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Basic fibroblast growth factor (bFGF) was radiolabeled and 
used in axonal transport studies to determine whether cer- 
tain neuronal populations express functional receptors for 
bFGF. UnlikeY-NGF, Y-bFGF was not retrogradely trans- 
ported in the adult rat sciatic nerve or from iris to trigeminal 
ganglion or superior cervical ganglion. However, after intra- 
ocular injection of Y-bFGF into the posterior chamber of 
the eye of adult rats, radioactivity was detected within the 
retinal ganglion cell projections. This radioactivity was lo- 
calized to the ipsilateral optic nerve and in the contralateral 
lateral geniculate body and the contralateral superior collicu- 
lus by using autoradiographic techniques. Direct measure- 
ment of the radioactivity in dissected brain regions was used 
to study the process of Y-bFGF uptake and transport by 
retinal ganglion cells. The uptake and transport were specific 
for biologically active bFGF since neither denatured, biolog- 
ically inactive ‘*%bFGF nor Y-NGF was taken up and trans- 
ported. The uptake and transport of Y-bFGF were saturable 
phenomena since they were blocked in the presence of ex- 
cess, unlabeled bFGF. Wheat germ agglutinin, but not he- 
parinase, blocked uptake and transport of ‘%bFGF, a find- 
ing that is consistent with the uptake being mediated by 
high-affinity bFGF receptors. Radioactivity from 1251-bFGF was 
transported in retinal ganglion cell axons in an anterograde 
direction at a maximum rate in excess of 1.7 mm/hr. No 
specific retrograde transport of bFGF to the retina was de- 
tected after ‘+bFGF was injected into the superior collicu- 
lus. The radioactivity from Y-bFGF that accumulated in the 
superior colliculus was lost from this tissue with a half-life 
of about 22 hr. Autoradiography of proteins separated by 
SDS-PAGE demonstrated that lz51-bFGF was not substan- 
tially degraded in the retina after internalization within retinal 
ganglion cells. During anterograde transport, however, Y- 
bFGF underwent limited proteolytic cleavage resulting in 3 
prominent Y-bFGF derivatives of molecular weights greater 
than 7000 Da. Although these were the major radioactive 
species recovered from the superior colliculus after intra- 
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ocular injection, some intact 1251-bFGF was also detected 
within the innervated target. These results indicate that ret- 
inal ganglion cells express high-affinity receptors for bFGF, 
that these receptors mediate the internalization of bFGF, that 
internalized bFGF undergoes limited proteolytic cleavage, 
and that bFGF and its derivatives are anterogradely trans- 
ported to the lateral geniculate body and the superior col- 
liculus. These data raise the possibility that bFGF or its de- 
rivatives may act as an anterograde trophic factor in the 
visual system, a system that is known to undergo antero- 
grade transneuronal cell death. 

Both acidic FGF (aFGF) and basic FGF (bFGF) are potent 
mitogens for a variety of cell types of mesodermal origin; they 
share 55% amino acid sequence homology (Gospodarowicz et 
al., 1987) and interact with common cell-surface receptors (Neu- 
feld and Gospodarowicz, 1986). aFGF and bFGF were first 
purified from brain tissue (Gospodarowicz et al., 1984; Bohlen 
et al., 1985) and have been purified from eye tissue (Gospo- 
darowicz et al., 1987). Despite the presence of these FGFs in 
the CNS, the precise role of FGF in the nervous system remains 
unclear. 

Arguments for (Gospodarowicz et al., 1987) and against (Barde, 
1987) assigning FGF the status of a neurotrophic factor have 
been raised. FGF can induce neurotrophic responses: in PC12 
cells both bFGF and aFGF induce a repertoire of responses 
similar to those induced by NGF (Togari et al., 1985) including 
the promotion of neuritic extension (Wagner and D’Amore, 
1986; Rydel and Greene, 1987). bFGF is mitogenic in vitro for 
neuronal precursor cells from embryonic (El 3) rat cortex (Gens- 
burger et al., 1987). Neurons from fetal rat hippocampus (Wa- 
licke et al., 1986) fetal rat (Walicke, 1988) and newborn rat 
cortex (Morrison et al., 1986) ciliary ganglion (Schubert et al., 
1987) fetal mesencephalon (Ferrari et al., 1989), and adult rat 
retina (Bahr et al., 1989) in tissue culture show enhanced sur- 
vival and neuritic extension in the presence of bFGF. bFGF is 
reported to promote (Hatten et al., 1988) or not promote (Mor- 
rison et al., 1988) the survival in vitro of cerebellar neurons from 
postnatal rodents. bFGF also enhances the long-term survival 
of chick spinal cord neurons, including motor neurons, in tissue 
culture (Unsicker et al., 1987). bFGF prevents ontogenetic cell 
death in chick ciliary ganglia (Dreyer et al., 1989) and aFGF 
enhances neuritic outgrowth by dissociated retinal ganglion cells 
in vitro (Lipton et al., 1988). aFGF- or bFGF-impregnated Gel- 
foam implanted next to transected optic nerve reduces axotomy- 
induced degeneration of retinal ganglion cells in vivo (Sievers et 
al., 1987). Intraventricular infusion of bFGF (Anderson et al., 
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1988) or implantation of bFGF-impregnated Gelfoam (Otto et 
al., 1989) can prevent some axotomy-induced changes in the 
medial septum. 

The absence of antibodies or mRNA probes for the FGF 
receptor, however, has resulted in uncertainty as to whether 
neurons possess FGF receptors. Despite studies directed toward 
this question (Walicke and Baird, 1988) direct proof that neu- 
rons express functional receptors for bFGF in vivo is lacking. 
Accordingly, it has been argued (Barde, 1987) that the observed 
FGF effects on neurons may, in fact, be mediated by non-neu- 
ronal cells. Astrocytes in vitro can synthesize and respond in an 
autocrine fashion to bFGF (Ferrara et al., 1988). FGF is also 
mitogenic for oligodendrocytes in vitro (Eccleston and Silberber, 
1985) and induces the synthesis of glial fibrillary acid protein 
in cultured astrocytes (Morrison et al., 1985). 

A characteristic feature of most, if not all, growth factors is 
that the receptor-ligand complex is internalized after receptor- 
mediated binding. In NGF-responsive neurons, internalization 
of the NGF-NGF receptor complex is followed by axonal trans- 
port (Johnson et al., 1987). Given that bFGF provides trophic 
support for some neuronal populations in a manner analogous 
to NGF, we set out to determine whether bFGF would also be 
axonally transported in bFGF-responsive neurons. In this study, 
the axonal transport of radiolabeled bFGF was utilized to show 
that retinal ganglion cells express functional high-affinity recep- 
tors for bFGF, that these receptors mediate the internalization 
of bFGF, and that after being internalized, bFGF is proteolyt- 
ically processed while it is being anterogradely transported. A 
brief account of some of these findings was recently reported 
(Ferguson et al., 1989). 

more with L- 15 and solubilized for 30 min in 500 ~1 of L- 15 medium 
containing 0.5% Triton X-100 and 2 mM phenylmethanesulfonyl fluo- 
ride. The cell suspension was centrifuged at 8000 x g for 10 min to 
remove insoluble material. The supematant was added to a tube con- 
taining 100 ~1 of a 50% suspension of wheat germ lectin-Sepharose 
6MB. After mixing for 30 min at 4°C the gel was washed 3 times in 
PBS containing 0.5% Triton X- 100. Then 100 ~1 SDS treatment buffer 
(2% SDS, 2.5% 2-mercaptoethanol, 10% glycerol, 0.004% bromophenol 
blue, 62.5 mM Tris-HCl), pH 6.8, was added to the gel, heated in boiling 
water for 5 min, and electrophoresed on 7% polyacrylamide gels (Laem- 
mli, 1970). The gels were stained with Coomassie blue and dried. Au- 
toradiograms were made with Kodak X-Omat AR film with a DuPont 
Cronex lightning-plus intensifying screen at - 70°C. 

Retrograde transport of i251-labeled ligands. Adult rats (350-450 gm) 
were anesthetized with chloral hydrate (350 mg/kg); the right sciatic 
nerve was exposed and ligated at midthigh. Five microliters of freshly 
prepared lZ51-NGF, 1211-bFGF, lZ51-XFGF, or llSI-cytochrome c (about 
8 x lob cpm; 80 ng Y-labeled ligand) were injected into the right foot 
pad and lower leg muscles (5 sites, 1 &site) and into the anterior eye 
chamber of the right eye, without prior separation of free lZ51 from 
protein-bound lzsI. Fifteen hours later, rats were decapitated under ether 
anesthesia, and the superior cervical ganglia, trigeminal ganglia, and 
ligated and unligated (contralateral) sciatic nerves were removed. Ra- 
dioactivity in ganglia and in 3 mm lengths of sciatic nerve immediately 
proximal and distal to the ligation and in the contralateral side was 
determined in a gamma counter (Beckman). In separate experiments, 
newborn Sprague-Dawley rats were anesthetized by hypothermia and 
the right sciatic nerve exposed and ligated at midthigh. Three microliters 
of freshly prepared 1251-NGF, lZSI-bFGF, 1251-XFGF, or ‘Z51-cytochrome 
c were injected into the right foot pad (3 sites, 1 Fl/site). Twelve hours 
later, the rat pups were decapitated, and the radioactivity in 3 mm 
lengths of sciatic nerve immediately proximal and distal to the ligation 
was determined. 

Intraocular injections of J2’I-labeled ligands. Male rats (average weight, 
300 pm) were anesthetized with ether and 5 ~1 of freshly prepared 1’51- 
NGF, lZSI-bFGF, 1151-XFGF, or ‘151-cytochrome c (about 8 x lo6 cpm; 
80 ng lZ51-labeled ligand) were injected into the posterior eye chamber 
of the right eye, without prior separation of free lZsI from protein-bound 

Materials and Methods lzsI. At various times after injection, the rats were anesthetized with 
ether and decapitated. The eyes, optic nerves (from eye to chiasm), 

Materials. Biologically active recombinant human basic [ser’O, serg8] 

supplied by Amersham Corp. (Arlington Heights, IL). All other reagents, 
unless specified, were purchased from Sigma and were analytical reagent 

fibroblast growth factor (bFGF; Fox et al., 1988) was provided by Am- 

grade or better. Male Sprague-Dawley rats were used throughout and 
were supplied by Sasco, Inc. (Omaha, NE). Injections of radiolabeled 

gen. Biologically inactive bFGF (XFGF) was produced by denaturing 

ligands were made with a 5 ~1 Hamilton syringe, unless otherwise stated. 
Animals were handled according to the NIH guidelines. Statistical com- 

bFGF by an overnight dialysis against 0.1% acetic acid. The 2.5s subunit 

parisons of data points were performed using the paired Student’s 
t-test. 

of NGF was purified from adult male mouse submaxillary glands ac- 

Preparation of 12SI-labeled ligands. bFGF, XFGF, NGF, and cyto- 
chrome c were iodinated to similar specific activities (-5 x lo4 cpm/ 

cording to the method of Bocchini and Angeletti (1969). Na1251 was 

ng protein; percentage incorporation, 75-85%) with NafZ51 and lacto- 
peroxidase according to the method of Marchalonis (1969). For cross- 
linked receptor studies, lZ51-bFGF was separated from unincorporated 
lZ51 on a heparin-affinity column (BioRad); the lZ51-bFGF was eluted 
with 2 M NaCl after washing the gel with 500 mM NaCl in 20 mM 
sodium phosphate buffer, pH 7.3. Labeled ligands with the following 
specific activities were used for axonal transport studies: 2600-2900 
cpm/fmol for 1251-NGF, 3200-4500 cpm/fmol for 1251-cytochrome c; 
3 100-4500 cpm/fmol for lZ51-bFGF; and 36004000 cpm/fmol for lzsI- 
XFGF. 

Crosslinked receptor experiments. This method was adapted from that 
described by Neufeld and Gospodarowicz (1986). Confluent FGF-re- 
ceptor-bearing BHK-21 cells in 60 mm tissue culture petri dishes were 
washed twice with ice-cold L- 15 medium. L-l 5 medium containing 
0.1% gelatin and 10 rig/ml 1251-bFGF or the same solution containing 
an additional 275-fold excess of unlabeled bFGF was added to the cells 
and allowed to incubate for 1 hr at 4°C. I-Ethyl-3-(3-dimethylamino- 
propyl) carbodiimide HCl (Pierce) was added to a final concentration 
of 50 mM and allowed to react for 30 min before being quenched by 
the addition of 0.1 M Tris/glycine, pH 7.5. The cells were washed twice 

anesthetized with chloral hydrate and mounted in a stereotaxtic appa- 

superior colliculi, and lateral geniculate bodies were dissected from both 

ratus (KoD~). One microliter of freshlv DreDared ‘lSI-bFGF or ‘151-bFGF 
plus 1006-fold excess of unlabeled dFGF (total of 2 x 10h cpm or 30 

contra- and ipsilateral sides and the radioactivity determined. In other 

ng IZ51-bFGF) was injected from a glass pipet (tip diameter, 50-100 Frn) 
over 30 min by using a micromanipulator. Injections were made uni- 

experiments, unlabeled bFGF, wheat germ agglutinin (75 figeye), hep- 

laterally into the optic nerve layer of the superior colliculus with the 
stereotaxic coordinates ~2.5 mm lambda, 1.0 mm lateral, 3.5 mm from 

arinase (1.5 Units/eye), or heparin (5 &eye) was injected with 1151- 

the skull surface (Paxinos and Watson, 1982). Twenty-four hours later, 
rats were anesthetized with chloral hydrate and perfused transcardially 

bFGF. 

with PBS followed by 4% paraformaldehyde, 0.5% glutaraldehyde, 15% 
saturated picric acid in 0.1 M sodium phosphate buffer, pH 7.2. The 
eyes were freed of all attached muscle and tissue; the superior colliculi 

Injections into the superior colliculus. Male rats (275-325 gm) were 

were dissected. Their radioactivities were determined in a gamma count- 
er. In other experiments, 30% HRP in PBS containing 0.1% dimethyl 
sulfoxide was injected into the superior colliculus and the eyes were 
removed as described above. The retinas were separated from the sclera 
and rinsed for 1 hr in L- 15 medium. HRP deposits were visualized by 
10 min incubation in Tris-HCl-buffered saline containina 0.05% 3.3’- 
diaminobenzidine HCl and 0.01% hydrogen peroxide at room temper- 
ature. Retinas were cryoprotected -in PBS containing 20% sucrose, 
embedded in Tissue-Tek O.C.T. (Miles Scientific. Nanerville. IL). and 
frozen on dry ice. Frozen cross sections of the retinas were cut ‘at 15 
pm, dehydrated with a graded series of alcohol, cleared in toluene, and 
mounted in Pro-Tex (Baxter Scientific Products, McGaw, IL). 

Autoradiography. Rats injected intraocularly in the posterior eye 
chamber 18 and 48 hr previously with “‘I-bFGF or ‘151-XFGF were 
anesthetized with chloral hydrate and perfusion-fixed transcardially with 
4% paraformaldehyde, 0.5% glutaraldehyde, and 15% saturated picric 
acid in 0.1 M sodium phosphate buffer, pH 7.2. Fixed brains were cut 
into 5 mm coronal blocks and embedded in paraffin. Serial coronal 
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sections, 6-8 pm, were cut, and every 10th section through areas of 
interest mounted, dried, deparaffinized, and coated with Kodak NTB-2 
emulsion. The slides were developed after being exposed for 30 d at 
4°C. Sections were counterstained with toluidine blue and mounted in 
Pro-tex. 

SDS-PAGE autoradiography of brain tissue. Optic nerves and supe- 
rior colliculi were dissected from animals injected in the posterior eye 
chamber with lZSI-bFGF as described above. Retinas from injected eyes 
were removed and incubated for 2 hr at 37°C in a humidified, 5% CO1 
atmosphere in Dulbecco’s Modified Eagles Medium (Mediatech, Wash- 
ington, DC) supplemented with 10% fetal calf serum, L-glutamine, and 
50 mM HEPES, pH 7.4. The medium also contained 200 /LM unlabeled 
bFGF to block further untake of ‘151-bFGF and to dissociate ‘lSI-bFGF 
bound to surface receptors prior to processing for SDS-PAGE. Tissues 
were dissolved in SDS treatment buffer, heated in boiling water for 5 
min, sonicated, and then centrifuged at 8000 x g to remove insoluble 
material. The supematants (about 100 ~1) were electrophoresed on 4- 
20% gradient SDS polyacrylamide gels at constant voltage. The gels 
were stained with Codmassie blue -and dried. Autoradiograms were 
made with Kodak X-Omat AR film with a Dupont Cronex liahtnina- - - 
plus intensifying screen at -70°C. 

Rate of loss of 12sI-bFGF from the superior colliculus. Rats were in- 
jected in the posterior chamber of the eye with lZ51-bFGF, 24 hr later, 
the same eye was injected with 250-fold excess of unlabeled bFGF to 
block further uptake and transport of radioactivity. The animals were 
then killed at various times, the superior colliculi dissected, and radio- 
activity determined. 

lZ51-bFGF was injected into tissues innervated by these nerves. 
lZ51-NGF was used as a positive control because it is retrogradely 
transported in peripheral sensory and sympathetic axons (for 
review, see Schwab and Thoenen, 1983). 1*51-cytochrome c, a 
molecule of similar size and isoelectric point to NGF and bFGF 
was used as one negative control. lZSI-XFGF, a biologically in- 
active, acid-denatured form of bFGF, was used as another neg- 
ative control. Identical amounts ofthe radiolabeled ligands were 
injected into the lower leg muscles and foot pads of adult rats 
whose sciatic nerves had been ligated at midthigh. After allowing 
sufficient time (18 hr) for the uptake and retrograde transport 
of the ligands, 3 mm lengths of sciatic nerve immediately prox- 
imal and distal to the ligation were removed, and the amount 
of radioactivity in those tissues was measured. Figure 2A shows 
that lZSI-NGF accumulated distal to the ligation on the sciatic 
nerve, indicating uptake and retrograde transport in this nerve. 
In contrast to lZ51-NGF, only relatively low levels of lZ51-bFGF 
accumulated distal to the ligation, and these levels of radioac- 
tivity were identical to those which resulted from nonspecific 
uptake and transport of 1Z51-cytochrome c or lZSI-XFGF. Since 
the sciatic nerve is composed of motor, sensory, and sympa- 
thetic axons, these results indicate that bFGF was not specifi- 
cally retrogradely transported in detectable quantities in these 
axons in the adult rat. While the adult motor neurons of the rat 
sciatic nerve do not take up and retrogradely transport l151-NGF, 
those of the newborn rat do (Yan et al., 1988). Therefore, to 
test the possibility that axons within the newborn rat sciatic 
nerve may transport lZSI-bFGF, the ligated sciatic experiments 
were repeated in newborn rats. Again, no significant accumu- 
lation of lZ51-bFGF distal to the ligation was observed (results 
not shown). In another attempt to demonstrate uptake and retro- 
grade transport of 1251-bFGF in peripheral axons, radiolabeled 
ligands were injected into the anterior chamber of the eye. Both 
sympathetic and sensory nerves innervate the iris; the retrograde 
transport of lZSI-NGF from this tissue has been well studied 
(Schwab and Thoenen, 1983). lZSI-NGF was found to accu- 
mulate specifically within the ipsilateral superior cervical gan- 
glion (Fig. 2B). This ganglion, which supplies sympathetic in- 
nervation for the injected eye, however, did not show any specific 
accumulation of lZ51-bFGF, the amount of radioactivity accu- 
mulated was identical to that of the negative controls. Likewise, 
Figure 2C shows that, in contrast to lZ51-NGF, which is retro- 
gradely transported from the iris through sensory neuronal ax- 
ons to the trigeminal ganglion, lZ51-bFGF was not specifically 
taken up and transported in these sensory nerves of the adult 
rat. Thus, these data are consistent with the absence of receptor- 
mediated retrograde transport of bFGF in the peripheral sen- 
sory, sympathetic, or motor axons. 

Results 
Crosslinking of lz51-bFGF to its receptor 
The bFGF analog used in this study, though shown to be bio- 
logically active (Fox et al., 1988), had not been directly dem- 
onstrated to bind to FGF receptors. To demonstrate that the 
iodinated derivative of this bFGF retained receptor-binding 
ability, a crosslinked receptor assay was performed with BHK- 
21 cells, a cell line that is a rich source of bFGF receptors 
(Neufeld and Gospodarowicz, 1986). The intensity of the signal 
(Fig. 1, lane A-) from the crosslinked, 1251-bFGF-receptor com- 
plex at the molecular weight of about 160,000 Da was very low, 
making resolution of the complex difficult. This is not surprising 
since most studies that clearly demonstrate receptor-ligand 
complexes in a crosslinking paradigm utilize antibodies to the 
receptor to immunoprecipitate and concentrate the complex 
prior to separation by SDS-PAGE. Because there are no anti- 
bodies to the bFGF receptor, we used a wheat germ agglutinin- 
affinity gel to concentrate the glycosylated bFGF receptor and 
thus enhance the signal. Wheat germ agglutinin binds to, and 
has previously been used in the isolation of, the FGF receptor 
(Imamura et al., 1988; Lee et al., 1990). Figure 1, lane B-, 
shows the enhanced signal obtained after wheat germ lectin- 
Sepharose 6BM was used; the major 1251-bFGF-receptor com- 
plex has a molecular weight of approximately 160,000 Da. After 
subtracting the molecular weight of bFGF (17,800 Da), the pri- 
mary FGF receptor remains with a molecular weight of about 
142,200 Da, which is in good agreement with the value reported 
by Neufeld and Gospodarowicz (1986). Because the binding of 
lZ51-bFGF to this receptor was blocked by addition of excess 
unlabeled bFGF (Fig. 1, lane B+), it can be concluded that the 
iodinated derivative of the bFGF analog used in this study binds 
specifically to the FGF receptor and that wheat germ agglutinin 
binds to the receptor. 

bFGF is anterogradely transported within the visual system 

In the intraocular (anterior chamber) injection experiments, we 
were surprised to detect lZSI-bFGF radioactivity in the optic 
nerve ofthe injected eye (data not shown). To determine whether 
this uptake and transport was specific, lZSI-bFGF, lZ51-bFGF in 
the presence of excess unlabeled bFGF, i*51-XFGF, or lZ51-NGF 
was injected into the posterior chamber of the eye. The rats 
were allowed to survive for 18 hr before tissues containing ret- 
inal ganglion cell projections were removed to determine the 
amount of radioactivity present. Retinal ganglion cells send ax- 
ons through the optic nerve, the vast majority of which cross 

bFGF is not retrogradely transported in peripheral 
sympathetic, sensory, or motor axons 

To determine whether bFGF can be specifically retrogradely in the optic chiasm and project to the contralateral lateral ge- 
transported in peripheral sympathetic, sensory, or motor nerves, niculate body and then onto the contralateral superior colliculus 
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116 - 

92.5 - 

66.2 - 
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Figure 1. Y-bFGF binds to high-affinity receptors on BHK-2 1 cells. 
1251-bFGF was crosslinked to identical numbers of BHK-21 cells in the 
absence (-) or presence (+) of excess unlabeled bFGF. Cells were sol- 
ubilized and the supematant (A) or the supematant protein (B) that 
bound to wheat germ lectin-Sepharose 6MB was separated by SDS- 
PAGE using 7% acrylamide gels. Gels were dried and exposed to X-ray 
film for 3 d. The use of immobilized wheat germ lectin (B) enhanced 
the detection of 1251-FGF-receptor complex. 

(Sefton and Dreher, 1985). Although substantial amounts of 
radioactivity remain in the injected eye (Fig. 34 after 18 hr, 
significant amounts of radioactivity from ‘251-bFGF can also be 
found in the optic nerve of the injected eye (Fig. 3B), the con- 
tralateral lateral geniculate body (Fig. 3C), and the contralateral 
superior colliculus (Fig. 30). Very little radioactivity was de- 
tected in the contralateral optic nerve, the ipsilateral lateral 
geniculate body, or the ipsilateral superior colliculus. These find- 
ings suggest retinal ganglion cell uptake and anterograde trans- 
port of bFGF. The 12SI-bFGF-derived radioactivity transported 
to the superior colliculus was on the order of 0.1% of the total 
injected radioactivity. This percentage uptake is similar to the 
accumulation obtained in the superior cervical ganglion when 
sympathetic axons retrogradely transport 1251-NGF after injec- 
tion in the anterior chamber of the eye (Fig. 3B; Johnson et al., 
1978). To determine whether this uptake and anterograde trans- 
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Figure 2. lz51-bFGF is not retrogradely transported in peripheral mo- 
tor, sympathetic, or sensory axons. Accumulation of radioactivity 18 
hr after injections proximal or distal to a ligation in the sciatic nerve 
(A), in the ipsilateral and contralateral superior cervical ganglia (B), and 
in the ipsi- and contralateral trigeminal ganglia (C). Similar amounts 
of radiolabeled ligands were injected into the lower leg muscles and foot 
pad or into the anterior chamber of the eye. Means + SEM (n = 6). 
Only lz51-NGF shows a statistically significant accumulation of radio- 
activity compared to the negative control 1251-cytochrome c. 

port of lz51-bFGF is a saturable phenomenon, a 275fold excess 
of unlabeled bFGF was injected with the ‘**I-bFGF. The un- 
labeled bFGF (Fig. 3, +Cold) blocked the transport of radio- 
activity from injected l*SI-bFGF within the retinal projections. 
This indicates that receptors probably mediate the uptake and 
transport of bFGF by retinal ganglion cells. To examine further 
the specificity of the uptake and transport of ‘**I-bFGF, 12sI- 
XFGF (denatured bFGF) was injected intraocularly. It was not 
transported within the optic system, indicating that the tertiary 
structure of the bFGF molecule is important if bFGF is to be 
internalized and transported. To determine whether retinal gan- 
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glion cells have a general capacity to internalize and transport 
growth factors in an anterograde direction, lZSI-NGF was in- 
jected. The amount of radioactivity detected in the superior 
colliculus after lZ51-NGF injection was not significantly different 
(p > 0.1; Student’s 2-tailed t-test) from the amount of radio- 
activity detected after injections of either 1251-XFGF or ]*51- 
bFGF injected with an excess unlabeled bFGF. These data in- 
dicate that the uptake and transport of bFGF is specific and 
probably receptor mediated. 

Modulators of bFGF binding afect axonal transport 

High-affinity receptors and lower-affinity, heparin-binding sites 
for bFGF have been demonstrated (Moscatelli, 1987). To de- 
termine which binding site mediates the internalization and 
axonal transport of bFGF in retinal ganglion cells, substances 
previously reported to interfere in vitro with the binding of bFGF 
either to its receptor or to heparin-like substances were injected 
concomitantly with lZ51-bFGF (Fig. 4). Although interpretation 
of the data is complicated by the in vivo nature of these studies 
(where modulators can have effects other than solely interfering 
with bFGF binding), the observation that radioactivity trans- 
ported to the superior colliculus was decreased in the presence 
of a modulator would be consistent with the blockade of bFGF 
binding and/or internalization; similarly, a reduction in the 
amount of label retained within the eye 18 hr after injection 
would be consistent with a reduced retention of bFGF within 
the eye. Wheat germ agglutinin blocks binding of bFGF to its 
high-affinity receptor (Feige and Baird, 1988). Intraocular in- 
jection of wheat germ agglutinin blocked uptake and transport 
of 1251-bFGF to the superior colliculus (Fig. 4B), suggesting that 
it is the high-affinity bFGF receptors that mediate axonal trans- 
port of ocular bFGF. Basic FGF binds strongly to heparin (Gos- 
podarowicz et al., 1987) and heparin-like molecules mediate the 
binding of bFGF to cells (Moscatelli, 1987) and extracellular 
matrix (Bashkin et al., 1989). Heparinase treatment destroys 
this binding (Moscatelli, 1987) and biologically active bFGF is 
released (Bashkin et al., 1989). Heparinase treatment does not 
destroy the high-affinity bFGF receptor (Moscatelli, 1987). When 
heparinase was injected with lZ51-bFGF into the eye, the amount 
of radioactivity transported to the superior colliculus was not 
reduced (Fig. 4B). This is consistent with the internalization of 
bFGF being mediated not by heparin-like binding sites but rath- 
er by the high-affinity receptor. The basement membrane of the 
eye has substantial binding capacity specific for the bFGF and 
aFGF (Jeanny et al., 1987). Heparin-like substances account for 
the bulk of the lZ51-bFGF binding to the substrate in tissue 
culture preparations of bovine capilliary endothelial cells; less 
than 10% of added lZSI-bFGF binds directly to high-affinity 
receptors (Moscatelli, 1988). The initial binding of bFGF to 
heparin-like binding sites is thought to serve as a source ofbFGF 
that eventually binds to high-affinity sites and is internalized 
by the cell (Moscatelli, 1988). Heparin competitively inhibits 
the initial binding of bFGF to heparin-like substances (Mos- 
catelli, 1988). When heparin was co-injected with lZ51-bFGF, 
relatively little of the radioactivity was retained within the eye 
18 hr after injection (Fig. 4A). Thus, the rapid clearance of lz51- 
bFGF in the presence of either heparin or heparinase (Fig. 4.4) 
indicates that heparin-like substances within the eye are re- 
sponsible for the long-term retention of bFGF within the eye; 
bFGF not bound to insoluble heparin-like substances is rapidly 
cleared from the eye by an unknown mechanism. Unlike heparin- 
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Figure 3. Specificity of transport of T-bFGF in the visual system. 
Accumulation of lZ51-labeled ligands in the ipsilateral (injected) and 
contralateral eye (A), optic nerve (B), lateral geniculate body (C), and 
superior colliculus (D), 18 hr after intraocular injection. Similar amounts 
of radiolabeled ligand were injected. Means ? SEM (n = 6). Only lz51- 
bFGF demonstrates significant transport and a 275-fold excess of un- 
labeled bFGF blocks uptake and transport of this ligand. 
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ase, which did not block the anterograde transport of lZ51-bFGF- 
derived radioactivity, relatively little radioactivity was anter- 
ogradely transported in the presence of heparin (Fig. 4B). This 
difference probably reflects the different mechanisms of action 
of heparinase and heparin, coupled with the rapid clearance of 
lZ51-bFGF not bound to heparin-like substances within the eye. 
In the presence of heparin, much of the lZSI-bFGF remains in 
solution. Because the binding of lZ51-bFGF to receptors on ret- 
inal ganglion cells is saturable (Fig. 3), only a limited amount 
of the IY-bFGF binds, and is anterogradely transported, before 
the bulk of the soluble lZSI-bFGF is cleared from the eye when 
heparin is present. Heparinase, however, should not inhibit the 
initial binding of lz51-bFGF to heparin-like substances; rather 
it enzymatically destroys these binding sites. Much of the lz51- 
bFGF co-injected with heparinase is likely to bind first to hep- 
arin-like substances within the eye and thus be prevented from 
being rapidly cleared from the eye. Subsequently, however, hep- 
arinase will accelerate the liberation of L251-bFGF from hep- 
arin-like binding sites and provide a local elevated level of sol- 
uble lZ51-bFGF available for receptor-mediated uptake and 
anterograde transport. Such a phenomenon may account for the 
increased amounts of lz5 I-bFGF-derived radioactivity re- 
covered from the superior colliculus of heparinase-treated an- 
imals (Fig. 4). While this is speculation, it is clear that heparin- 
like substances are present within the eye and that bFGF can 
bind to them. However, it is not these heparin-like substances, 
but rather high-affinity bFGF receptors, that mediate the in- 
ternalization and anterograde transport of ocular bFGF within 
the retinal ganglion cell. 

bFGF is not retrogradely transported in retinal ganglion axons 
The demonstration that retinal ganglion cell neurons express 
bFGF receptors and transport radioactivity from lz51-bFGF in 
an anterograde direction led us to determine whether bFGF can 
be transported in a receptor-mediated manner in a retrograde 
direction from the superior colliculus to the retina. 1251-bFGF 
was injected into the superior colliculus and the amount of 
radioactivity in the retinas was determined 24 hr later. Consid- 
ering the amount of lZ51-bFGF (lo6 cpm) injected into the su- 
perior colliculus, only very low levels of radioactivity were retro- 
gradely transported to the contralateral eye (Table 1). This 
retrograde transport, however, was probably not receptor me- 
diated: the difference between the amount of radioactivity trans- 
ported from the superior colliculi in the absence, and that trans- 
ported in the presence, of an excess of unlabeled bFGF was not 
statistically significant. A statistically significant difference be- 
tween these 2 data points would have been consistent with a 
saturable, receptor-mediated uptake phenomenon. The failure 
to demonstrate receptor-mediated retrograde transport of 1251- 
bFGF was not because of faulty injection technique; about 20% 
of the radioactivity remained within the superior colliculus 24 
hr after injection, and identical injections of HRP into the optic 
layer ofthe superior colliculus (Fig. 5A) resulted in the retrograde 
labeling of retinal ganglion cell bodies in the contralateral retina 
(Fig. 5B), as has previously been demonstrated (Linden and 
Perry, 1983). The failure to demonstrate specific receptor-me- 
diated retrograde transport of bFGF might indicate the absence 
of receptors on surfaces of the retinal ganglion cell terminals in 
the superior colliculus or the lack of a mechanism for retro- 
gradely transporting bFGF in these axons. Similar negative re- 
sults were obtained after 1251-bFGF was injected into the lateral 
geniculate body (results not shown). 
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Figure 4. Effects of modulators of bFGF binding on uptake and trans- 
port. The amount of radioactivity remaining in the eye (A) or in the 
superior colliculi (B) 18 hr after iniraocular injection ofm1251-bFGF (con- 
trol) or lLSI-bFGF in the presence of wheat germ agglutinin (WGA), 
heparinase, or heparin. Means f  SEM (n = 6). 

Autoradiography of anterogradely transported radioactivity 

Autoradiographic localization was performed to allow a more 
precise anatomical localization of radioactivity after intraocular 
injection of lZ51-bFGF. In serial coronal sections, concentrations 
of silver grains were, on the whole, confined to known projec- 
tions of the retinal ganglion cell (Sefton and Dreher, 1985). 
Prominent labeling was observed over the superior colliculus 
(Fig. 6, A, B) and lateral geniculate body (Fig. 6C). Substantially 
more radioactivity was present in the superior colliculus after 
intraocular injection of 1251-bFGF (Fig. 6B) than after intraocu- 
lar injection of 1251-XFGF (Fig. 60). The accumulation of some 
radioactivity after 1251-XFGF injection was not unexpected be- 
cause 17.5 * 0.2% (n = 3) ofthe 1251-XFGF preparation retained 
a strong affinity for heparin (by heparin column chromatogra- 
phy), indicating presence of native lz51-bFGF. Thus, this pro- 
portion of the 1251-XFGF preparation might be expected to 
undergo receptor-mediated axonal transport. Other optic struc- 
tures that showed prominent labeling included the optic chiasm, 
the suprachiasmatic nucleus, the pretectal nucleus, and the me- 
dial terminal accessory nucleus of the optic tract (Fig. 7). While 
the dense labeling was confined to the side contralateral to the 
injected eye, very slight labeling of optic structures on the ip- 
silateral side could be appreciated on some sections (results not 
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Figure 5. HRP in the superior colliculus and the retinal ganglion cells 24 hr after injection into the superior colliculus. A, HRP reaction product 
at injection site in the superior colliculus. Cx, cerebral cortex; SC, superior colliculus; Aq, cerebral aquiduct. B, HRP reaction product (arrows) in 
the retinal ganglion cell layer of the contralateral retina. C, Higher-magnification view of B. HRP reaction product within retinal ganglion cells 
(arrows). GLC, ganglion cell layer; ONL, outer nuclear layer. Scale bars in A, 500 pm; B, 200 km; C, 50 pm. 

shown). The presence of low densities of silver grains over ip- 
silateral projections is consistent with reports that < 10% of the 
retinal ganglion cell axons project to the ipsilateral side (Sefton 
and Dreher, 1985). 

We wondered whether the anterograde transport system dem- 
onstrated in these studies serves to transport endogenous bFGF 
synthesized within the eye to the superior colliculus and lateral 
geniculate body to provide trophic support for these neurons. 
This is of interest because it has long been known that an an- 
terograde transneuronal degeneration follows optic nucleation 
or optic nerve sectioning (for review, see Cowan, 1970). 1251- 
bFGF was injected intraocularly in the manner already de- 
scribed and the rats perfused transcardially with fixative 18 or 
48 hr later. Evaluation at 18 hr would show the pattern of 

Table 1. Amount of radioactivity (counts per min) in the ipsilateral 
and contralateral eye 24 hr after injection into the superior colliculus 
of 125EbFGF in the absence (bFGF) or presence (+ cold) of a 300-fold 
excess of unlabeled bFGF. 

Condition Ipsilateral eye Contralateral eye 

bFGF 82.5 + 12.1 154 t 46.8 
bFGF + cold 125 + 25.3 176 f  32.6 

Data are means k SEM (n = 13). The difference between the contralateral bFGF 
and + cold data was not statistically significant (p = 0.7205; Student’s 2-tailed 
t test). 

earliest-arriving lz51-bFGF, while examination at 48 hr would 
allow time for the possible accumulation of radiolabeled bFGF 
in postsynaptic elements of the brain tissue. Figures 6A and 6B 
compare the accumulation of radiolabel in the superior collicu- 
lus at 18 and 48 hr, respectively. Although higher densities of 
silver grains, indicating more radioactivity, were observed at 48 
hr (Fig. 6B) than at 18 hr (Fig. 6A) after intraocular injection, 
there was no observable difference in the distribution of silver 
grains. The lack of difference in the pattern of labeling at these 
2 times suggests that if lZ51-bFGF-derived radioactivity is being 
released from the retinal ganglion cell terminals, there may not 
be any accumulation of the radioactivity in the postsynaptic 
elements. While significant levels of radioactivity were not de- 
tected in visual cortex, above-background densities of silver 
grains were observed in the intermediate gray and the inter- 
mediate white layers of the superior colliculus (results not shown). 
These regions do not receive substantial retinal ganglion cell 
projections (Sefton and Dreher, 1985), thus raising the possi- 
bility that some radioactivity derived from 1251-bFGF may be 
released from the retinal ganglion cell terminals. 

Time course and rate of axonal transport of radioactivity in 
the visual system 
To determine the time course of uptake and transport of bFGF, 
the radioactivity within retinal ganglion cell projections was 
determined at a range of times in rats intraocularly injected with 
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lZ51-bFGF. A bimodal change in radioactivity levels with time 
was apparent (Fig. 8). An initial increase in the amount of ra- 
dioactivity in both ipsi- and contralateral optic nerves, lateral 
geniculate bodies, and superior colliculi was observed soon after 
intraocular injection; by 9 hr after injection the radioactivity in 
these tissues appeared to be returning toward background levels. 
A second increase in radioactivity was apparent from 9 hr after 
injection; during this time, the amount of radioactivity in optic 
system tissues innervated by the injected eye began to increase, 
while the amount of radioactivity in the contralateral optic nerve 
and ipsilateral lateral geniculate body and superior colliculus 
continued to decrease toward background levels. The observed 
bimodal change in radioactivity levels in optic system tissues 
is the result of 2 independent processes. The first increase in 
the level of radioactivity of optic nerves, lateral geniculate bod- 
ies, and superior colliculi is the result of contamination of these 
tissues after leakage of radioactivity from the injection site. 
Evidence for this conclusion comes from (1) the similar levels 
of radioactivity detected in brain tissues irrespective of whether 
they are innervated by the injected eye; (2) the finding that only 
40 + 18% (n = 3) of the radioactivity in the 3 hr, contralateral 
superior colliculus was trichloroacetic acid (TCA) precipitable 
(note that the injection mixture consisted of both ‘251-bFGF and 
unincorporated 12SI); and (3) the rapid fall in radioactivity of 
the injected eye, indicating leakage of radioactivity. The second 
increase in radioactivity, observed after 9 hr, is the result of 
specific axonal transport of radioactivity. Evidence for this con- 
clusion comes from (1) the significant levels of radioactivity 
only in brain tissue innervated by the injected eye and (2) the 
finding that 92 * 10% (n = 3) of the radioactivity in the 15 hr 
contralateral superior colliculus was TCA precipitable. During 
this second period of increasing radioactivity in optic system 
tissues, the amount of radioactivity remaining within the eye 
does not change substantially, suggesting that the eye may have 
significant capacity for binding bFGF. From this time course 
study we conclude that the appearance of radioactivity in optic 
system tissues from 9 hr onward after the intraocular injection 
reflects specific axonal transport of lz51-bFGF and its deriva- 
tives. 

Analysis of the time course of 1251-bFGF appearance in optic 
system tissues (Fig. 8) allowed the maximal rate of axonal trans- 
port of bFGF in retinal ganglion cell axons to be estimated. 
Initial attempts to ascertain the maximal rate of transport by 
determining the first appearance of radioactivity within optic 
nerves, lateral geniculate body, and superior colliculus were un- 
successful because, as noted earlier, there was widespread con- 
tamination of all neural tissues for the first 9 hr after injection. 
However, by 18 hr, a statistically significant difference is ob- 
served between the amount of radioactivity present in the con- 
tralateral superior colliculus (innervated by the injected eye) 
compared to the noninnervated ipsilateral superior colliculus 
(Fig. 3). The earliest time at which such a statistically significant 
difference is observed is at 15 hr; there is no significant difference 
at 9 hr (Fig. 8). Thus, lZSI-bFGF-derived radioactivity first ar- 
rived in the superior colliculus some time before 15 hr. By using 
an estimated axonal distance from retina to superior colliculus 
of 25 mm, the maximal rate of bFGF transport within the retinal 
ganglion cell axons can be estimated to be in excess of 1.7 mm/ 
hr. This rate of axonal transport is comparable to the maximal 
rate of retrograde transport of lZSI-NGF, which is about 3 mm/ 
hr in sympathetic axons (Johnson et al., 1978). 
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Figure 8. Time course of lZ51-bFGF transport in the visual system. 
The accumulation of radioactivity in ipsilateral @led symbols) and 
contralateral (open symbols) eye (A), optic nerve (B), lateral geniculate 
body (c), and superior colliculus (0) at various times after injection. 
Data are means k SEM (n = 6 for 3-36 hr time points; n = 3 for 48 
and 72 hr). 
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Figure 9. Time course of loss of 1251-bFGF from the superior colliculus. 
The amount of radioactivity in the superior colliculus is plotted against 
time. Means & SEM (n = 5). Inset, Logarithm of radioactivity (mean) 
plotted against time. A linear correlation was obtained (r2 = 0.991) 
and, from the slope of the line, a half-life of 22 hr was calculated. 

Half-life of lZ51-bFGF within the superior colliculus 
The foregoing evidence demonstrates that bFGF was rapidly 
transported in a unidirectional manner away from the retina. 
To determine how quickly the bFGF transported from the eye 
is lost from the superior colliculus, the tissues containing retinal 
ganglion projections were loaded with lZ51-bFGF by intraocular 
injection followed 24 hr later by an injection of excess, unlabeled 
bFGF to block further uptake of radioactivity. The superior 
colliculi were removed at various times and the radioactivity 
in those tissues was determined and plotted against time (Fig. 
9). Slightly more than half the radioactivity was lost from the 
superior colliculus each 24 hr. A plot of the logarithm of the 
radioactivity against time (Fig. 9, insert) is linear (correlation 
coefficient, r2 = 0.99 l), indicating a first-order rate of loss. From 
a regression analysis of the slope of the curve, the half-life of 
1251-bFGF is calculated to be 22 hr. 

Ocular bFGF is proteolytically processed within retinal 
ganglion cells 
The loss of radioactivity from the superior colliculus could be 
the result of release of Y-bFGF from retinal ganglion cell pro- 
jections and/or its proteolytic degradation within those projec- 
tions. To determine whether proteolytic degradation of inter- 
nalized bFGF did occur, the radioactive proteins within optic 
tissues were separated by SDS-PAGE and then visualized by 
autoradiography. Results from 2 separate experiments are shown 
(Fig. 10). Although the quantities of protein species varied, the 
pattern was consistent: both intact ‘251-bFGF and proteolytically 
clipped forms of 1251-bFGF can be found throughout the length 
of the retinal ganglion cell projections. Less of the intact lzsI- 
bFGF and more of the proteolytically clipped i251-bFGF forms 
were found in 18 hr retinas than in 8 hr retinas. Likewise, optic 
nerves and superior colliculi contained less intact bFGF and 
more proteolytically clipped forms of bFGF than did retinas. 
An accurate estimation of the molecular weights of the proteo- 
lytically clipped forms of 1251-bFGF by using molecular-weight 
standards separated in different lanes was not possible because 
the differences in the amount of protein loaded resulted in sig- 
nificantly different rates of migration. Addition of cytochrome 
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Figure 10. Intact lZ51-bFGF and proteolytically degraded lz51-bFGF 
can be detected within the visual system. Autoradiograms (24-hr ex- 
posures) of 4-20% gradient SDS-PAGE showing lZ51-bFGF (A), retinas 
8 hr (B) and 18 hr (c) after intraocular injection of ‘251-bFGF, optic 
nerve tissue (D), and superior colliculi (E) from animals injected intra- 
ocularly 18 hr earlier with 1151-bFGF. Tissue samples are pooled from 
4 animals each, and an equivalent amount of radioactivity per lane was 
loaded. Upper and lower autoradiograms are from separate experiments 
and illustrate the degree of individual variation observed in the amounts 
of intact and degraded 1251-bFGF normally seen. Molecular-weight stan- 
dards are obtained from a separate lane; see text for estimations of the 
molecular weights of the proteolytically clipped forms of jZ51-bFGF. 

c (12,300 Da) and/or myoglobin-fragment cleavage products 
(16,950, 14,400, 8160, 6210, and 2510 Da) into brain tissue 
samples prior to SDS-PAGE allowed the molecular weights to 
be estimated: the predominant proteolytically cleaved forms of 
lZ51-bFGF have molecular weights of about 16,500, 10,000, and 
8000 Da. lZ51-bFGF has a molecular weight of 17,800 Da. These 
data indicate that, as intact ocular bFGF was anterogradely 
transported within the retinal ganglion cell, it underwent an 
apparently controlled proteolytic cleavage. 

Discussion 
Axonal transport methodology 
Axonal transport methodology was used to demonstrate that 
the retinal ganglion cell expresses high-affinity receptors for 
bFGF. While tissue culture experiments have shown that bFGF 
acts as a neurotrophic factor for neurons largely freed from glial 
contamination (Unsicker et al., 1987; Walicke, 1988; Walicke 
and Barde, 1988) and that hippocampal neurons in culture have 
high- and low-affinity binding sites for bFGF (Walicke et al., 
1989), direct proof of functional bFGF receptors on neurons in 
vivo has been lacking. The demonstration of bFGF receptors on 
neurons has been complicated by the absence of specific anti- 
bodies or probes for the bFGF receptor. The present studies 
circumvented these methodological problems by allowing the 
living nerve to separate receptor-bound lz51-bFGF from other 
radioactivity. This permitted the receptor-mediated internal- 
ization of bFGF and its subsequent axonal transport and me- 
tabolism to be demonstrated in vivo. 
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bFGF and the PNS 
Specific receptor-mediated retrograde transport of lZ51-bFGF in 
the peripheral motor, sensory, or sympathetic nervous system 
could not be demonstrated, suggesting that these neurons do 
not express significant numbers of functional receptors for bFGF. 
bFGF is reported to provide trophic support for axotomized 
sensory neurons innervating the sciatic nerve in viva (Otto et 
al., 1987) and to enhance long-term survival of chick spinal cord 
neurons, including motor neurons, in culture (Unsicker et al., 
1987). However, since these PNS neurons in the adult or new- 
born rat do not retrogradely transport bFGF from their inner- 
vated target tissue in a receptor-mediated manner, it is unlikely 
that bFGF is acting as a target-derived trophic factor in a manner 
analogous to NGF. A more plausible explanation might be that 
bFGF is acting indirectly, via non-neuronal cells, to promote 
the observed survival of axotomized, peripheral sensory neu- 
rons (Otto et al., 1987). In support of this idea, bFGF immo- 
bilized within silicone chambers promotes sciatic nerve regen- 
eration (Danielsen et al., 1988). 

Neuronal bFGF receptor 

In vitro studies (Moscatelli, 1987, 1988) provide an understand- 
ing of the interrelationship between bFGF and both its high- 
affinity receptor and its binding to the heparin-like substances 
that are present on both the cell surface and in the extracellular 
matrix. Studies on bovine endothelial capilliary cells in vitro 
indicate that (1) when exogenous lZ51-bFGF is added, it binds 
predominantly to the more numerous heparin-like substances, 
and only a small percentage of the lZ51-bFGF binds directly to 
high-affinity receptors; (2) the lZSI-bFGF that binds to high- 
affinity receptors is first internalized and then proteolytically 
clipped; and (3) as 12SI-bFGF is removed from the environment 
by being internalized, new high-affinity receptors are exposed, 
and 1251-bFGF previously bound to heparin-like substances is 
mobilized, is bound to these unoccupied receptors, and is in- 
ternalized. In this manner, the added lZ51-bFGF is gradually 
cleared from the environment. Although the in vivo situation is 
considerably more complex, we obtained results by using var- 
ious modulators of bFGF binding that are consistent with the 
process reported above. That is, while all other interpretations 
cannot be rigorously excluded, the data are consistent with the 
following scheme: (1) The eye contains substantial amounts of 
heparin-like substances; (2) binding and retention of the bulk 
of the lZ51-bFGF within the eye is largely influenced by heparin- 
like binding; (3) high-affinity receptors on retinal ganglion cells 
mediate the internalization of bFGF, and (4) internalized bFGF 
undergoes axonal transport out of the eye. These findings raise 
the possibility that the retinal ganglion cell uptake of ocular 
bFGF may influence the amount of bFGF within the ocular 
environment. 

Basic FGF: a neurotrophic factor? 

The receptor-mediated axonal transport of bFGF and its deriv- 
atives raises a number of questions, the most prominent being: 
does this phenomenon have any physiological significance? While 
it is possible that bFGF has no direct trophic effects on retinal 
ganglion cells in vivo, bFGF has been shown to promote neuritic 
outgrowth in dissociated retinal ganglion cells in vitro (Lipton 
et al., 1988) and to enhance temporarily the survival of retinal 
ganglion cells in retinal explants (Bahr et al., 1989). In vivo 
bFGF-impregnated Gelfoam implanted next to transected optic 

nerve reduces the axotomy-induced degeneration of retinal gan- 
glion cells (Sievers et al., 1987). bFGF has also been shown to 
act as a neurotrophic factor for various neurons in tissue culture 
(Walicke et al., 1986; Walicke, 1988; Ferrari et al., 1989). Thus, 
the finding of receptor-mediated axonal transport of bFGF and 
its derivatives in retinal ganglion cells might indicate that retinal 
ganglion cells may respond directly to bFGF, perhaps in a man- 
ner analogous to NGF. The receptor-mediated axonal transport 
of NGF may be a mechanism for transferring target-derived 
trophic information to the cell body of the neuron (see Johnson 
et al., 1987, for discussion). On the other hand, it has been 
argued (Barde, 1987) that bFGF does not neatly fit into the 
classical definition of a target-derived factor essential for the 
long-term survival of retinal ganglion cells: retinal ganglion cell 
bodies lie within an environment rich in bFGF (Gospodarowicz 
et al., 1986), yet their population is reduced after optic nerve 
section (Perry, 198 1). Furthermore, it would seem unlikely that 
bFGF could provide information on the size of the retinal gan- 
glion cell target tissue because bFGF does not appear to be 
retrogradely transported in a receptor-mediated manner to the 
neuronal cell body from the lateral geniculate body or superior 
colliculus. Unlike NGF, which undergoes rapid proteolytic deg- 
radation upon axonal transport to the neuronal cell body (John- 
son et al., 1978), internalized bFGF undergoes slow proteolytic 
clipping. This relatively slow proteolytic processing of inter- 
nalized bFGF may be a phenomenon common to other cells 
expressing bFGF receptors. Bovine capilliary endothelial cells 
proteolytically process bFGF in a similar manner (Moscatelli, 
1988). It remains to be determined whether these proteolytically 
clipped derivatives ofbFGF can bind to and stimulate the bFGF 
receptor. bFGF species whose amino-terminal ends have under- 
gone varying degrees of cleavage have been shown to retain full 
biological activity (Moscatelli et al., 1988). If the bFGF deriv- 
atives identified within retinal ganglion cells and their terminal 
projections retain biological activity, then the axonal transport 
of internalized, receptor-bound bFGF or its derivatives may 
provide a mechanism for intracellular distribution of a second 
messenger. Furthermore, the possibility that the transported 
bFGF and derivatives are biologically active raises the possi- 
bility that some of this material may be released at the synaptic 
terminals in the superior colliculus and thus act as an antero- 
gradely transported trophic factor. Indeed, the neurons in the 
superior colliculus and/or lateral geniculate body have long been 
known to undergo substantial anterograde degeneration after 
enucleation or optic nerve section, which suggests that antero- 
grade transport of ocular trophic factors may provide trophic 
support for some neurons in these nuclei, 

Comparison of NGF and bFGF 

Figure 11 summarizes our major findings and contrasts them 
with the accepted mechanism of action of NGF. NGF is shown 
acting on a sensory neuron of the PNS, bFGF on a retinal 
ganglion cell. bFGF, like NGF, binds to high-affinity receptors 
present on the membranes of responsive neurons. It is inter- 
nalized and undergoes axonal transport at relatively similar 
maximum rates of transport. Unlike NGF, which is not anter- 
ogradely transported (E. M. Johnson, unpublished observa- 
tions), bFGF and its derivatives are transported away from the 
retinal ganglion cell body. In Figure 11, it is assumed that the 
uptake of bFGF takes place on the dendritic processes of the 
retinal ganglion cell and that internalized bFGF is transported 
to the vicinity of the neuronal cell body before beginning its 
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Figure 11. Comparison of axonal transport of bFGF and NGF. Like 
NGF, bFGF binds to high-affinity receptors on responsive neurons, is 
internalized, and is axonally transported. Unlike NGF, which is rapidly 
degraded upon reaching the neuronal cell body, bFGF is degraded more 
slowly and can be transported anterogradely in the retinal ganglion cell 
axon. 

journey away from the retina. A prominent difference between 
NGF and bFGF appears to be the rate at which these 2 molecules 
are degraded. Retrogradely transported NGF is degraded very 
rapidly in the neuronal cell body (Johnson et al., 1978), whereas 
bFGF appears to undergo relatively slow and limited proteolytic 
cleavage. It remains to be determined whether bFGF or its 
derivatives can function as anterogradely transported trophic 
factors. 
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