatic nerve than on optic nerve 
(8.7 aggregates/mm2 on sciatic nerve vs 0.4 aggregates/mm* on 
optic nerve). Often the pattern of growth in these cultures ap- 
peared to follow the longitudinal axis of the sciatic nerve (Fig. 
6B). 

The reduced number of cells attached to the optic nerve sec- 
tions could have arisen either from diminished adhesion or 
enhanced detachment of neurons from optic nerve. Cultured 
cells are well known to adhere selectively to culture substrata 
and other cells. Neurons in culture will also detach selectively 
from other cells (Ruffolo et al., 1978). The kinetics ofattachment 
of DRG cells to sciatic nerve and optic nerve substrata (Fig. 8) 
indicated that even by 1 hr attachment to sciatic nerve was 
significantly greater than to optic nerve and this attachment 
increased monotonically over the next 4 hr. There was no evi- 
dence for selective detachment of cells from optic nerve that 
could be responsible for the 7-fold difference between the num- 
ber of cells attached to sciatic nerve and to optic nerve. 

Other sources of neurons and tissue substrata 

It is well known that culture plastic coated with basic polyami- 
noacids such as polylysine or polyomithine facilitate neuron- 
substratum adhesion (Fig. 3) (Letoumeau, 1975). However, 
polylysine would not be expected to serve as a substratum for 
nerve fiber growth in vivo since it is not likely to be present on 
the surfaces of neural cells. Nevertheless, the robust effects of 
polylysine-coated substrata in supporting nerve fiber growth 
caution that molecules only partially related or entirely distinct 
from those operating in vivo may stimulate fiber growth in cul- 
ture. With this in mind, we examined the effects of CNS and 
PNS tissues from a variety of sources to correlate their known 
efficacy at supporting nerve fiber growth in vivo with that in 
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Figure 8. Kinetics of DRG cell attachment to substrata of optic nerve 
and sciatic nerve. DRG cells enriched for neurons were seeded onto 
substrata of sciatic nerve (0) or optic nerve (A). At times indicated along 
the abscissa cultures were removed from the incubator, washed gently 
with HBSS, and fixed. The number of attached cells was quantified by 
light-microscopic observation (see Materials and Methods). The error 
bars are shown where they are larger than the symbol and represent the 
SEM. The number ofattached cells counted ranged from S/culture (optic 
nerve at 10 min) to 629/culture (sciatic nerve at 24 hr). 

culture. Like adult optic nerve, spinal cord from adult rats sup- 
ported dramatically less nerve fiber growth from dissociated 
neurons than did sciatic nerve (Figs. 9D, lo), thus confirming 
results obtained with whole ganglia (see Fig. 1A). However, 
substrata of spinal cord tissue from 14 and 16 d embryonic rats 
supported extensive fiber growth in culture, approaching that 
of sciatic nerve (Figs. SC, 10). On substrata of optic nerve from 
mature goldfish substantially less nerve fiber growth was ob- 
served than on either sciatic nerve or embryonic spinal cord 
sections but there was significantly more than on adult rat spinal 
cord (Figs. 9B, 10). Substrata of degenerating rat sciatic nerve 
(Fig. 9A) were also effective for fiber growth but not obviously 
more so than normal sciatic nerve (Fig. 6B). In conclusion, 
several substrata from nervous tissue (sciatic nerve, embryonic 
spinal cord, goldfish optic nerve) that support nerve fiber growth 
in vivo also support significant growth of DRG neurons in cul- 
ture. Other substrata (adult rat optic nerve and spinal cord) that 
support little fiber growth in vivo support correspondingly little 
growth in culture. This correlation of activity in vivo with that 
in culture supports the notion that molecules residing in tissue 
substrata contribute to the control of nerve fiber growth in vivo. 
Moreover, the growth of neurons on rat sciatic nerve but not 
on optic is not restricted to DRG neurons. Similar results were 
found with explants of embryonic chick sympathetic ganglia, 
dissociated sympathetic neurons, and PC12 cells (data not 
shown). 

Immunocytochemical localization of extracellular matrix 
components in PNS and CNS substrata 
Regenerating nerve fibers in vivo are often found in close ap- 
position to basement membranes (Ide et al., 1983). Among the 
molecular constituents of basement membranes, fibronectin 
(Akers et al., 1981; Carbonetto et al., 1982; Rogers et al., 1983), 
Type IV collagen (Carbonetto et al., 1983), laminin (Baron van 
Evercooren et al., 1982; Manthorpe et al., 1983; Rogers et al., 



616 Carbonetto et al. l Nerve Fiber Growth in Culture 

Figure 9. Nerve fiber growth on various neural tissue substrata. A, Extensive nerve fiber outgrowth occurred on sections of degenerating rat sciatic 
nerve, as it did on normal nerve (see Fig. 6B). Note that in both cases the general pattern of nerve fiber outgrowth followed the long axis of the 
nerve. B, Nerve fiber outgrowth (urrows) was also observed on sections of goldfish optic nerve, although it was much less extensive than on rat 
PNS tissue. C, Dissociated DRG neurons also readily extended long, thin processes on sections of embryonic (16 d) rat spinal cord. D, In comparison, 
fiber outgrowth was virtually absent on adult rat spinal cord, except in rare instances (arrow). Scale bar in D represents 100 pm and applies to all 
micrographs. 



2 
60 

d 

$ 
c 
s 30 

F 

SN Ernb. sp c. F.0.N Ad.Sp.C 

Figure 10. Quantification of fiber growth on various neural tissue sub- 
strata. Dissociated DRG neurons were seeded onto substrata (3 cultures 
each) of the following tissues: rat sciatic nerve (S.N.), spinal cord from 
14 d embryonic rats (Emb.So.C.), goldfish ontic nerve (F.O.N.), and 
adult rat spinal cord @LSp.c.). A$er approximately 2 d the cultures 
were fixed and the number of attached cells (open bars, left ordinate) 
and neurons growing nerve fibers were counted (shaded bars, right or- 
dinate). The numbers of attached cells counted ranged from 220 to 738/ 
culture. The number of neurons growing nerve fibers counted ranged 
from 49 to 528/culture. Sciatic nerve and embryonic spinal cord (p < 
O.OOl), as well as fish optic nerve (p < 0.05), were significantly better 
substrata for nerve fiber growth than adult spinal cord sections. 

1983; Smalheiser et al., 1984; Lander et al., 1985), and heparan 
sulfate proteoglycan (Culp et al., 1980) have all been implicated 
in neuron substratum adhesion and/or nerve fiber growth. Since 
our studies indicate that neurons adhere less well to CNS than 
to PNS tissues, we sought to localize immunocytochemically 
some of these ECM components in our tissue substrata (Fig. 
11). 

Immunoreactivities for laminin, heparan sulfate proteogly- 
can, and fibronectin were readily detected in normal and de- 
generating sciatic nerves. Laminin and heparan sulfate proteo- 
glycan were clearly restricted to a thin layer in the endoneurium, 
most probably the basement membrane. Fibronectin appeared 
more difise in the endoneurium and perineurium. None of 
these ECM components could be found within the optic nerve 
or spinal cord of adult rats, except in the external connective 
tissue layer and in the basement membranes of blood vessels. 
Interestingly, in 14 and 16 d embryonic spinal cord, striking 
differences were observed in the staining patterns of these var- 
ious antigens. Laminin was present almost throughout the tissue 
surrounding neuroepithelial cells, whereas fibronectin and he- 
paran sulfate proteoglycan were largely restricted to the con- 
nective tissue and vascular components, as in adult CNS tissue. 
Laminin was also detectable in fish optic nerve, localized in 
septa partitioning nerve bundles, but more diffusely than in the 
basal lamina of peripheral nerve. Low but detectable levels of 
fluorescence for fibronectin and heparan sulfate proteoglycan 
were also found in punctate and fibrillar distributions in the fish 
optic nerve. Identical localizations for all these antigens were 
found in tissue sections used as culture substrata for 2 d, indi- 
cating that these molecules persist in culture and are likely avail- 
able to interact with nerve fibers. 

Discussion 
The purpose of our studies was to explore in vitro the properties 
of neural tissue with regard to its ability to support nerve re- 
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generation. The approach we have taken, using sections of neural 
tissues as culture substrata, was prompted by 2 sets of experi- 
ments. First, Ide and coworkers (1983) reported that freeze- 
thawed peripheral nerves grafted into the CNS of adult rats 
supported some nerve fiber growth. Second, Schwab and Thoe- 
nen (1985) described the first system of cultured sciatic and 
optic nerve wherein axons from cultured neurons grew prefer- 
entially into explants of the PNS tissue. Indeed, our work should 
be viewed as an extension of that of Schwab and Thoenen (1985), 
as well as that of Sandrock and Matthew (1985), who reported 
a culture system apparently identical to the one we have de- 
scribed here. This culture system uses sections of neural tissue, 
rather than organ-cultured optic and sciatic nerves (Schwab and 
Thoenen, 1985) as substrata for embryonic neurons. This 
method allows direct visualization of nerve fiber growth on the 
tissues at the light-microscopic level without resort to light- or 
electron-microscopic analysis of sectioned material. Substantial 
nerve fiber growth can be seen in l-2 d, rather than several 
weeks, and the fiber growth is easily quantified following fixation 
and staining with Coomassie Blue (Materials and Methods). In 
addition, the substrata of tissue sections on glass or plastic cov- 
erslips are easy to prepare and neurons can be given a choice 
of CNS or PNS substrata (Fig. 5) without constructing 3-cham- 
ber culture vessels (Campenot, 1977; Schwab and Thoenen, 1985). 

Our data are in substantial agreement with those of Schwab 
and Thoenen (1985) and Sandrock and Matthew (1985). We 
find that nerve fiber growth is significantly greater on PNS tissue 
than on adult CNS tissue. Additionally, we show that several 
neural tissues that support nerve fiber growth in vivo (normal 
and degenerating rat sciatic nerve, embryonic rat spinal cord, 
fish optic nerve) also support growth of cultured neurons. Neural 
tissues that do not support fiber growth in vivo (adult rat optic 
nerve and spinal cord) also support little growth in culture. The 
observed difference between CNS and PNS substrata does not 
appear to be due to a diffusible agent(s) released from the tissue 
(Schwab and Thoenen, 1985) but rather to a local effect of the 
tissue. We believe this local effect requires contact of the neurons 
with the tissue and is manifest in the greater adhesion of DRG 
cells to sciatic nerve than to optic nerve. 

It is important to consider whether neurons interact directly 
with the tissue substrata and not with other cultured cells, their 
products, or the constituents of the culture medium. In our 
studies, ganglionic explants produce halos of axons essentially 
devoid of non-neuronal cells, which nevertheless grow onto sec- 
tions of sciatic nerve but not optic nerve. This suggests that 
sciatic nerve sections do not act through non-neuronal cells to 
stimulate nerve fiber growth. Furthermore, growth of neurons 
in serum-free medium suggests that fibronectin or other serum 
components that can mediate fiber growth are not binding to 
sciatic nerve sections so as to enhance fiber growth. However, 
we cannot eliminate the possibility that the cells themselves 
produce some molecules that attach preferentially to sciatic nerve 
to stimulate growth. Even though we see differential adhesion 
to sciatic and optic substrata within l-2 hr, the cells might, in 
that brief period, be modifying the substrata. 

The simplest explanation for the growth of nerve fibers on 
PNS, but not CNS, substrata is that a single, positive effector 
of growth is present in sciatic nerve but not in optic nerve. 
Alternatively, there may be a mix of negative (Schwab and 
Thoenen, 1985) and positive effecters in optic nerve and sciatic 
nerve, respectively. Sandrock and Matthew (1985) reported that 
a monoclonal antibody that binds to a heparan sulfate proteo- 
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Figure 11. Immunocytochemistry of laminin (LAM), fibronectin (FN), and heparan sulfate proteoglycan (XS) in longitudinal sections of adult 
rat sciatic nerve (SN), rat embryonic (14.5 d) spinal cord (ESC’), and mature goldfish optic nerve (FON). LAM, F’N, and HS immunomactivities 
are all found in sciatic nerve sections, located in the endoneurial extracellular matrix, fluorescence for FN being somewhat stronger in the perineurium 
(arrow in FN/SN). Strong immunoreactivity for LAM is also found around most cells of the rat embryonic spinal cord (LAM/ESC) and is present 
as well in the fish optic nerve (LAM/FON), although its cellular localization is more diffuse. In contrast, FN and HS immunoreactivities in embryonic 
spinal cord (ESC) are restricted to connective tissue (arrowheads) and blood vessels (arrows), as in the adult (not shown). The fish optic nerve 
(FON) displays only low levels of FN and HS immunoreactivities, in ptmctate and fibrillar forms. Scale bar in HWESC represents 50 pm and 
applies to all micrographs. 
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glycan in the ECM of sciatic nerve inhibits nerve fiber growth 
on sciatic nerve sections. If this antibody inhibits the activity 
of a single species of molecule, then there is only one positive 
effector. However, the mode of action of this antibody appears 
to involve binding to a heparan sulfate proteoglycan-laminin 
complex in an as yet undescribed manner. Thus, the number 
and identity of the positive effector and of the negative one(s), 
if any, remain to be detailed. 

In keeping with observations made by others (Schachner et 
al., 1978; Paetau, 1980; Combrooks et al., 1983; Laurie et al., 
1983), laminin, fibronectin, and heparan sulfate proteoglycan 
can be immunocytochemically identified in the endoneurium 
of sciatic nerve. These antigens are much less prominent in adult 
rat CNS. The distribution of fibronectin and heparan sulfate 
proteoglycan was essentially the same in the embryonic and 
adult rat tissues, i.e., absent throughout the brain and restricted 
to vascular and connective tissue basement membranes. In con- 
trast, a high level of laminin immunoreactivity is found around 
most cells of the spinal cord of rat embryos (14-l 6 d). Similarly, 
laminin is readily visualized in goldfish optic nerve (Hopkins 
et al., 1985; Liesi, 1985b), while fibronectin and heparan sulfate 
proteoglycan are present in low but detectable levels. Thus, 
laminin is demonstrable in all of the tissue substrata that support 
nerve fiber growth. 

The laminin distribution we found in the embryonic rat spinal 
cord and goldfish optic nerve is very similar to that reported by 
Liesi for embryonic rat brain (1985a) and goldfish optic nerve 
(1985b). Others have failed to detect laminin immunohisto- 
chemically in embryonic rat brain and spinal cord (Bignami et 
al., 1984) or in the developing chick CNS (Rogers et al., 1986). 
These discrepancies may result from differences in fixation pro- 
cedures, antisera, embryonic age, etc. Alternatively, our antisera 
to laminin may be cross-reacting with other molecules. ECM 
components are well known to copurify (Bayne et al., 1984), 
which presents difficulties in producing monospecific antisera 
to them. It is noteworthy that we have found the same distri- 
bution of laminin with 2 different antisera, one commercial 
(Bethesda Research Labs) and one produced by ourselves. The 
latter is highly specific for laminin and does not cross-react with 
fibronectin or collagen (S. Carbonetto, unpublished observa- 
tions). We are presently producing monoclonal antibodies to 
laminin, which should help considerably in resolving this im- 
portant point concerning the distribution of laminin in embry- 
onic CNS. 

Our studies have focused on the adhesive proteins of the ECM 
(laminin, fibronectin, heparan sulfate proteoglycan). Another 
class of adhesive molecules (cell adhesion molecules, or CAMS) 
also affects nerve fiber growth (Rutishauser et al., 1978) and 
could be involved in the growth of nerve fibers on our nerve 
tissue substrata. However, we see little growth on CNS tissue, 
which, like PNS, has NCAM and NgCAM (reviewed by Edel- 
man, 1984). To a first approximation, this suggests that CAMS 
are not involved in the differential growth of fibers on these 
tissues. 

The amounts, forms, and distribution of adhesive proteins in 
the ECM of the nervous system are important determinants of 
a neuronal microenvironment’s ability to support nerve fiber 
growth, as shown by a number of culture experiments and by 
correlative studies in vivo (discussed above). However, it is like- 
ly that regeneration of nerve fibers in vivo is multifactorial. 
Consider that some CNS neurons fail to regenerate into PNS 
grafts in adult rats (Aguayo, 1985). The presence in PNS, but 

not in CNS, sections of ECM molecules mediating neuron- 
substratum adhesion suggests to us that the failure of nerve fiber 
growth within the adult CNS microenvironment results, in part, 
from its unsuitability as an adhesive substratum for nerve fiber 
growth in vivo. 
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