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Exogenous basic fibroblast growth factor (bFGF) stimulates proliferation of non-neuronal retinal cells in
vivo. To help understand how this proliferative effect is mediated, we followed the fate of biotinylated
bFGF after injection into the vitreous of normal rabbit eyes. The retinal distributions, binding, and
processing of biotinylated bFGF (bFGF-biotin) was examined from 2 hr to 7 days after intravitreal
injection using laser scanning confocal microscopy, electron microscopy and Western blot analysis. At
2 hr, bFGF-biotin was detected throughout the extracellular space and on retinal basement membranes.
At 6 hr, discrete punctate material first appeared within the cytoplasm of Miiller cells, astrocytes,
endothelial cells, retinal pigment epithelial (RPE) cells, and ganglion cells. Labeling was also present in
the invaginations of the photoreceptor synaptic terminals at this time. This general pattern persisted up
to 4 days after injection but was greatly attenuated by post-injection day 7. Labeling in the inner retina
decreased progressively over the seven days; whereas labeling in the outer retina, primarily within the
RPE, increased at 4 days post-injection and then gradually decreased to nearly undetectable levels by 7
days. Western analysis of retinal protein homogenates following injection showed that an 18 kDa
component representing intact bFGF, can be identified up to 1 week following injection. This component,
as well as a 15 and 9 kDa biotinylated fragment, showed a progressive reduction during the one week
post-injection period. Cross-linking experiments demonstrated that bFGF-biotin binds to three putative
receptors with approximate molecular weights of 54, 62, and 110 kDa. These data are consistent with
binding of exogenous bFGF to: (a) low affinity bFGF receptors associated with retinal basement
membranes; (b) invaginations at the base of photoreceptor synapses; and (c) putative high affinity bFGF
receptors on the plasma membranes of glial cells, endothelial cells, RPE cells and ganglion cells. bFGF-
biotin apparently binds to, and is then internalized by, the same non-neuronal cell types that are
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1. Introduction

Basic fibroblast growth factor (bFGF) is a multi-
functional growth factor that has been implicated in a
number of proliferative, regenerative, and survival-
related cellular events in the central nervous system
(see Baird and Bohlen, 1990; Hicks et al., 1990, for
reviews). Levels of endogenous bFGF have been shown
to increase at sites of injury suggesting that its release
and/or activation from intracellular and extracellular
sources may play an important regulatory role in this
process (Finklestein et al., 1988; Logan 1990, 1992;
Frautschy et al., 1991; Eckenstein et al., 1991;
Gomez-Pinilla et al., 1992; Kostyk et al., 1994).
Exogenous administration of bFGF has been shown
not only to mimic injury-related events but also to aid
in neuronal survival after injury. In the retina,
exogenous bFGF induces proliferation in non-neuronal
retinal cells (de Juan et al., 1990; Eclancher et al.,
1990; Lewis et al., 1992), and increases the expression
of intermediate filament proteins in retinal glia
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(Morrison et al., 1985 ; Perraud et al., 1988 ; Lewis et
al., 1992). It also prevents or delays photoreceptor cell
degeneration and loss in retinal dystrophic rats
(Faktorovich et al., 1990) and in light-damaged
retinas (Faktorovich et al., 1992; La Vail et al., 1992),
promotes the regeneration of ganglion cell axons after
optic nerve transection (Sievers et al., 1987), and
stimulates regeneration of whole retina in retinecto-
mized chick embryos (Park et al., 1989). Under-
standing the steps by which bFGF is processed by
retinal cells in vivo is likely to be important in revealing
a mechanism by which these effects occur.

Basic FGF is known to bind to both high affinity cell
surface tyrosine kinase receptors, and to low affinity
receptors in the extracellular matrix. Binding of bFGF
to the latter heparan sulfate-containing molecules
appears to be necessary for functional interaction with
the high-affinity receptors (Yayon et al., 1991;
Rapraeger et al., 1991). As with most growth factors,
the receptor-ligand complex is then internalized.
Unlike other growth factors, however, which undergo
rapid degradation by lysosomes, internalized bFGF
appears to be somewhat more stable, and is processed
into a subset of smaller peptides that remain intact for
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some time (Moscatelli et al., 1988; Moenner et al.,
1989; Walicke and Baird, 1991; Hawker and
Granger, 1992 ; Gonzalez et al., 1991 ; Ferguson et al.,
1990).

The retina contains high concentrations of bFGF
(Glaser et al., 1980; Baird et al., 1985); immuno-
localization and in situ hybridization studies confirm
that it is present at various cellular and extracellular
sites (Hanneken et al., 1989 ; Hageman et al., 1991;
Gao and Hollyfield, 1992 ; Hanneken and Baird, 1992;
Morimoto et al., 1993; Noji et al., 1990). When !2°1
bFGF is applied to sections, binding is detected on
retinal basement membranes, and in association with
the inner and outer plexiform layers (Jeanny et al.,
1987; Fayein et al., 1990; Cirillo et al., 1990;
Faucheux et al., 1991). Putative high affinity bFGF
receptors have been identified on a number of retinal
cell types including photoreceptors (Mascarelli et al.,
1989; Fayein et al., 1990; Faucheux et al., 1991;
Raymond et al., 1992), Miiller cells (Mascarelli et al.,
1991), retinal pigment epithelial cells (Sternfeld et al.,
1989; Fayein et al., 1990; Rakoczy et al., 1993) and
ganglion cells (Ferguson et al., 1990; Toriglia et al.,
1994).

As in the rest of the CNS (Giulian et al., 1989;
Bradshaw and Cavanaugh, 1990; Puro et al., 1990;
Sporn and Roberts, 1990), the retina’s response to
injury is characterized by gliosis, microglial activation,
cell proliferation and macrophage invasion (Anderson
et al., 1983; Frickson et al., 1983; Hjelmeland and
Harvey, 1988; Fisher et al., 1991). Previously, we
showed that the proliferative and gliotic responses can
be mimicked by injecting bFGF into an otherwise
normal eye (Lewis et al., 1992). In order to more
clearly establish a direct link between injected bFGF
and these cellular events, we traced the fate of bFGF-
biotin following injection of the factor into the vitreous.
The results show that the injected factor diffuses into
the neural retina where it can be detected for up to 7
days. It apparently binds to, and is then internalized
by, the same non-neuronal cell types that are later
induced to proliferate in what appears to be a receptor-
mediated fashion.

2. Materials and Methods
Biotinylation of bFGF

We used a slight modification of the procedure
described by Lee et al., (1989) to biotinylate the four
cysteine residues contained in human recombinant
bFGF. Briefly, one hundred micrograms of human
recombinant bFGF (PeproTech Inc., Rocky Hill, NJ,
U.S.A. or Scios Nova, Mt. View, CA, U.S.A.) was
dissolved in 200 xl of 100 mm sodium phosphate,
pH 7-:0. To this solution was added 10l of a
1 mg ml™! solution of biotin (long arm) maleimide
(Vector Labs; Burlingame, CA, U.S.A.) in dimethyl-
formamide. Biotinylation was allowed to proceed for
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2:5 hr at room temperature and for a succeeding
20 hr at 4°C. The reaction was stopped by adding
10 ul of a 1 mg ml™* solution of cysteine in distilled
water. Using this procedure, biotinylated bFGF has
been shown to be indistinguishable from non-biotinyl-
ated bFGF in its ability to bind the high affinity
receptor, to inhibit high affinity receptor binding, and
to stimulate phosphorylation of the high affinity
receptor (Lee et al., 1989).

Intraocular Injection of bFGF-Biotin

Adult New Zealand White rabbits were anesthetized
with 20 mg kg™! Ketaset (ketamine HCL; Parke-Davis,
Morris Plains, NJ, U.S.A.) and 5 mg kg™ Rompun
(xylazine; Miles Labs, Shawne, KS, U.S.A.) intra-
muscularly. The right eyes received a single injection
of 5ug of bFGF-biotin in 50 ul of balanced salt
solution (BSS; Alcon, Forth Worth, TX, U.S.A.) into
the vitreous cavity using a 30 gauge needle. As
controls, some eyes received a single injection of 5 ug
of biotinylated dextran (dextran-biotin; 10 kDa; Mol-
ecular Probes, Eugene, OR, U.S.A.), free biotin (Vector
Labs), or no injection at all. Animals were killed 2 hr,
6 hr, 18 hr, 48 hr, 4 days and 7 days after the
intraocular injection by an overdose of sodium
pentobarbital. Two animals were done at each time-
point for the bFGF-biotin, dextran-biotin and free
biotin. No signs of intraocular inflammation were
observed using indirect ophthalmoscopy at any time
following injection.

Confocal Fluorescence Microscopy

Eyes that had been injected with bFGF-biotin were
immersion fixed in 4% paraformaldehyde and 0-1%
glutaraldehyde in sodium cacodylate buffer (0-1 N;
pH 7-4). Initially samples were prepared after a 2 hr
fixation. Subsequent samples were prepared after
varying lengths of fixation. It was found that storing
the tissue in the fixative did not affect the ability of the
avidin to bind to the bFGF-biotin receptor complex.
After fixation, retinal tissue samples approximately
2 mm square were excised and embedded in 5%
agarose (Sigma, St. Louis, MO, U.S.A.) in PBS as
described by Matsumoto and Hale (1993). Sections
100 pm thick were cut on a Vibratome (Technical
Products International, Polysciences, Warington, PA,
U.S.A.) and incubated in avidin conjugated to the
fluorochrome Cy3 (1:200; Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, U.S.A.) in PBS
containing 0-1% Triton X-100 overnight at 4°C on a
rotator. Uninjected control retinas were also labeled
with avidin-Cy3 to test for endogenous biotin binding
sites. The sections were then rinsed in PBS, mounted
in 5% n-propyl gallate in glycerol and viewed using a
laser scanning confocal microscope (Bio-Rad 500,
Hercules, CA, U.S.A.).

A competition assay was used to show that



FATE OF BIOTINYLATED bFGF IN RETINA

unlabeled bFGF can compete for the same binding sites
on sections as those occupied by bFGF-biotin. Retinal
sections from normal uninjected rabbit, cat and
monkey eyes were fixed, embedded, and cut on a
Vibratome as described above. Twenty ng ml™ of
bFGF-biotin was then applied directly to the sections
and incubated overnight at 4°C. Some sections were
also incubated with a 50-fold excess of non-biotinyl-
ated bFGF (1000 ng) along with the biotinylated-
bFGF. The next day the sections were rinsed in PBS
and incubated in avidin-Cy3 (1:200) overnight at
4°C. After rinsing, the sections were mounted and
viewed as described above.

Electron Microscopy

Vibratome sections, 100 gm thick, cut from the
same eyes that were injected with bFGF-biotin and
used for the confocal microscopy, were incubated in
0-3% hydrogen peroxide in methanol for 30 min to
block endogenous peroxidases. Sections were then
rinsed in PBS after which avidin-HRP (1:50, Vector
Labs) was added overnight at 4°C. The next day
sections were rinsed in Tris buffer (0-1 M, pH 7-6) and
incubated in diaminobenzidene (1 mg ml™) in 0-1 M
Tris buffer containing 0-02% hydrogen peroxide for
7-15 min. Sections were again rinsed in buffer and
fixed in 1% paraformaldehyde and 1% glutaraldehyde
overnight at 4°C. After rinsing, the sections were
post-fixed in 1% osmium tetroxide for 1 hr, rinsed in
distilled water, dehydrated in graded ethanol and
water, and placed in propylene oxide. The sections
were then embedded in Spurs resin (Polysciences)
according to the manufacturer’s instructions. Thin
(90 nm) sections were cut with a diamond knife,
placed on grids, and viewed on a Philips CM-10
electron microscope.

Biochemistry

Two animals were killed 2 hr, 18 hr, 48 hr, 4 days
and 7 days after an injection of 5 ug of bFGF-biotin
into the vitreous cavity. Retinal protein homogenates
were prepared for SDS-PAGE and Western blot
analysis. They were homogenized at 4°C in 0-02 m
PBS containing 0-1 M phenyl-methylsulfonylfluoride,
10 mm EDTA, 0-5% Triton X-100 and 2-559% SDS.
Protein concentrations were determined by the BCA
Protein Assay (Pierce Chemical Co., Rockford, IL,
U.S.A.). Fifty migrograms of protein was loaded in
each lane of a 16:5% polyacrylamide gel. The
separated retinal proteins were transferred to nitro-
cellulose paper and blocked in PBS/BSA (2:5%) for
1 hr. Blots were washed in PBS containing 0-1%
Tween (TPBS) and incubated with streptavidin—
alkaline phosphatase (avidin-AP; 1:3000; Bio-Rad)
for 1 hr. After washing in TPBS and PBS, the blots
were placed in developing reagent (NBT-BCIP, Pierce,
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Rockford, 1L, U.S.A.) for 15 min, rinsed in distilled
water and air dried.

bFGF-Biotin Receptor Cross-linking

Two animals were killed 2 hr and 18 hr after
injection of 5 ug of bFGF-biotin into the vitreous.
Following enucleation, retinas were immediately
peeled away from the retinal pigment epithelium,
rinsed three times in ice-cold Hepes buffer, and placed
in 400 pm disuccinimidyl suberate (DSS) i DMSO for
30 min at 4°C. The reaction was stopped by adding
20 mm Tris NaCl for approximately 10 min. The
retinas were then homogenized, and protein concen-
trations were determined. Fifty micrograms of protein
was loaded in each lane of a 16-5% SDS-PAGE gel as
described above. Separated proteins were then trans-
ferred to nitrocellulose and probed with avidin-AP to
visualize the biotinylated components as described
above.

In Vivo Cell Proliferation Assay

The retinal cell proliferation assay described in
Lewis et al. (1992) was employed. In brief, 200 xCi of
*H-thymidine (2-59 TBq mmol™'; Amersham, Arling-
ton Heights, IL, U.S.A.) in 100 xl of BSS was injected
into the vitreous cavity of two rabbits 3 days following
a similar intravitreal injection of 5 ug bFGF-biotin.
Animals were then Kkilled by intravenous injection of
sodium pentobarbital 24 hr later. Following enucle-
ation and dissection of the anterior segments, the
posterior segments were immersion-fixed for 1 hr in
1% paraformaldehyde and 1% glutaraldehyde in
0-086 M sodium phosphate buffer (pH 7-2). The tissue
was then post-fixed in 2% uranyl acetate in maleate
buffer for 2 hr, dehydrated in increasing concentra-
tions of methanol and embedded in LR White resin
(Polysciences). One-micrometer-thick sections were
placed on glass slides and dipped under sodium vapor
illumination into a 1:1 mixture of Kodak NTB-2
emulsion (Rochester, NY, U.S.A.) and distilled water at
43°C. The autoradiograms were exposed for 7 days at
4°C, developed for 2 min in full-strength D-19 (Kodak)
at 20 °C, washed, fixed, and stained with methylene
blue-azure II.

Neurite Extension Assay

PC12 cells (1x10* per cm?) were plated on
polylysine coated eight-well tissue culture plates. The
cells remained in Dulbeco’s modified Eagle's media,
which was supplemented with 5% calf serum and 5%
horse serum, for 24 hr at which time 20 ng ml™! of
native or biotinylated bFGF was added to the wells
every other day. Biotinylated bFGF was added to four
of the wells, two wells were treated with non-
biotinylated bFGF, and two wells contained no bFGF.
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After 7 days in culture, each of the wells was
photographed, and representative measurements of
neurite outgrowth were collected.

Cell Proliferation Assay

Induction of cell proliferation by human recombi-
nant bFGF and bFGF-biotin was evaluated in a 3T3
cell proliferation assay as described by Klagsburn
(1978).

3. Results
Biological Activity of bFGF-Biotin

We evaluated the biological activity of bFGF-biotin
under both in vitro and in vivo conditions. In an in vivo
retinal cell proliferation assay (Lewis et al., 1992),
tissue autoradiograms showed that cells representing
all non-neuronal cell types within the retina were
induced to proliferate following intravitreal injection
of bFGF-biotin. These included capillary endothelial
cells, pericytes, astrocytes, Miiller cells, microglia and
RPE cells [Fig. 1(A)]. Control eyes (n = 2) that received
an intravitreal injection of balanced salt solution
instead of bFGF-biotin showed virtually no °H-
thymidine labeled cells [Fig. 1(B)]. These results
conform with previously published results using non-
biotinylated recombinant bFGF (Lewis et al., 1992),
and demonstrate that bFGF-biotin retains biological
activity sufficient to induce proliferation following
intravitreal injection.

The biological activity of bFGF-biotin was also
demonstrable in two in vitro assays. In a neurite
outgrowth assay (Togari et al., 1985), the induction of
neurite outgrowth by bFGF-biotin in PC12 cells was
indistinguishable from the non-biotinylated factor.
After 7 days in culture, cells treated with biotinylated
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bFGF had extensive neuritic processes, as did the
cultures containing native bFGF. However, neurites
were absent in cultures that were not exposed to bFGF
(data not shown). Furthermore, induction of cell
proliferation by DbFGF-biotin was not significantly
different from that induced by native bFGF in a 3T3
cell proliferation assay (Klagsburn, 1978). Both
biotinylated and non-biotinylated factor had activity
levels in the range of 35-41 units ng~! bFGF where
1 unit of 3T3 activity is defined as the amount of bFGF
needed to elicit half-maximal *H-thymidine incor-
poration (maximal 3*H-thymidine incorporation is
obtained by adding 209 serum).

Diffusion, Binding and Internalization of bFGF-Biotin

Two hours after injection of bFGF-biotin, labeling
appears to be primarily extracellular, extending
throughout the extracellular space and terminating at
the outer border of the inner plexiform layer (IPL) [Fig.
2(A)]. The labeling distinctly outlines processes in the
vitreal one-third of the retina, defining profiles of
ganglion cells and their axons, astrocytes, and the
endfeet of the Miiller cells, i.e. the radial glia that
extend the entire width of the retina. At this timepoint,
bFGF-biotin binding is associated with the basement
membranes surrounding the blood vessels overlying
the optic nerve axon bundle in the vitreous, as well as
the basement membrane that lines the vitreal border
of the retina (i.e. the inner limiting membrane; ILM).
The endothelial cell surfaces within these vessels are
also labeled. Labeling of the inner plexiform layer (IPL)
is concentrated in three distinct strata, with labeling
most intense in the vitreal tier.

At 6 hr after injection, the labeling now appears at
the outer limiting membrane and within the RPE
cytoplasm. Widespread intracellular punctate labeling

F1G. 1. *H-thymidine autoradiography of retinal sections after intravitreal injection of bFGF-biotin. (A) 4 days after injection
of bFGF-biotin all non-neuronal cell types were found to incorporate 3H-thymidine demonstrating that biotinylation of bFGF
does not affect its biological activity. In this section a microglial cell (arrow) and two astrocytes (arrowheads) are shown labeled.
(B) Control retina 4 days after injection of saline, instead of bFGF-biotin, no cells are labeled. (GCL, ganglion cell layer; IPL,
inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.) Bar, 40 ym.
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F1G. 2. bFGF-biotin localization on Vibratome sections of rabbit retina after intravitreal injection and viewed with the laser
scanning confocal microscope. (A) 2 hr after injection, labeling occurs on the basement membranes of the vessels (*) in the
vitreous and the inner limiting membrane (ILM; arrowhead), throughout the extracellular space and terminating at the outer
border of the inner plexiform layer. The labeling distinctly outlines processes in the vitreal one-third of the retina, defining
profiles of ganglion cells and their axons, the endfeet of the Miiller cells, and astrocytes. The inner plexiform layer (IPL) displays
a stratified labeling pattern. (B) 6 hr after injection, labeled punctate material appears primarily in the inner retina. The
punctate labeling in the outer plexiform layer (OPL) corresponds closely with the distribution of the synaptic invaginations at
the photoreceptor axon terminals. Diffuse labeling appears along the lateral borders of the Miiller cell endfoot processes, within
the Miiller cell and RPE cytoplasm, and at the level of the IPL and OLM. (C) At 18 hr after injection, labeled punctate material
appears in vertical columns that extend from the vitreal surface through the outer nuclear layer (ONL) corresponding to the
distribution of the Miiller cells. (D) Higher magnification reveals labeling within the endfeet cytoplasm of the Miiller cells that
is separate from the ILM. In addition, the cell surface labeling on the lateral borders of the Miiller cells in the ganglion cell layer
(GCL) consists of a string of beaded material. Tissue was taken from various retinal locations which accounts for the different
appearance and thickness of the sections as well as the presence or absence of vessels. (INL, inner nuclear layer; OLM, outer
limiting membrane; IS, inner segments; OS, outer segments; RPE, retinal pigment epithelium.) Bar, 20 gm.
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F16. 3. Electron microscopic localization of injected bFGF-biotin on thin sections of rabbit retina. (A) Labeled material (appears
black) is present in the endfoot region of the Miiller cells (brackets) and in Miiller cell processes (arrows) extending through the
nerve fiber bundle (48 hr). The internal limiting membrane (ILM; arrowhead) is also labeled. (B) Control section of a rabbit
retina that did not receive an injection of bFGF-biotin (48 hr). No labeled material is present within the cytoplasm of cells nor
is the ILM labeled. (C) Higher magnification of labeled material, approximately 50-100 nm in diameter, present within a Miiller
cell endfoot and along the ILM (arrowhead; 18 hr). (D) High magnification of vesicular labeled material within the Miiller cell
cytoplasm. The rough endoplasmic reticulum (bracket) is not labeled but appears dark due to osmication of the tissue. Bar,

1 pm.

appears for the first time, primarily in the inner retina
[Fig. 2(B)]. Diffuse labeling persists along the lateral
borders of the Miiller cell endfoot processes and within
their cytoplasm. Punctate labeling is also present
within the outer plexiform layer (OPL), and at higher
magnification it appears that this labeling represents
bFGF-biotin binding to invaginations at the rod and
cone synaptic terminals (Figs 2(B) and 8(A) and (B)].

At 18 hr post-injection, the labeling pattern is
essentially the same as that observed at the 6 hr
timepoint: labeled punctate material appears in ver-
tical ‘columns’ that extend from the vitreal surface
through the ONL [Fig. 2(C)]. These columns cor-
respond to the distribution of the Miiller cell processes.
At higher magnification, the labeling along the inner
surface of the retina can be separated into two distinct
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F16. 4. Electron microscopic localization of injected bFGF-biotin on thin sections of rabbit retina. (A) An astrocyte nucleus
(*) and its process are labeled (48 hr). (B) Control eye that did not receive an intravitreal injection of bFGF-biotin. No labeling
is present in the astrocyte nucleus (*) or its process. Arrowhead, inner limiting membrane; bar, 1 ym.

domains: a narrow, clearly defined band that repre-
sents the inner limiting membrane and a broader,
more diffuse, and less regular zone that appears to
originate from labeling within the Miiller cells’ endfoot
cytoplasm [Fig. 2(D)]. At the electron microscopic level
the labeling within the cytoplasm of the astrocytes, the
glia that surrounds the ganglion cell axons, and
within the Miiller cells, is resolved as discrete particles
approximately 50-100 nm in diameter [Figs 3(A), (C)
and (D) and 4(A)]. In addition, reaction product also
appears within astrocyte nuclei [Fig. 4(A)]. Labeled
50-100 nm particles were absent in control eyes that
were processed similarly, but had not received intra-
vitreal injections of bFGF-biotin. [Figs 3(B) and 4(B)].
At the ultrastructural level, we were able to visualize
only traces of reaction product at retinal locations
distal to the IPL. Punctate material in the proximal
portion of inner nuclear layer (INL), the site where
Miiller cell bodies reside, was resolved in the light
microscopic level; however, it could not be detected at
the electron microscopic level.

At 48 hr after injection of bFGF-biotin, the overall
labeling pattern appears similar to that observed at 6
and 18 hr, although intracellular punctate labeling is
more robust. Labeling occurs specifically in cell bodies
within the INL [Fig. 5(A)], within ganglion cell bodies
[Fig. 5(A)], in the cell bodies and the processes of
astrocytes in the nerve fiber layer [Fig. 5(B)], through-
out the Miiller cell cytoplasm [Fig. 5(C)], and in the cell
bodies and nuclei of endothelial cells [Fig. 5(B) and
(C)]. The intense basement membrane labeling of the
vasculature, however, often obscures the endothelial
cell labeling. The labeling within these cells, therefore,
is more easily identified on 0-5pm thick resin

embedded sections. [Fig. 6(A) and (B)]. No intracellular
endothelial cell labeling is observed in control retinas
that did not receive an injection [Fig. 6(C)]. The
punctate labeled material frequently occurs in groups
or clusters within the astrocytes’ and Miiller cells’
cytoplasm [Fig. 5(B) and (C)]. Such clusters are
observed at the 48 hr timepoint and at the 4 day
timepoint in these glial cells [Fig. 7(A)], but they are
notably absent by day 7 [Fig. 7(C)].

There is an apparent overall decrease in labeling of
the inner retina from the nerve fiber bundle on the
ONL at post-injection day 4 [Fig. 7(A)], but intense
labeling is now detected in the RPE cytoplasm [Fig.
7(B)]. Labeling of the outer limiting membrane is also
more intense at the 4 day timepoint [Fig. 7(B)].
However, there is no detectable labeling associated
with interphotoreceptor matrix, with the basal lamina
of the RPE, or the immediately adjacent choriocapil-
laris. No significant labeling is observed in the retina
or the RPE at 7 days following injection [Fig. 7(C)].

To demonstrate the specificity of bFGF-biotin re-
ceptor binding, 20 ng ml! of bFGF-biotin or the same
concentration plus a 100-fold excess of non-biotinyl-
ated bFGF was applied to retinal sections taken from
normal rabbit, cat or monkey eyes. The ex vivo
labeling pattern is similar to the pattern obtained
following bFGF-biotin injection in vivo. In addition, the
pattern of labeling is similar in all three species tested.
Labeling is associated with the basements membranes
of the ILM, vasculature, and Bruch’'s membrane as
well as the IPL and OPL [Fig. 8(A) and (B); cat retinal].
This labeling is blocked almost completely by the
addition of excess unlabeled bFGF to the sections [Fig.
8(0O)].
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F1G. 5. bFGF-biotin localization on Vibratome sections of rabbit retina and viewed with the laser scanning confocal
microscope. (A) 48 hr after intravitreal injection, the pattern of labelling is similar to that observed at 18 hr. Labeling also
occurs within the ganglion cell cytoplasm (arrow); the nucleus which contains the ‘g’, is unlabeled. (B) High magnification of the
punctate material in the astrocyte cell bodies (arrowheads) and processes (48 hr). (C) Groups of punctate material also appear
in the Miiller cells at this time (48 hr; arrows). The bright fluorescence at the bottom of (B) and (C) represents labeling of the
basement membrane surrounding the blood vessels (*) as well as the vascular endothelial cells, located in the vitreous cavity.
Tissue was taken from various retinal locations which accounts for the different appearance and thickness of the sections. (ILM,
inner limiting membrane; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform
layer; ONL, outer nuclear layer; OLM, outer limiting membrane; g, ganglion cell.) Bar, 20 ym.

inactive molecule of similar molecular mass is pro-
cessed similarly by the retina. The results show that

Intravitreal injections of biotinylated dextrans (dex- dextran—biotin generates a distinctly different pattern
tran-biotin) were used to determine if a biologically of retinal labeling when compared to bFGF-biotin. At

Diffusion of Biotinylated Dextrans
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F1G. 6. Light microscopic localization of injected bFGF—
biotin on 0-5 ym thick resin embedded sections of rabbit
retina. (A) Labeling occurs in basement membranes sur-
rounding vessels (*) present in the vitreous cavity, along the
internal limiting membrane (ILM; arrowhead), and in
vascular endothelial cells (arrow; 48 hr). (B) Higher magnifi-
cation photograph demonstrating labeling of vascular
endothelial cells and their nuclei (arrows). The ILM (arrow-
head) and the basement membranes surrounding the vessels
(*) are also labeled. (C) Control sections that did not receive
an injection of bFGF-biotin. No labeling is present along the
ILM (arrowhead), the basement membrane surrounding
the vessels (*) or vascular endothelial cells. Bar, 10 ym.
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2 hr following the injection, the dextrans are dis-
tributed diffusely throughout the extracellular space of
the retina, extending from the ILM to the distal tips of
the outer segments [Fig. 9(A)]. The weak labeling of
the OLM seen with injected dextran-biotin is, however,
present on sections from eyes that had been injected
with free biotin [Fig. 9(C)] and on sections that had
been treated with avidin-Cy3 alone (not shown)
indicating that the labeling of the OLM is, at least in
part, non-specific. At 48 hr there is some intracellular
particulate labeling within the cytoplasm of Miiller
cells and astrocytes [Fig. 9(B)].

BFGF-Biotin is Processed into Lower Molecular Weight
Fragments Following Intravitreal Injection

The retinas from bFGF-biotin injected eyes were
dissected as 2, 18 and 48 hr, and at 4 and 7 days
following the injection. Western blots of separated
retinal proteins were then probed with avidin-AP in
order to detect the biotinylated components. Blots of
the recombinant bFGF-biotin used for injection re-
vealed two biotinylated components: an 18 kDa
component which corresponds to the predicted mol-
ecular mass of bFGF-biotin, and a 36 kDa component
that presumably represents a bFGF-biotin dimer (Fig.
10, lane A). At 2 hr following injection, however, four
major biotinylated components (at 9, 15, 18 and
36 kDa), and several minor components, are detected
(Fig. 10, lane C). Of those four, the 18 kDa and 36 kDa
components show the most intense reactivity. The
levels of these two unprocessed components decline
progressively with time following injection, but remain
detectable up to 7 days post-injection (Fig. 10, lanes
D-G). The levels of the 9 and 15 kDa components
diminish somewhat more rapidly such that, by 4 days
after injection, they are undetectable. It is unclear why
the 9 and 15 kDa components are present at the 2 and
48 hr post-injection intervals (Fig. 10, lanes C and E),
but are not detected at the intervening 18 hr timepoint
(lane D) although this may represent animal to animal
variation.

BFGF-Biotin Binds to Three Putative Receptors in the
Retina

Retinas were obtained from two eyes that had been
injected with bFGF-biotin 2 and 18 hr earlier. Fol-
lowing exposure to the DSS cross-linking agent,
separation of retinal proteins by SDS-PAGE, blotting
and subsequently probing of the blots with avidin-AP,
biotinylated bands are apparent at approximately 72,
80 and 125 kDa (Fig. 11, lanes C and D). These bands
represent the sum of the molecular masses of bFGF-
biotin (at 18 kDa) and the mass(es) of the putative
receptor(s). The 125 kDa band most likely represents
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GCL
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F1G. 7. bFGF-biotin localization on Vibratome sections of rabbit retina and viewed with the laser scanning confocal
microscope. (A) 4 days after intravitreal injection, the labeling intensity on the basement membranes of the blood vessels (*)
in the vitreous is less compared to earlier timepoints although punctate material is still present within the Mtiller cells (arrows)
and astrocytes (arrowheads). (B) An increase in the intensity of labeling of the outer limiting membrane (OLM) and retinal
pigment epithelium (RPE) are seen at this time (4 days). No labeling is present in the choroid located above the RPE. (C) 7 days
after injection, labeling of all these structures is barely detectable. (GCL, ganglion cell layer; IPL, inner plexiform layer; INL,
inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segments; OS, outer segments.) Bar, 20 zm.

the sum of the 18 kDa bFGF monomer plus a receptor high affinity receptor using SDS-PAGE range from
with an estimated mass of approximately 110 kDa. approximately 110-150 kDa (see Baird and Bohlen,
Previous estimates of the molecular mass of the bFGF 1990 for review). Likewise, the 72 and 80 kDa
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F16. 8. bFGF-biotin localization on Vibratome sections from un-injected normal cat eyes. (A) bFGF-biotin labeling is present
on the basement membranes of the internal limiting membrane (ILM), vasculature, and Bruch’s membrane as well as in the
inner plexiform layer (IPL) and in the region of the photoreceptor synaptic invaginations in the outer plexiform layer (OPL).
(B) Higher magnification showing the labeling in the region of the synaptic invaginations of the rod and cone terminals in the
OPL. (C) bFGF-biotin labeling is blocked almost completely when the sections are incubated with 100-fold excess non-
biotinylated bFGF. [The region above the RPE in (C) is the tapetum which is autofluorescent.] (GSL, ganglion cell layer; INL,
inner nuclear layer; ONL, outer nuclear layer; IS, inner segments; OS, outer segments; RPE, retinal pigment epithelium.) Bar,
20 pm.

components represent the sums of the bFGF monomer eyes not injected with bFGF-biotin, avidin-AP recog-
plus two putative binding proteins with estimated nizes no biotinylated components when it is applied to
molecular masses of 54 and 62 kDa respectively. In the blots of retinal proteins. (Fig. 11, lane A).
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F1G. 9. Control Vibratome sections of rabbit retina viewed with the laser scanning confocal microscope. (A) 2 hr after
intravitreal injection of biotinylated dextrans, diffuse labeling is present throughout the extracellular space of the retina. The
bright areas between the photoreceptor outer segments (0OS) and inner segments (IS) represent a zone of increased extracellular
space. (B) 48 hr after injection, the dextrans are internalized in the glial cells (arrowheads). In addition, the outer limiting
membrane (OLM) is slightly labeled. (C) 2 hr after injection of free biotin, only the OLM is faintly labeled. (GCL, ganglion cell
layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.) Bar, 20 zm.
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F1G. 10. Western blot of retinal homogenates obtained
after injection of bFGF-biotin into the rabbit vitreous. Lane
A, Biotinylated human recombinant bFGF cross-reacted
with strepavidin—alkaline phosphatase. Bands at 18 and
36 kDa represent native and dimerized bFGF. Lane B, Normal
retina receiving no injection of the bFGF-biotin. No
biotinylated components are recognized following incu-
bation with streptavidin—alkaline phosphatase. Lanes C, D,
E, F, G, 2 hr, 18 hr, 48 hr, 4 days and 7 days respectively
after intravitreal injection of bFGF-biotin. Most of the
labeling is detected at 18 kDa throughout the 7 day period;
however, smaller bands with apparent molecular weights of
9 and 15 kDa are also apparent at earlier time points.

4. Discussion

When bFGF is injected into the vitreous cavity of the
eye, it induces proliferation in non-neuronal retinal
cells, stimulates intermediate filament biosynthesis
(DeJuan et al., 1990; Lewis et al., 1992) and, under
certain conditions, has a neuroprotective effect on
degenerating photoreceptors cells (Faktorovich et al.,
1990, 1992; LaVail et al., 1992). The underlying
molecular events responsible for producing these
effects are not known. The results of this study provide
new information with respect to: (a) the time course of
bFGF diffusion into, and retention by, the retina
following intravitreal injection; (b) binding to specific
retinal cell types; and (c) subsequent internalization
and processing of the injected factor.

In previous studies, '*I-bFGF has been used on
retinal sections to localize putative bFGF receptor
binding to retinal basement membranes and to the
plexiform layers (Jeanny et al., 1987; Fayein et al.,
1990; Cirillo et al., 1990; Faucheux et al., 1991). It
has also been used to characterize the cellular
processing of the factor into a smaller subset of
radiolabeled peptides (Moscatelli et al., 1988 ; Moenner
et al., 1989; Walicke and Baird, 1991; Hawker and
Granger, 1992 ; Gonzalez et al., 1991 ; Ferguson et al.,
1990). In this study, we used a higher resolution,
avidin-biotin detection system in an attempt to identify
the specific retinal cell types involved in an in vivo
context, and to follow the intracellular disposition of
the factor once it had been internalized.

321

kDa

A B CD

F1c. 11. Western blot of retinal homogenates obtained
after cross-linking injected bFGF-biotin to its receptor(s).
Lane A, Normal retina receiving no injection of bFGF-biotin.
Lane B, An empty lane with no protein loaded. No
biotinylated components are recognized in Lanes A and B
following incubation with streptavidin—alkaline phospha-
tase. Lane C and D, 2 hr and 18 hr after intravitreal injection
of bFGF-biotin, respectively. Bands are present at 125, 80
and 72 kDa.

The results indicate that within 2 hr the injected
factor rapidly diffuses throughout the retinal extra-
cellular space. By 6 hr following injection, 50-100 nm
diameter biotinylated particles are first identified in
astrocytes, endothelial cells, Miiller cells, and RPE
cells—the same cell types that are later induced to
proliferate by exogenous bFGF. The particles most
likely represent receptor-bound bFGF-biotin that had
been internalized. These observations, along with the
cross-linking data (see below), are consistent with in
vitro biochemical data which suggest that bFGF binds
to high affinity receptors on the plasma membranes of
these cell types (Schelling et al., 1988 ; 1989; Sternfeld
et al., 1989; Fayein et al., 1990; Mascarelli et al.,
1991; Walicke and Baird, 1991 ; Hawker and Harris,
1992; Rakoczy et al., 1993).

The results from this study provide strong support
for the conclusion that, in the retina under in vivo
conditions, internalized bFGF is processed to 9 and
15 kDa molecular weight fragments that are not
immediately degraded by lysosomes. In this study, as
well as in others (Bouche et al., 1987; Renko et al.,
1990; Baldin et al., 1990; Logan, 1990; Walicke and
Baird, 1991 ; Hawker and Granger, 1992 ; Woodward
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et al., 1992), labeled bFGF or a labeled bFGF fragment
is localized in the nuclei of endothelial cells and
astrocytes. These bFGF fragments may be biologically
active since it has been shown that the presence of
bFGF in the nucleus increases the synthesis of mRNA
coding for specific ribosomal proteins (Amalric et al.,
1991).

High affinity receptors for bFGF have been reported
to display a range of molecular weights ranging from
110-150 kDa depending on cell type (see Baird and
Bohlen, 1990 for review). In the cross-linking ex-
periment, we detected 3 components with estimated
molecular masses of 110 kDa, 62 kDa and 54 kDa.
The 110 kDa component falls within the accepted
range of the high affinity receptor. The 54 and 62 kDa
components could represent truncated forms of the
high affinity receptor, other variants of the receptor or,
perhaps, proteolytic degradation products. Previous
studies indicate that alternative splicing by bFGF
receptor mRNA generates many different isoforms,
with some having molecular weights similar to the
two lower values reported here (Johnson et al., 1990;
Eisman et al., 1991 ; Givol and Yayon, 1992; Duan et
al., 1992). In addition, the retina and vitreous has
recently been reported to contain soluble 70-85 and
55 kDa bFGF binding proteins (Hanneken and Baird,
1994; Hanneken et al., 1995) that are apparently
truncated versions of the high affinity receptor. These
values are fairly close to the two smaller cross-linked
components identified here in retinal protein homo-
genates.

Although the evidence implicating bFGF high
affinity receptor binding in non-neuronal cell pro-
liferation is fairly persuasive, the mechanism(s) re-
sponsible for mediating photoreceptor cell survival
remain unclear. Our results indicate that injected
bFGF is apparently retained in the rabbit retina for at
least 7 days following a single intravitreal injection.
That could explain why treatment of rodent retinas
with bFGF several days prior to injury can arrest
photoreceptor cell degeneration (Faktorovich et al.,
1992), since it may be continuously available for a
number of days following injection.

Putative high affinity bFGF receptors have been
identified on the cell surface of photoreceptors,
although their precise location is not clear. '2*I-bFGF
binding has been reported in photoreceptor outer
segments (Mascarelli et al., 1989), inner segments, as
well as in the OPL (Fayein et al., 1990; Cirillo et al.,
1990; Faucheux et al., 1991). Basic FGF high affinity
receptor (flg) immunoreactivity, on the other hand,
has been identified in the goldfish only in association
with the axon terminals of the photoreceptors
(Raymond et al., 1992). In this study, we find bFGF-
biotin binding specifically in the region of the synaptic
invaginations at the photoreceptor axon terminals but
not to any other photoreceptor sites, thereby corro-
borating the immunohistochemical results. However,
it is still unclear whether this represents binding to the
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plasma membrane, to the extracellular matrix ad-
jacent to the axon terminals, or even to the dendrites
of the post-synaptic neurons.

Immunochemical studies in rat, monkeys, and
humans have identified bFGF, or an immunologically
related protein, as an insoluble component of inter-
photoreceptor matrix (IPM) (Hageman et al., 1991;
Gao and Hollyfield, 1992). Partial amino acid se-
quencing of the 18 kDa aqueous insoluble IPM
component recognized by anti-bFGF antibodies on
Western blots confirm that this component has an
amino terminal sequence identical to bFGF (Hageman
et al., unpublished data). Paradoxically, however,
bFGF-biotin does not bind to the IPM in vivo, nor does
it bind to the IPM on formaldehyde-fixed retinal
sections in any of the species examined to date (Fig. 8).
This implies that appropriate binding sites for bFGF—
biotin in the IPM are absent, masked, or otherwise
unavailable since it does bind to putative high and low
affinity receptors at other retinal locations.

Understanding the steps by which bFGF is processed
by the retina in vivo is likely to be important in
revealing a mechanism by which this factor exerts its
proliferative and neuroprotective effects. In this study,
we focus on the former effect. Our findings indicate
that bFGF-biotin diffuses rapidly into the normal
retina following intravitreal injection where it binds to
putative low affinity receptors associated with retinal
basement membranes. The results also suggest that it
binds to putative high affinity receptors on the surfaces
of the same retinal cell types that are later induced to
proliferate when the retina is experimentally detached
or injured, after which it is internalized and processed
to lower molecular weight fragments. Further studies,
designed to examine the dynamics of bFGF-biotin
binding and internalization in degenerating retinas,
may yield insights into the mechanism(s) responsible
for bFGF’s neuroprotective effects on injured photo-
receptors.
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