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ABSTRACT 
The region at and around the site of optic nerve transeetion (ONS) in goldfish, topologically 

the equivalent of the glial seal' in mammals, is reported to remain free of astrocytes over weeks, 
but its cellular constituents are unknown. 

To leam what type of cell occupies the site of injury and thus provides support for the 
rapidly regenerating retinal growth cones, immunostaining experiments at the light micro
scopic level and electron microscopic examinations were undertaken. Between 2 and 30 days 
after ONS, an area up to 150 f1m wide at the transection site exhibits intense anti-fibronectin 
immunoreactivity. This site contained cells and processes with ultrastructural characteristics 
of fibroblasts and abundant collagen fibrils. Moreover, on fibroblast cultures derived from 
regenerating optic nerves, retinal axons grew to considerable density in vitro. Since fibroblasts 
are constituents of the interfascicular spaces and outer nerve sheath of the normal goldfish 
optic nerve, the present data imply that fibroblasts of either source migrate into the.lesion. 
Judging from fibronectin immunostaining they remain there during the passage of regenerat
ing axons, and thus may provide physical and perhaps molecular support for axon growth. The 
fibroblasts are again restricted to interfascicular spaces after restoration of the astrocytic glia 
limitans around regenerated fascicles. . © 1995 Wiley·Liss, Inc. 
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Whereas fish regenerate axons after transection of their 
optic nerve or spinal cord to full recovery of function, this 
capability for spontaneous and lengthy regrowth of CNS 
fiber tracts has been lost in mammals (Skene, 1989). 

Specific proteins found on oligodendrocytes and CNS 
myelin in mammals and birds inhibit axon regrowth 
(Schwab et a1., 1993). Such inhibition is not exerted by fish 
oligodendrocytes and fish CNS myelin (Vanselow et al., 
1990; Bastmeyer et al., 1991). Moreover, astrocytes and 
mesenchymal cells (i.e., fibroblastic cells of the meninges) 
form a so-called glial scar at the lesion sites of injured CNS 
fiber tracts in mammals (Reier, 1986). This glial scar 
appears to represent a moIeculaI' and perhaps physical 
barrier to axon growth. In fish, however, sites of injury in 
the optic nerve (Gaze, 1970) and spinal cord (Sharma et al., 
1993) are freely crossed by regenerating growth cones. A 
number of studies have analyzed the glia components after 
crush injury or transection of the fish optic nerve (Nona et 
a1., 1989; Levine, 1991, 1993; Blaugrund et a1. , 1993). 
These studies agree that the site of injury remains devoid of 
astrocytes for at least 2 weeks after surgery. None of the 
proteins characteristic of normal or reactive fish astrocytes 
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such as glial fibrillary acidic protein (GFAP) (Stafford et al., 
1990), specific cytokeratins (Giordano et a1., 1989), or 
vimentin (Maggs and Scholes, 1986) were detected in cells 
in and around the region where the nerve had been severed. 

However, regenerating growth cones form within 2-4 
days after surgery at the eye-side (distal) portion of the 
optic nerve stump (Lanners and Grafstein, 1980) and have 
arrived in the brain-side (proximal) nerve stump by 8-12 
days (Murray, 1982; Lowenger and Levine, 1988; Paschke 
et al., 1992; Strobel and Stuermer, 1994). Thus, some sort 
of cellular or extracellular structural support is suspected 
to be available to the regrowing axons in this region to allow 
axons to cross the lesion site. Having grown across the 
lesion, leading growth cones contact a variety of cellular 
profiles (Strobel and Stuermer, 1994), whereas growth 
cones which follow appear to fasciculate with the leading 
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axons (Easter, 1987; Strobel and Stuermer, 1994). More
over, several growth-promoting molecules have been identi
fied immunocytochemically (Hopkins et al., 1985; Battisti 
et al., 1992) or have been implied to exist in the injured 
goldfish optic nerve (Carbonetto et al., 1987). The identity 
and molecular properties of non-neuronal cells at fish optic 
nerve transection sites are not weil defined. The site, which 
is the topological counterpart of the glial scar in mammals, 
deserves specific attention because of the striking differ
ences in response to injury of CNS fiber tracts in mammals 
and fish (review: Johnson, 1993). 

This study was undertaken to identify the cell types and 
potential substrates for regenerating retinal axons at the 
transection site in the goldfish optic nerve. Specifically, we 
investigated whether cells of mesenchymal origin, such as 
fibroblasts, fill the gap. This question arose from the 
following observations: 1) Regenerating growth cones are in 
membrane-to-membrane association with a fibroblast (called 
fibroblast-like cell, in Strobel and Stuermer, 1994) in the 
interfascicular area of the proximal nerve stump, suggest
ing that regenerating retinaI ganglion cell (RGC) axons of 
fish may use fibroblasts as a substrate for their growth; 2) 
fish regenerating RGC axons in vitro elongate on the 
extracellular matrix (ECM) molecule fibronectin (Vielmet
ter et al., 1990) and on collagen, which fibroblasts can 
produce; 3) mesenchymal cells, leptomeningeal cells, or 
cells of typical fibroblast morphology are known to invade 
lesion sites of CNS fiber tracts in mammals (Reier, 1986; 
Reier and Houle, 1988), although they fail to support axon 
regrowth in warm-blooded species (Rudge and Silver, 1990; 
McKeon et al. , 1991). 

The present immunocytochemical data at the light micro
scopic level and electron microscopic analysis ofthe transec
tion site provide evidence for the presence of fibroblasts 
during the period in which regenerating RGC axons cross 
the lesion site of the fish optic nerve. Moreover, fish RGC 
axons in vitro regenerate weil on a substrate consisting of 
fibroblasts derived from the lesioned goldfish optic nerve. 

Preliminary results were presented in an abstract (Hir
sch et al., 1994). 

MATERIALS AND METHODS 
The optic nerves of goldfish (5-8 cm long) were cut or 

crushed under MS 222 anesthesia in compliance with 
animal welfare legislation and kept at 18°C. Individual fish 
were killed at 2, 4, 6, 8, 10, 14, 30, and 180 days after optic 
nerve seetion (ONS), and at 4, 10, and 14 days after crush. 
The nerves, including the transeetion or crush site and 
portions of the proximal and distal nerve, were isolated and 
cut into lO-~m longitudinal seetions on a cryostat. Seetions 
were collected on glass slides and fixed in 100% ice-cold 
methanol (5 minutes), rinsed in 0.1 M phosphate-buffered 
saline (PBS), postfixed in 2% paraformaldehyde in PBS (5 
minutes, room temperature), and rinsed twice in PBS. 
Seetions were exposed to primary antibodies (see below) 
and then to secondary antibodies (Dianova), which were 
goat anti-mouse (coupled with FITC or RITC) or goat 
anti-rabbit antibodies (coupled with FITC or RITC), for 1.5 
hours at 37°C. Seetions were coverslipped under Mowiol 
(Boehringer-Mannheim) and viewed and photographed in a 
Zeiss-Axiophot with the appropriate filter sets. 

Primary antibodies and their dilutions (in PBS) were 
monoclonal antibody (MAB) M 501 and MAB E 21 (Paschke 
et al., 1992), hybridoma supernatants (1:3); MAB E 587 
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(Vielmetter et al., 1991), hybridoma supernatant (1:2); 
polyclonal anti-GFAP (Nona et al., 1989) (1:1,000), kindly 
provided by S. Nona (Manchester) and MAB anti-GFAP 
(Boehringer-Mannheim) (1:100); MAB anti-Vimentin, hy
bridoma supernatant (1:2), kindly provided by B. Sproll 
(Tübingen); MAB 04, hybridoma supernatant (Sommer 
and Schachner, 1981) (1:2); MAB 6D2 against fish myelin 
proteins IP1 and IP2 (Jeserich and Rauen, 1990), hybri
doma supernatant (1:2), kindly provided by G. Jeserich 
<Osnabrück); MAB anti-cytokeratin pan (Boehringer
Mannheim; 1: 10); polyclonal anti-Iaminin (Nos. 974 and 
939 against mouse laminin fragment EIXNd and laminin 
complete, respectively; 1:100), kindly provided by R. Timpl 
(München); polyclonal anti-fibronectin (Telios; 1:100); MAB 
SMI-31 (Sternberger Monoclonals Inc.; 1:1,000) and MAB 
anti-S 100 (Dacopatts; 1: 100). 

Immunoblots with polyclonal antibodies (ABs) against 
fibronectin were performed according to conventional meth
ods (Towbin et al., 1979) using proteins extracted from 
homogenized goldfish optic nerves, which were subjected to 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
SDS-PAGE and transferred to immobilon (Millipore Corp., 
Bedford, MA). Antibody binding was detected by alkaline 
phosphatase goat anti-rabbit secondary antibody (Promega 
Corp. Madison, Wl) and revealed a band of the expected 
molecular weight of 220 kD. 

Electron microscopy 
Optic nerves, 8 days after ONS, were fixed overnight in 

1% glutaraldehyde (Merck) in 0.15 M cacodylate buffer or 
0.1 M phosphate buffer, postfixed in 1% osmium tetroxide 
in buffer (1 hour), rinsed, dehydrated in a graded series of 
alcohols, stained en bloc with 0.5% uranylacetate in 70% 
alcohol, and embedded in Spurr's epoxyresin. Semithin and 
ultrathin sections were cut on a Reichert OM U3 ultramicro
tome. Semithin seetions were stained with an aqueous 
solution of azure blue and methylene blue (Richardson et 
al., 1960). Ultrathin seetions were counterstained with lead 
citrate (Reynolds, 1963) and viewed and photographed with 
a Zeiss EM 900 transmission electron microscope. 

Cell culture 
Our optic nerve/tract glia cultures usually give rise to 

network-like carpets of oligodendrocytes with clusters of 
astrocytes interspersed among them (Bastmeyer et al., 
1993). Fibroblasts are rare. To obtain cultures with an 
increased number of fibroblasts, optic nerves 14-21 days 
after ONS were divided into small pieces, transferred to a 
polylysinellaminin-coated coverslip, and kept sandwiched 
between two coverslips in F 12 medium (Gibco) for several 
days without exchanging the medium. Cultures were exam
ined microscopically and those rich in cells with fibroblast 
morphology (Bastmeyer et al. , 1993, 1994) were selected. 
Segments of goldfish retinae 200 ~m wide were prepared 
(Vielmetter et al., 1990; Bastmeyer et al. , 1991) and ex
plan ted onto the cell carpet. After 2 days the cultures were 
fixed and immunostained with MAB SM-31 as described 
above. 

RESULTS 
Normal optic nerves 

To understand the formation of the scar at the site of 
goldfish optic nerve transeetion and to reveal the origin of 
the fibroblasts assembled therein, normal nerves were 
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Fig. 1. Longitudinal seetions through anormal goldfish optic nerve 
immunostained with antibodies against fibronectin (FN) (a), laminin 
(b), and cytokeratins (c). a: FN immunolabeling is associated with the 
outer nerve sheath and the interfascicular spaces (IF). b: Seetion 
adjacent to that shown in a. The interfascicular spaces (lF) exhibit some 
laminin immunoreactivity. Staining is brightest on the basal faminae 

analyzed using anti-fibronectin (FN) antibodies and elec
tron microscopy. 

The optic nerve of goldfish is partitioned into fascicles, 
each surrounded by a glia limitans consisting of processes of 
astrocytes and a basal lamina (Maggs and Scholes, 1990). 
The interfascicular spaces, as weil as the outer nerve 
sheath, are brightly labeled by fibronectin antibodies (Fig. 
la). Laminin antibodies gave a similar but not identical 
staining pattern (Fig. Ib), which often appeared brighter on 
what may represent the basal lamina than in the interfas
cicular spaces proper. Anti-cytokeratin antibodies (Markl 
and Franke, 1988; Giordano et al. , 1989, 1990) and anti
vimentin (Maggs and Scholes, 1986), both markers for 
astrocytes in normal fish optic nerves, delineated the 
fascicle borders and the astrocytic partitions (Maggs and 
Scholes, 1990) therein (Fig. lc) but did not stain the 
interfascicular, FN-positive spaces. 

When the interfascicular area and outer nerve sheath 
were examined electron microscopically, one of the most 
conspicuous elements present were fibroblasts. In the 
interfascicular spaces, long fibroblast processes and bundles 
of collagen fibrils ran parallel to the glia limitans covering 
the fascicles (Fig. 2). This organization is reminiscent ofthe 
perineural area of peripheral nerves (Scherer and Easter, 
1984; Peters et al., 1991). Fibroblasts and collagen fibrils 

(arrows). c: A nonadjacent seetion of the same Rerve dernonstrating the 
presenc" of astrocytes through their reaction to anti-cytokeratins. 
Anti-cytokeratins stain the glia limitans and astrocytic processes within 
axon fascicles (bracket). Seale bar = 200 f.Lrn. In this and subsequent 
figures the eye-side (distal) portion is to the left, the brain-side 
(proximal) portion to the right. 

were also found in the outer nerve sheath, which resembles 
the epineurium of peripheral nerves (Scherer and Easter, 
1984; Peters et al., 1991). Granulocytes were frequently 
seen in both areas (Murray, 1982; Easter, 1987; Strobel and 
Stuermer, 1994). The presence offibroblasts in interfascicu
lar spaces suggests that they are the source of the FN
immunoreactivity in the fish optic nerve. 

Transected optic nerves 
Except at the site of optic nerve transection, the lesioned 

nerve retains its gross organization of fascicles and interfas
cieular areas (Murray, 1982; Strobel and Stuermer, 1994) 
despite the degeneration of the axons and myelin sheath 
and the structural changes associated with it. Likewise, the 
pattern of FN-immunoreactivity and anti-laminin labeling 
of the interfascicular spaces and outer nerve sheath was 
preserved (Figs. 3, 6). Major changes, however, occurred at 
the site of nerve transection, where a scar-like structure 
develops. 

The transection site is initially only a gap between the 
nerve stumps. However, a narrow rim of fibronectin immu
noreactivity where the proximal and distal nerve stumps 
face the gap was already seen at 2 days after transection. By 
4 days after ONS, the gap had filled with FN-immunoreac
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Fig.2. Electron micrograph of the interfascicular space in anormal 
optic nerve. It contains collagen fibrils (C) and long processes of 
fibroblasts (arrowheads) (F) which are separated from the myelinated 

tive ceHs (Fig. 3a). FN-immunoreactivity occupied an in
creasingly wider space at the cut site from 4 to 14 days after 
ONS (Fig. 3b,c). To investigate whether the appearance of 
FN-immunoreactivity is a phenomenon specific for sec
tioned nerves, nerves which were crushed instead of cut 
were subjected to FN-immunostaining at 4, 10, and 14 days 

axons (AX) of the fascicle by a basal lamina (arrow) and astrocytic 
processes which form the glia limitans. G, granulocyte; E, erythrocyte 
in a capillary. Scale bar = 5 fLm. 

after surgery. A similar FN-immunoreactive region up to 
150 fLm wide was also found in these preparations, suggest
ing that both types of nerve injury lead to the assembly of 
FN-immunoreactive ceHs at the site of lesion. At 30 days 
after ONS, when most regenerating axons have crossed the 
lesion and re-occupied the entire tectum (Stuermer and 
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Easter, 1984), FN-immunoreactive processes at the transec
tion site acquired various orientations which merged with 
the more orderly interfascicular FN-immunoreactive pat
tern in the proximal nerve stump. The transection site was 
no longer seen at 180 days after ONS when axon fascicles 
and interfascicular spaces had reformed (Fig. 3d). 

To confirm that regenerating axons pass through the 
transection site during and after the time of FN-positive 
scar development, sections ofnerves 6 and 8 days after ONS 
were labeled by MAB E 587 against an L l-like growth
associated cell surface protein (Vielmetter et al., 1991) 
which selectively recognizes regenerating axons. Small 
fascicles of E 587-positive axons were seen in the FN
positive sear region (Fig. 4). Anti-cytokeratin- and GFAP
positive glial cells were absent from the transection region 
until 10 days after ONS. By 14 days after ONS, some 
GFAP-positive (and anti-cytokeratin-immunoreactive) pro
cesses had entered the transection site (Fig. 5a), where the 
proximal and distal nerve stumps also show the presence of 
the astrocytic marker. 

Furthermore, markers for oligodendrocytes (MAB anti
Gal-C and MABs6D2, 04) failed to stain this regi'on (Fig. 
5b) but labeled myelin and myelin debris in fascicles in the 
distal and proximal nerve stumps. There was no anti
laminin immunoreactivity in the transection site until 10 
days after ONS (Fig. 6a). Some laminin staining appeared 
at 14 days alongwith the reappearance ofGFAP (Fig. 6b). 

It has been reported (Nona et al. , 1989; Levine, 1989; 
Blaugrund et al., 1993) that astrocytes are absent from the 
lesion site after optic nerve crush. The same appears to be 
true of optic nerve cut. We found no immunoreactivity 
indicative of astrocytes during the time that regenerating 
axons arrive at and cross through the lesion in our prepara
tions after optic nerve cut. Nor did we find any evidence of 
oligodendrocytes. 

The presence of fibroblasts at the transection site was 
confirmed with electron microscopy (Fig. 7a,b). Besides 
various blood-derived cells (erythrocytes, monocytes, plasma 
cells, granulocytes) (Rhodin, 1977) microglial, phagocytiz
ing cells and large extracellular spaces were characteristic. 
Consistent with descriptions of fibroblasts in mammalian 
(Peters et al., 1991) and fish peripheral nerves (Scherer and 
Easter, 1984) fibroblasts at the transection site of the fish 
optic nerve (Fig. 7a,b) had nuclei with indentations and 
patchy chromatin along the margin and within the nucleus. 
These fibroblasts exhibited characteristic rER cisternae, 
which were often arranged in parallel rows (Strobel and 
Stuermer, 1994), as weil as numerous free ribosomes and 
microfilaments (Peters et al., 1991). They typically give rise 
to long processes which often have electron light caveolae 
(Scherer and Easter, 1984). The fibroblasts and their 
processes were associated with prominent bundles of colla
gen fibrils. Cells with characteristics of astrocytes (dense 
strands of microfilaments, prominent desmosomes) (Maggs 
and Scholes, 1986, 1990; Strobel and Stuermer, 1994) were 
not seen. 

Bundles of regenerating axons consisting of a few or 
dozens of profiles (Murray, 1982) were noted among the 

Fig. 3. Longitudinal sections of optic nerves after optic nerve 
transection (ONS) and immunostaining with fibronectin antibodies. An 
accumulation of FN-immunoreactive structures at the transection site 
(arrow) is evident at 4,8, and 14 days after ONS (in a,b,c, respectively), 
but has disappeared by 180 days (d) when the organization of fascicles 
and interfascicular spaces is restored. Scale bar = 200 IJ.m. 
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Fig.4. Higher magnification of the transeetion site of a nerve 8 days 
after ONS, double stained with MAB E 587 (a) and anti-fibionectin 
antibodies (h). E 587-positive regenerating axons are coursing among 
the FN-positive processes. Scale bar = 50 !J.m. 

various cell types in the transection site. Axonal profiles, 
identified by their content of microtubules and neurofila
ments, as weil as putative growth cones (Easter et 81., 1984) 
ofaxons in larger bundles often occurred in clirect contact 
with fibroblast processes and collagen (Figs. 8, 9). 

These observations support the notion that regenerating 
retinal axons grow through the assembly of cells of the 
lesion site and provide evidence that fibroblasts and their 
ECM products may serve as substrates for axonal growth. 
Interestingly, some bundles of ten and more axons were 
parti81ly surrounded by electron light cell processes (Fig. 
9b), suggesting that axons quickly become separated from 
the cell assembly of the lesion site once they have crossed 
the area. The type of cell which subserves this function was 
not unequivocally identified, but its content of rER, polyri
bosomes, typical mitochondria, and the collagen fibrils 
apposed to it is indicative of fibroblast processes. 

Axon growth on fibroblasts in vitro 
To determine whether fibroblasts from the regenerating 

optic nerve support the growth of regenerating retinal 
axons, optic nerve cells were raised in vitro by a procedure 
modified from that described previously (Bastmeyer et al., 

Fig. 5. Longitudinal seetions of the optic nerve transection site 14 
days after ONS immunostained with anti-glial fibrillary acidie protein 
(GFAP) (a) and with MAB 6D2 (h). a: Astrocytes, identified by their 
anti-GFAP immunoreactivity, have begun to repopulate the transec
tion site. b: MAB 6D2 immunoreactivity, indicative of myelin-forming 
cells, is not seen within this region. ScaJe bar = 200 !J.m. 

1991, 1993; and Materials and Methods). The small pieces 
of optic nerves explanted on suitable substrates (Bastmeyer 
et al., 1994; and Materials and Methods) give rise (through 
emigration and division of cells) to carpets consisting of a 
mixture of cells with variable proportions of fibroblasts and 
oligodendrocytes. Of 20 cocultures, two consisted almost 
exclusively offibroblasts, and 18 were a mixture of oligoden
drocytes and fibroblasts. Astrocytes appeared to be rare in 
these cultures. Fibroblasts were, as reported earlier (Bastm
eyer et al., 1994) negative with respect to MABs 04, 6D2, 
and GFAP but FN-immunoreactive (Fig. 10a) and positive 
to MAB E 21 at cell contact sites. 

Retinal explants placed on cultures consisting almost 
exclusively of fibroblasts extended axons within 24 hours 
and grew to considerable density over the next 24 hours, at 
which time they were visualized by the anti-neurofilament 
antibody SM-I (Fig. lOb). In cultures with oligodendrocytes 
and fibroblasts, axons crossed both cell types without 
exhibiting a notable preference for either and reached 
axonal densities comparable to those seen in Figure lOb. 
However, with optic nerve/tract cultures (Bastmeyer et al. , 
1993), in which extended carpets of oligodendrocytes had 
formed, the density ofaxons extending from explants was 
often significantly higher than in the present cultures. It 
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Fig. 6. Longitudinal seetion of the transeetion site. Laminin
immunoreactive structures are absent from the transeetion site at 6 
days after ONS (a), but some are noted in this region 14 days after ONS 
(h). Scale bar = 100 f.'m. 

was impossible to count axons because of their abuncIance. 
These findings suggest that oligodendrocyte cultures de
rived from optic nerve/tract (Bastmeyer et al., 1993) may 
be a better substrate than optic nerve fibroblasts or fibro
blast!oligodendrocyte mixtures. Nevertheless, fibroblasts 
derived from optic nerve are capable of supporting axon 
growth. 

DISCUSSION 
This study has identified fibroblasts as an abundant cell 

type in the lesion site after optic nerve transection. They 
occupy this region when regenerating growth cones migrate 
through it. The fibroblasts most likely derive from the 
interfascicular spaces and outer nerve sheath, where they 
are found in normal goldfish optic nerves. Moreover, fibro
blasts of regenerating optic nerves allow retinal axonal 
regeneration in vitro and thus are candidate substrates for 
the growth of regenerating growth cones across the lesion 
site. 

The present results provide evidence as to wh ich non
neuronal cells fill the gap at the lesion site at the time 
crucial for axon growth from the distal into the proximal 
nerve stump. They also reveal a further difference between 
the lesion site of fish and the glia scar which forms in 
mammals. Our findings suggest that fibroblasts and/or 
their extracellular matrix products might represent permis
sive substrates for the growth of regenerating growth cones 

across the lesion site. Several observations support this 
view: regenerating fish retinal axons grow on fibroblasts in 
vitro; they have been demonstrated to elongate on fibronec
tin substrates (Vielmetter et al., 1990) and on collagen 
(unpublished observation); profiles of regenerating axons 
were seen in clirect contact with fibroblast processes (here 
and Strobel and Stuermer, 1994) and collagen; the other 
cell types at the transection site are microglial cells and 
phagocytes or other cells of hematogeneous origin and are 
perhaps less likely substrates for axon growth, although 
specific molecules produced by macrophages, microglia, and 
monocytes may also contribute directly or indirectly to 
axonal regeneration (i.e., Nathan, 1987; Guilian et al., 
1993; Chamak et al., 1994). 

Judged from the location of growth cones in vivo, the 
preferred substrate for regenerating axons is other axons 
(Murray, 1982; Easter, 1987; Strobel and Stuermer, 1994). 
Moreover, tissue culture experiments indicate that oligoden
drocytes derived from fish optic nerve/tract support retinal 
axonal regeneration to a greater extent (Bastmeyer et al., 
1993) than optic nerve-derived fibroblasts or fibroblast/ 
oligodendrocyte mixtures. Fish oligodendrocytes in'culture 
are motile and highly growth-supportive for regenerating 
axons (Bastmeyer et al., 1993) and were initially suspected 
to migrate into the lesion site to promote axonal regenera
tion. However, immunocytochemical and electron micro
scopic experiments have not identified oligodendrocytes 
during the first 14 days within the lesion site. Also, we have 
not been able to detect Schwann cells, which exhibit S-100 
immunoreactivity (Nona et al., 1994) and which are thought 
to invade the lesioned nerve after crush injury. They were 
hardly detected after nerve cut (M. Bastmeyer and S. Nona, 
personal communication). 

Thus, fibroblasts and their ECM products may allow 
retinal' axonal regeneration in vivo although they may not 
represent the optimal substrate. Additional molecular com
ponents may further contribute to the supportiveness of 
the optic nerve transection site (see below). 

Astrocytes are unlikely to be a guide for axons across the 
lesion site. Consistent with previous findings on crushed 
optic nerves (Levine, 1991), astrocytes remain absent from 
the lesion site in our preparations for roughly 10 days, 
whereas they represent normal and persisting components 
of the proximal and distal nerve stumps (Maggs and 
Scholes, 1986). Fish astrocytes can be identified by antibod
ies against specific forms of cytokeratins (Giordano et al., 
1989, 1990; Levine, 1991) and vimentin (Maggs and Scho
les, 1986), and by anti-GFAP, particularly after lesioning 
the optic nerve (Stafford et al., 1990; Levine, 1991). At the 
ultrastructural level, astrocytes are recognized in particu
lar by their content of intermediate filaments and their 
striking desmosomes (Maggs and Scholes, 1990; Strobel 
and Stuermer, 1994). The absence of these characteristics 
from cells at the lesion site proper suggests that cells 
therein, and in particular those in association with regener
ating axons, may be glia precursors (Blaugrund et al., 1993) 
at the most. The lack of markers for fish glial precursors 
prevents direct testing of this. However, the proximity of 
collagen to cells with typical fibroblast ultrastructure (Sch
erer and Easter, 1984; Peters et al., 1991) indicates the 
presence of fibroblasts, which in our preparations at 8 days 
after optic nerve section are, aside from hematogeneous 
and phagocytizing cells, the predominant cell type. 

Fibroblasts are normal constituents ofthe interfascicular 
areas and the outer sheath of the goldfish optic nerve. This 
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Figure 7� 
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Fig. 8. Electron micrograph of the transection site of a nerve at 8 
days after ONS. Typically found in this region are fibroblasts and their 
processes (F), collagen fibrils (C), microglial cells (M), phagocytes (PH), 
blood-derived cells (B, either plasma cells or monocytes), erythrocytes 

is demonstrated in the present study by FN-immunostain
ing and electron microscopy. Our present observations are 
consistent with the view that fibroblasts are activated to 

Fig. 7. Transverse (a) and longitudinal (h) sections through the 
lesion site 8 days after ONS. The fibroblasts shown here (F) exhibit 
abundant rough endoplasmic reticulum (ER) in typical parallel array 
(arrowheads), caveolae (CA), and long, thin processes, whose continuity 
with the cell body can be seen. C, collagen; R, polyribosomes. Arrows: 
microfilaments. Scale bar = 1 f.Lm. 

(E), and regenerating axons (AX), identified by their content of 
microtubules and neurofilaments (see Fig. 9). Note the dose association 
of a small bundle of regenerating axons with a process of a fibroblast 
(arrow). Scale bar = 1 f.Lm. 

migrate and assemble in this area by an injury-associated 
release of factors (review: Nathan, 1987) much as in other 
wound areas. 

Fibronectin and collagen, both produced by fibroblasts, 
may represent some of the growth-promoting molecules in 
and around the lesion site, but they are probably not the 
only ones. An increase in laminin has been reported (Hop
kins et al., 1985; Battisti et a1. , 1992) throughout the 
regenerating goldfish optic nerve including the crush site 
(Battisti et al., 1992) where cells (which were not specified 
by the authors) had accumulated. These authors proposed 
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Figure 9� 
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Fig. 10. A co-culture of fibroblasts and a retinal explant. a: Fibro
blasts visualized by anti-fibronectin immunostaining. b: Same field as 
in a showing axons Jabeled by the anti-neurofiJament antibody SM-I 
growingon the surface ofthe fibroblasts. Scale bar = 100 f.Lm. 

that astrocytes increase synthesis or decrease turnover of 
laminin in response to nerve crush and that the increased 
level of laminin may contribute to axonal regeneration. The 
laminin antibodies available to us labeled the glia limitans 
of the fascicles in the proximal and distal nerve portions 
brightly, labeled the interfascicular spaces more diffusely, 
and did not label the lesion site itselfbetween 1 and 10 days 
after transection. Laminin immunoreactivity showed up at 
14 days after ONS concurrent with the appearance of the 
first GFAP-positive astrocytes. Our observations suggest 
that laminin might not be produced by the fibroblasts, at 
least not by those in the scar region. Alternatively, fibro
blasts in the transection site may express a laminin isoform 
which is not recognized by the antibodies used here. 

An increase in chondroitin sulfate proteoglycan immuno
reactivity was noted (Battisti et al., 1992) at the crush site 
between 1 and 3 weeks after crush. Outside of this region 
and in normal nerves it is associated with what we interpret 
as the interfascicular spaces. Thus, chondroitin sulfate 

Fig. 9. a: Axon profiles (AX) in association with a process of a 
fibroblast (F) within the transection site. C, collagen; CA, caveola. Scale 
bar = 0.5 f.Lm. b: Axon bundles partially enclosed by electron light 
cellular processes (arrowheads). A larger axonal profile, a putative 
growth cone C'), is seen in contact with collagen fibrils (C). Scale 
bar = 1 f.Lm. 

proteoglycan may be one of the other molecules produced 
by fibroblasts. 

In fish, fibroblasts assemble at the optic nerve transec
tion site much as fibroblasts or leptomeningeaJ cells partici
pate in scar formation in the mammalian CNS (Reier, 1986; 
Rudge and Silver, 1990). One major difference is the 
predominance of astrocytes in mammalian scars. In fact, 
besides oligodendrocytes and myelin, reactive astrocytes of 
such scars are considered to be one of the major impedi
ments to axonal regeneration in the CNS of mammals 
(reviewed in Reier, 1986; Luizzi and Lasek, 1987; Reier and 
Houle, 1988; Bovolenta et al., 1992). Arecent study shows 
that astrocytes obtained from adult rat optic nerves were 
unfavorable substrates for both fish and rat retinaI gan
glion cells (Baehr et aJ., 1995). In cultures in which fish 
astrocytes formed clusters among carpets of fish oligoden
drocytes, these astrocytes were avoided by both fish and rat 
retinal axons which preferred to elongate on oligodendro
cytes (Bastmeyer et aJ., 1993). A comparison of retinal 
axonal growth on fish fibroblasts and astrocytes ~as impos
sible because astrocytes were extremely rare in o.ur optic 
nerve cultures. 

When cells ofa scar in the mammalian hippocampus were 
offered as substrate to growing axons in vitro, its reactive 
astrocytes-but more so its fibroblasts-reduced the rate 
ofaxon growth (Rudge and Silver, 1990), indicating that 
both of these cell types express molecules unfavorable for 
mammalian axon growth. 

It is unknown at present whether the difference in the 
ability to grow through the lesioned fish optic nerve or 
mammalian CNS glial scar is due to different molecules 
made by fibroblasts and other non-neuronal cells or to 
differences in the growth cones themselves. It has become 
clear that regenerating fish axons are capable of re
expressing severaJ growth-associated cell surface proteins 
(Bastmeyer et al., 1990; Vielmetter et aJ., 1991; Paschke et 
al., 1992; review: Stuermer et al., 1992), and it is likely that 
they express the relevant receptors for several ECM mol
ecules although this has not been shown directly. It is clear 
that fish axons accept a variety of substrates for their 
regenerative growth in vitro (Vielmetter et al., 1990) and in 
vivo (Strobel and Stuermer, 1994). Their successful growth 
on fibroblasts in vitro and their association with this cell 
type in vivo supports this notion. 

Another important difference from the situation in mam
mals is the disappearance ofthe "scar" in fish, which occurs 
after the axons have rebuilt connections with the tectum. 
The temporal and spatial distribution of fibroblasts, astro
cytes, and axons in the transected nerve suggests that 
astrocytes re-enter the lesion site (Levine, 1991, 1993; 
Blaugrund et al., 1993) after the axons have grown through. 
This gives rise to speculation that they may require the 
presence ofaxons to enter this territory. With time, astro
cytes at the lesion site re-form a glia limitans around 
regenerated axon fascicles. The present immunocytochemi
cal results suggest that fibroblasts are then excluded from 
the newly created axon/glia domains and are again re
stricted to the interfascicular spaces (Fig. 3d). Whether 
astrocytes and fibroblasts mutually exclude each other from 
their specific territories requires further experiments. 

We emphasize here the early appearance of fibroblasts at 
the optic nerve transection site since they have not, to our 
knowledge, been recognized as constituents in this region 
nor have they been considered as potential guides for 
regenerating axons across the lesion. The assembly of 
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fibroblasts at the lesion site when axons cross and their 
later restriction to interfascicular spaces after axons have 
passed is complementary to the initial absence and subse
quent reappearance of astrocytes at the site (Levine, 1991, 
1993; Blaugrund et al., 1993). Although still insufficiently 
understood, the interaction ofneuronal, mesenchymal, and 
glial cells may contribute to the success ofaxonal regenera
tion in the fish optic nerveand the restoration ofthe nerve's 
normal organization. 

Other cell types at and around the lesion site, such as 
microglia (David et al., 1990) and blood-derived ceHs, 
probably also contribute to the process ofaxonal regenera
tion in fish. Microglia and phagocytes, for instance, produce 
factors which stimulate microglial ceHs (Guilian et al., 
1993) and fibroblasts (Nathan, 1987). Schwann cells pro
vide nerve growth factor to severed axons upon microglia 
stimulation in injured peripheral nerves (Heumann et al., 
1987). Comparable signaling cascades and growth factor 
release mayaIso take place in fish optic nerves (Boulis et al., 
1993; Schwalb et al., 1994). However, the 100% survival of 
fish retinal ganglion cells after transection of the optic 
nerve and the subsequent massive regrowth of their axons 
provide evidence that intrinsic properties of these neurons 
are superior to those of mammals with regard to regenera
tion and growth. 
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