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Injection of basic fibroblast growth factor (bFGF) into the 
eye, intravitreally or subretinally, delays photoreceptor de- 
generation in inherited retinal dystrophy in the rat, as does 
local injury to the retina (Faktorovich et al., 1990). To de- 
termine whether this heparin-binding peptide or local injury 
is effective in any other form of photoreceptor degeneration, 
we examined their protective roles in light damage. Albino 
rats of the F344 strain were exposed to 1 or 2 weeks of 
constant fluorescent light (115-200 footcandles), either with 
or without 1 ~1 of bFGF solution (1150 ng/fil in PBS) injected 
intravitreally or subretinally 2 d before the start of light ex- 
posure. Uninjected and intravitreally PBS-injected controls 
showed the loss of a majority of photoreceptor nuclei and 
the loss of most inner and outer segments after 1 week of 
light exposure, while intravitreal injection of bFGF resulted 
in significant photoreceptor rescue. The outer nuclear layer 
in bFGF-injected eyes was two to three times thicker than 
in controls, and the inner and outer segments showed a much 
greater degree of integrity. Following recovery in cyclic light 
for 10 d after 1 week of constant light exposure, bFGF- 
injected eyes showed much greater regeneration of photo- 
receptor inner and outer segments than did the controls. 
bFGF also increased the incidence of presumptive macro- 
phages, located predominantly in the inner retina, but the 
evidence suggests they are not directly involved in photo- 
receptor rescue. 

Subretinal injection of bFGF resulted in photoreceptor res- 
cue throughout most of the superior hemisphere in which 
the injection was made, with rescue extending into the in- 
ferior hemisphere in many of the eyes. Remarkably, the in- 
sertion of a dry needle or injection of PBS into the subretinal 
space also resulted in widespread photoreceptor rescue, 
extending through 70% or more of the superior hemisphere, 
and sometimes into the inferior hemisphere. This implicates 
the release and widespread diffusion of some endogenous 
survival-promoting factor from the site of injury in the retina. 

Our findings indicate that the photoreceptor rescue activ- 
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ity of bFGF is not restricted to inherited retinal dystrophy in 
the rat, and that light damage is an excellent model for study- 
ing the cellular site(s), kinetics, and molecular mechanisms 
of both the normal function of bFGF and its survival-pro- 
moting activity. Moreover, the injury-related rescue suggests 
that survival-promoting factors are readily available to pro- 
vide a protective role in case of injury to the retina, presum- 
ably comparable to those that mediate the “conditioning 
lesion” effect in other neuronal systems. 

A major goal of recent research on retinal degenerations is to 
delay or prevent the loss of photoreceptor cells. In one form of 
retinal degeneration, inherited retinal dystrophy in the Royal 
College of Surgeons (RCS) rat, photoreceptor degeneration re- 
sults secondarily from mutant gene expression in the cells of 
the retinal pigment epithelium (RPE) (Mullen and LaVail, 1976). 
In this mutant, photoreceptor degeneration recently has been 
prevented or delayed by three approaches. First, by experimen- 
tally transplanting wild-type RPE cells from normal rats into 
the retinas of mutant RCS rats at early stages of the disease, 
photoreceptors located adjacent to the transplanted RPE were 
“rescued” or prevented from degenerating (Li and Turner, 1988b; 
Lopez et al., 1989). Second, we have recently been able to delay 
photoreceptor degeneration significantly in RCS rats by the sub- 
retinal or intravitreal injection of the heparin-binding peptide 
basic fibroblast growth factor (bFGF) (Faktorovich et al., 1990). 
Third, photoreceptor degeneration has been delayed in RCS rats 
in the region of subretinal injections of saline (Faktorovich et 
al., 1990; Silverman and Hughes, 1990; Blair et al., 199 1) or 
subretinal insertion of a dry needle (Faktorovich et al., 1990) 
presumably due to cellular factors released by injury from the 
inserted needle (Faktorovich et al., 1990). 

The rationale for exploring the effect of bFGF in retinal dys- 
trophy arose from observations that (1) diffusible factors ap- 
peared to be involved in the rescue of photoreceptors located 
somewhat beyond the boundaries of normal RPE cells both in 
experimental chimeras (Mullen and LaVail, 1976) and in trans- 
plantation studies (Li and Turner, 1988b; Gouras et al., 1989) 
(2) bFGF is found in the retina (D’Amore and Klagsbrun, 1984; 
Baird et al., 1985a; Courty et al., 1985; Plot& et al., 1986, 1988; 
Mascarelli et al., 1987; Hanneken et al., 1989; Noji et al., 1990) 
and RPE (Schweigerer et al., 1987; Stemfeld et al., 1989) (3) 
bFGF receptors are present on rod outer segments (Plot&, 1988) 
(4) bFGF induces retinal regeneration from embryonic chick 
RPE cells (Park and Hollenberg, 1989) and (5) bFGF appears 
to act as a survival-promoting neurotrophic agent in the CNS 
and PNS in at least three respects: (1) it promotes neuronal 
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survival in culture (Unsicker et al., 1987; Hatten et al., 1988; 
Grothe et al., 1989) (2) it prevents ontogenetic neuronal cell 
death (Dreyer et al., 1989) and (3) it reduces axotomy-induced 
neuronal cell death (Sievers et al., 1987; Anderson et al., 1988; 

dioxide followed immediately by vascular perfusion of mixed aldehydes 
(LaVail and Battelle, 1975). The eyes were embedded in epoxy resin 
for sectioning at 1 ym thickness to provide sections of the entire retina 
along the vertical meridian of the eye as previously described (LaVail 
and Battelle. 1975). 

Otto et al., 1989). 
Is the rescue effect of bFGF specific to inherited retinal dys- 

trophy in the RCS rat, or is the growth factor effective in delaying 
other forms of photoreceptor degeneration? Is the injury-in- 
duced rescue of photoreceptors also effective in other forms of 
retinal degeneration? To answer these questions, we have ex- 
plored the protective roles of bFGF and needle-induced injury 
in a noninherited form of photoreceptor degeneration, damage 
produced by exposure of albino animals to constant light. An 
additional reason for examining the protective effect of bFGF 
in light damage was the need to obtain a more optimal model 
to explore the cellular site(s), kinetics, and molecular mecha- 
nisms of bFGF rescue in photoreceptors. The RCS rat requires 
experiments at a precise age in a strain that breeds only mod- 
erately well (LaVail et al., 1975; Hess et al., 198 I), and in which 
the photoreceptor degeneration is relatively slow, requiring a 
1-2 month survival period for experimental purposes (Fakto- 
rovich et al., 1990). In contrast, light damage in the albino rat 
can be studied within a broad age range in animals that breed 
well, and the period required for photoreceptor degeneration is 
only days to l-2 weeks (Rapp and Williams, 1980; LaVail et 
al., 1987~). In this article, we show that both bFGF and needle- 
induced injury protect photoreceptors from the damaging effect 
of light. 

Brief descriptions of some of the findings in the present study 
have been presented elsewhere (Faktorovich et al., 199 1; LaVail 
et al., 1991; Steinberg et al., 1991). 

Materials and Methods 
F344 male albino rats were obtained at 2-5 months of age (Simonsen 
Laboratories, Inc., Gilroy, CA) and maintained in our cyclic light en- 
vironment [ 12 hr on, 12 hr off at an in-cage illuminance of less than 
25 footcandles (ft-c)] for 9 or more days before being exposed to constant 
light. The rats were exposed to 1 or 2 weeks of constant light at an 
illuminance level of 1 15-200 ft-c (most rats received 125-170 ft-c) 
provided by two 40 W General Electric Cool White fluorescent bulbs 
with a white reflector that was suspended 60 cm above the floor of the 
cage. During light exposure, rats were maintained in transparent poly- 
carbonate cages with stainless-steel wire bar covers. A water bottle was 
kept in the appropriate depression in the cage cover, but food was placed 
in the bottom of the cage on the bedding (light birch chip). All procedures 
involving the rats adhered to the ARVO Resolution on the Use of 
Animals in Research and the guidelines of the UCSF Committee on 
Animal Research. 

Two days before constant light exposure, rats anesthetized with a 
ketamine-xylazine mixture were injected intravitreally with 1 ~1 of af- 
finity-purified, human recombinant bFGF (specific activity, 50-80 pg/ 
ml protein for 50% effective dose in 3T3 fibroblasts; generously provided 
by D. Gospodarowicz, UCSF) dissolved in phosphate-buffered saline 
(PBS) at a concentration of 1150 rig/J. The injections were made with 
the insertion of a 32 gauge needle through the sclera, choroid, and retina 
approximately midway between the ora serrata and equator of the eye. 
The bFGF-injected animals were compared to either uninjected litter- 
mates or those that received intravitreal injections of 1 ~1 of PBS alone, 
as well as animals that were not exposed to constant light. In some 
cases, 1 ~1 of bFGF solution was injected subretinally with a transcleral 
approach as described elsewhere (Li and Turner, 1988a). Controls for 
the subretinal bFGF injections included the injection of 1 ~1 of PBS 
alone, or the insertion of a dry needle with no injection. Dry needle 
insertion also provided the eyes with which to study injury-related res- 
cue. In all cases, the injections were made into the superior hemisphere 
of the eye. 

Immediately following constant light exposure, or after a recovery 
period in cyclic light for 10 d, the rats were killed by overdose of carbon 

The degree of light- or injury-induced retinal degeneration was quan- 
tified by measuring outer nuclear layer (ONL) thickness, which is used 
as an index of DhOtOI'eCeDtOr cell loss (LaVail et al., 1987a-c: Michon 
et al., 1991). A mean ONL thickness was obtained from a single section 
of each animal with the aid of a Bioquant morphometry system (R and 
M Biometrics, Nashville, TN). In each of the superior and inferior 
hemispheres, ONL thickness was measured in nine sets of three mea- 
surements each (total of 27 measurements in each hemisphere). Each 
set was centered on adjacent 440 pm lengths of retina (the diameter of 
the microscope field at 400 x magnification). The first set of measure- 
ments was taken at approximately 440 pm from the optic nerve head, 
and subsequent sets were located more peripherally. Within each 440 
pm length ofretina, the three measurements were made at defined points 
separated from one another by 75 pm using an eyepiece micrometer. 
In this way, the 54 measurements in the two hemispheres sampled 
representative regions of almost the entire retinal section. As a conse- 
quence, mean ONL thickness was proportionally equivalent (within 
0.5%) to the value obtained by integration of the ONL thickness over 
the entire retinal section as recommended by Williams and Howell 
(1983). 

In addition to mean ONL thickness for the entire retinal section, we 
have compared, among different groups of rats, ONL thickness of the 
region of retina most sensitive to the damaging effects of light, the 
posterior to equatorial retina along the vertical meridian in the superior 
hemisphere of the eye (Noel], 1979; Rapp and Williams, 1980). The 
thinnest ONL measurements in the present study were among the nine 
measurements taken in the second through fourth 440 Mm fields in the 
superior hemisphere, as expected from the work of Rapp and Williams 
(I 980) and our previous light-damage studies on F344 rats @Vail et 
al., 1987~). We used the mean of the smallest three consecutive values 
(regardless of whether they were in the same 440 pm field) for the ONL 
measurement of the most sensitive region. 

In each of the experiments where ONL thickness was quantified, a 
single section from the retinas of at least 16 (usually 20 or more) eyes 
was measured, except where rats had subretinal injections or had a 10 
d recovery period in cyclic light, in which case at least six, and usually 
eight, eyes were examined. Statistical comparisons between treated and 
untreated groups were made using the Student’s t test. 

Since the number of presumptive macrophages had been seen to 
increase following bFGF injection in RCS rats (Faktorovich et al., 1990) 
the number of these cells was counted in complete sections in the inner 
retina (inner nuclear layer to the inner limiting membrane) and in the 
photoreceptor layer (between the outer limiting membrane and the api- 
cal surface of the RPE). The tabulation of macrophages was further 
subdivided into superior and inferior retinal hemispheres to correlate 
with different degrees of photoreceptor rescue in the different hemi- 
spheres in some experiments. Identification of the cells was based pri- 
marily on the densely staining cytoplasm and the characteristic sharply 
demarcated, peripheral rim of nuclear heterochromatin, as described 
previously (Essner and Gorrin, 1979; LaVail, 1979; Sanyal et al., 1984). 

Results 
Photoreceptor damage after I or 2 weeks of constant light in 
uninjected rats 
Degeneration of photoreceptor cells after 1 or 2 weeks of con- 
stant light was as expected from previous studies (Noel1 et al., 
1966; O’Steen et al., 1972; Noell, 1979; LaVail, 1980; Rapp 
and Williams, 1980; LaVail et al., 1987~). Briefly, after 1 week 
of constant light, degeneration was most severe in the posterior 
to equatorial region of the superior hemisphere, where the ONL 
was reduced from the normal 8-10 rows (Fig. 1A) to l-3 rows 
(Fig. 1B) of photoreceptor nuclei. In this most degenerated re- 
gion, only a very few fragments of photoreceptor inner and outer 
segments remained (Fig. 1B). With increasing distance from the 
most degenerated region, either into the peripheral superior 
hemisphere or into the inferior hemisphere, fewer photorecep- 
tors were lost, the ONL was correspondingly thicker (Fig. 3) 
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Figure 1. Light micrographs of retinas from F344 albino rats taken from the posterior superior region of the eye that is most sensitive to the 
damaging effects of constant light. A, Normal retina from an uninjected rat kept in cyclic light. B, Retina from an uninjected rat exposed to constant 
light for 1 week. The ONL has been reduced to one to three rows of photoreceptor nuclei, no photoreceptor inner segments are present, and the 
remaining outer segments are in the form of large rounded or oblong profiles (arrows) that are as large as photoreceptor nuclei. C, Retina from a 
rat injected intravitreally with bFGF 2 d before a 1 week exposure to constant light. The ONL shows six or seven rows of nuclei, some inner 
segments are present, albeit shorter than normal (compare to A), and photoreceptor outer segments are present. Although most of the outer segments 
are somewhat disorganized, they are mostly of normal diameter (arrows). ZS, inner segments; OS, outer segments. Toluidine blue stain. Scale bar, 
20 pm. 
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Figure 2. Light micrographs illustrating the peripheral retinas of rats exposed to constant light for 1 week. A, Uninjected eye. The ONL shows a 
greater number of surviving photoreceptor nuclei than the posterior retina (Fig. lB), some very short inner segments are present, and the outer 
segment membranes are arranged in large rounded profiles or large membranous whorls. B, Peripheral retina from a rat injected intravitreally with 
bFGF 2 d before the start of light exposure. The ONL is thicker and the inner and outer segments are longer and more normally aligned than in 
the more degenerated central retina (Fig. 1 C). Toluidine blue stain. Scale bar, 20 pm. 

and the inner and outer segments were relatively less damaged 
(Fig. 2A). Inner segments were observed in the peripheral retina, 
but they were never of normal length (compare Figs. lA, 2A). 

With increasing distance from the most degenerated zone, 
outer segments showed a relatively discrete gradient of degen- 
erative changes. In the most degenerated zone, small fragments 
of outer segments were intermixed with a relatively small num- 
ber of large, rounded or oblong profiles (Fig. 1 B). These profiles 
were identified by electron microscopy in previous light damage 
studies as degenerating outer segments, which were transformed 
into large, sac-like structures filled with elongated, tubular mem- 
branes (Kuwabara and Gom, 1968; Grignolo et al., 1969). The 
rounded profiles were usually as large in diameter as rod cell 
nuclei (4-5 pm) (Fig. lB), significantly larger than the 1.5 Km 
diameter of normal rod outer segments in the rat (Battelle and 
LaVail, 1978). Somewhat distant from the most degenerated 
zone, the outer segment region consisted entirely of large, round- 
ed membranous profiles (Fig. 2A). In the most peripheral retina, 
where the least photoreceptor cell loss occurred (Fig. 3), large 
rounded profiles were still present, but some elongated outer 

segments were occasionally observed (not shown). Most ofthese, 
however, were much larger in diameter and less uniform in 
caliber and orientation than normal outer segments. Only rarely 
were any outer segments of normal diameter present in the 
retinas after 1 week of light exposure, and these were found in 
the extreme peripheral retina. 

Two weeks of constant light produced a more severe degen- 
eration than 1 week of light. There was a greater loss of pho- 
toreceptor nuclei throughout the retina (Fig. 4), and a much 
greater expanse of the retina appeared similar to the most de- 
generated regions seen after 1 week of constant light. 

When PBS was injected intravitreally, animals kept in cyclic 
light showed retinas that were indistinguishable from those of 
uninjected rats. Those rats that were injected intravitreally with 
PBS and subjected to constant light for 1 or 2 weeks showed 
retinas that were quantitatively indistinguishable from those of 
uninjected light-damaged rats. Although the ONL thickness 
measurements were slightly greater in PBS-injected rats than in 
uninjected animals in some individual experiments, they were 
not significantly different statistically. Therefore, the data for 



3558 Faktorovich et al. - Photoreceptor Rescue from Light Damage by bFGF and Injury 

T 40 

2 35 

3 30 

5 25 
g 
I- 20 

9 15 
0 10 

5 

0 
4 3 2 1 ONH 1 2 3 4 

Inferior Distance from ONH (mm) Superior 

50 

45 c B 
F 

40 

2 35 

8 30 
5 25 
$ 

20 
= 15 

5 to 

5 

0 
4 3 2 1 ONH 1 2 3 4 

Inferior Distance from ONH (mm) Superior 

Figure 17. Measurements of ONL thickness along the vertical meridian 
of the eye in albino F344 rats either maintained in cyclic light or after 
1 week of constant light, either with an intravitreal injection of bFGF 
2 d before the start of light exposure (v-bFGF + CL) or without injection 
(Gininjected + CL). A, Each data series shows the mean f SD of all 
experiments (CL, n = 12; v-bFGF + CL, n = 14; Uninjected + CL, n 
= 12). B, Each data series shows measurements of a single section from 
selected animals chosen to illustrate the most severe loss of photore- 
ceptor nuclei typically seen in the posterior to equatorial superior hemi- 
sphere in the Uninjected + CL group, as well as the greater degree of 
rescue in the superior hemisphere than in the inferior hemisphere often 
seen in the v-bFGF group. In this case, the ONL of the superior retina 
is almost of normal thickness. ONH, optic nerve head. 

the rats injected intravitreally with PBS are not presented, and 
references to uninjected controls in subsequent experiments re- 
fer to PBS-injected controls as well. 

The reason for the slightly greater (but insignificant) overall 
mean ONL thickness in the PBS-injected eyes was the presence 
of a small region of retina that showed a thicker ONL surround- 
ing the injection site in the equatorial to far peripheral retina 
in the superior hemisphere. The extent of this apparent injury- 
related photoreceptor rescue was variable, but usually limited 
to a diameter of about 100-800 wrn, centered on the injury 
caused by the needle that traversed the retina. This localized 
thickening of the ONL was small enough that in many eyes in 
which the lprn plastic section did not include the needle site, 
no thickening of the ONL was seen. 

A small number of eyes injected intravitreally with PBS (or 
bFGF) had conspicuous bleeding into the vitreous. These eyes 
usually showed an irregular but maximal photoreceptor rescue, 
sometimes with photoreceptor rosettes in the ONL, as seen 
previously in RCS rats (Faktorovich et al., 1990). Such animals 
were excluded from the data analysis. 

Photoreceptor rescue following intravitreal bFGF injection 

Photoreceptors of bFGF-injected eyes of rats maintained in 
cyclic light for 1 or 2 weeks appeared indistinguishable from 
uninjected or PBS-injected controls maintained in cyclic light. 
When rats were exposed to constant light for 1 week beginning 
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Figure 4. Mean ONL thickness ofthe retinas ofalbino F344 rats, either 
maintained in cyclic light or exposed to constant light (CL) for I or 2 
weeks, and that were either uninjected controls or injected intravitreally 
with bFGF 2 d before the start of light exposure (v-bFGF). Data points 
are the mean (*SD) of 16 or more eyes. A, Measurements taken from 
the most degenerated region of the eye in the superior hemisphere (see 
Materials and Methods). B, Measurements taken of the entire retina 
(see Materials and Methods). In all cases, the ONL of bFGF-treated 
retinas was thicker than that of uninjected rats at a high level of statistical 
significance (P = 0.0002 or less). 

2 d after intravitreal bFGF injection, photoreceptor degenera- 
tion was far less extensive than in uninjected eyes exposed to 
the same period of constant light (compare Fig. 1 B, 0. Far fewer 
photoreceptor nuclei degenerated, so in all regions of the eye 
the ONL was thicker than in corresponding regions of retinas 
in uninjected eyes (Fig. 3). Indeed, after 1 week ofconstant light, 
the ONL in the most sensitive region in the superior hemisphere 
was almost three times thicker than that of uninjected eyes (Fig. 
4A), and it was almost two times thicker in ONL measurements 
of the entire retina (Fig. 4B). Photoreceptor rescue by bFGF 
injection was consistently greater in the superior than in the 
inferior hemisphere, with the greatest relative rescue occurring 
in the region of retina most sensitive to the damaging effects of 
light (Fig. 3). 

It should be noted that the somewhat greater variance in ONL 
measurements in the most sensitive region (Fig. 4A) compared 
with the entire retina (Fig. 4B) was probably due to the sections 
not passing through the exact center of the most sensitive (i.e., 
most degenerated) region in every case. This is consistent with 
the observation of a relatively wide range of minimal ONL 
thicknesses, 2.7-16.2 Km (mean of three smallest consecutive 
measurements in a given eye). 

With intravitreal bFGF injection there was a marked reduc- 
tion in the degenerative changes of light damage in photorecep- 
tor inner and outer segments. After 1 week of constant light, 
discrete inner segments were present even in the most sensitive 
region of the retina, as were some outer segments of normal 
diameter (Fig. 1C). Distant from this region, inner and outer 
segments appeared even less damaged (Fig. 2B). Large, rounded, 
sac-like profiles in the outer segment zone, as seen in the control 
(uninjected) light-damaged rats, were almost never found in the 
bFGF-treated rats after 1 week of constant light. 

After 2 weeks of constant light, retinas of bFGF-injected eyes 
were more degenerated than those in bFGF-injected eyes after 
1 week of light exposure, but were still significantly less degen- 
erated than those in uninjected eyes (Fig. 4). After 2 weeks of 
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light exposure, large rounded profiles were present in the outer 
segment zone when the ONL consisted of four or fewer rows of 
nuclei, but they were infrequent when more than four rows of 
nuclei were present. 

Recovery qf photoreceptors in cyclic light following light 
damage 

Since rod outer segments can regenerate following sublethal light 
damage to photoreceptors (Kuwabara, 1970; Lanum, 1978; 
McKechnie and Foulds, 1980; Wyse, 1980), we examined ret- 
inas of rats that were allowed to recover for 10 d in cyclic light 
following either 1 or 2 weeks of constant light, either with or 
without intravitreal bFGF injection. The 10 d period was chosen 
because it is the approximate duration of one rod outer segment 
renewal cycle in the rat (Young, 1967; LaVail et al., 1972; LaVail, 
1981a). 

After 10 d of recovery, ONL thicknesses in uninjected rats 
had not changed significantly from those at the end of 1 or 2 
weeks of constant light exposure (Fig. 5). Thus, removal of rats 
from constant light appeared to halt the loss of photoreceptor 
cell nuclei. In bFGF-treated eyes, ONL measurements after the 
10 d recovery were slightly less than before the recovery, but 
the ONL thickness appeared to stabilize at this level, based on 
preliminary observations with longer recovery periods (E. G. 
Faktorovich, R. H. Steinberg, D. Yasumura, M. T. Matthes, 
and M. M. LaVail, unpublished observations). 

After 10 d of recovery, photoreceptor inner and outer seg- 
ments in uninjected rats did not appear to regenerate in the most 
degenerated region of the eye. In most other parts of the retina, 
however, there were clear signs of photoreceptor recovery. In 
most regions, inner segments had lengthened, and there were 
significantly more outer segment fragments of normal diameter 
than in eyes with no recovery period. In the more peripheral 
retina, where damage was less severe, large, rounded membra- 
nous profiles were still present in the outer segment zone, but 
many outer segments of normal diameter were also found, par- 
ticularly in the inner part of the outer segment layer (Fig. 64. 
These were shorter and less well aligned than normal, but they 
definitely showed at least a small degree of regeneration. 

The bFGF-treated eyes, however, showed significantly greater 
regeneration of inner and outer segments in the 10 d recovery 
period than did the uninjected eyes. Although usually somewhat 
more disorganized than normal, inner and outer segments ap- 
peared almost normal in structure in the regions of best regen- 
eration (Fig. 6B). 

Overall, the degree of photoreceptor recovery in both bFGF- 
treated and uninjected eyes appeared to be inversely propor- 
tional to the degree of light damage in two respects. In individual 
sections, recovery was greatest where photoreceptor degenera- 
tion was least. In addition, individual rats differed somewhat 
in the degree of photoreceptor cell loss, which is typical for light- 
damage studies (Birch and Jacobs, 1977; LaVail, 1980), and the 
more severely light-damaged retinas had fewer outer segments 
of normal diameter after the recovery period than did the less 
severely damaged retinas. 

Photoreceptor rescue following subretinal bFGF injections 

Eyes subretinally injected with bFGF 2 d before a 1 week light 
exposure all showed extensive photoreceptor rescue in the su- 
perior hemisphere of the eye where the injection had been made 
(Fig. 7). The rescue effect was obvious throughout most of the 
superior hemisphere, and in four of six eyes the rescue effect 
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Figure 5. Mean ONL thickness of the entire retinas of albino F344 rats 
(see Materials and Methods) exposed to constant light (CL) for I or 2 
weeks, after which they were allowed to recover in cyclic light (CyL) 
for 10 d. Rats were either uninjected controls or were injected intrav- 
itreally with bFGF 2 d before the start of light exposure (v-bFGF). The 
thick lines represent data from rats subjected to constant light, either 
with or without bFGF injection, whereas the thin lines extend from the 
time the rats were taken from the constant light to the data point ob- 
tained after 10 d of recovery in cyclic light. In all cases, the mean ONL 
thickness after 10 d in cyclic light was statistically indistinguishable (P 
> 0.05) from the ONL thickness before the 10 d recovery period, except 
for the bFGF-treated retinas after 2 weeks ofconstant light (P = 0.0005). 
However, comparisons of the most degenerated region in the superior 
hemisphere showed no significant difference in this (P = 0.7 1) or any 
group of retinas (P > 0.05). Thus, little or no loss of photoreceptor cell 
nuclei occurs during the 10 d period of recovery in cyclic light in any 
of the groups. Each data point in the recovery experiments represents 
the mean (*SD) of six or more eyes. 

continued into the inferior hemisphere, in some cases extending 
to the equator of the inferior hemisphere (Fig. 7B). In all ex- 
periments, the integrity of the photoreceptor inner and outer 
segments was proportional to the degree of light damage (based 
on ONL thickness). Thus, in those regions of the inferior hemi- 
sphere where little or no rescue occurred, the retinas had an 
appearance similar to the uninjected rats exposed to 1 week of 
light. 

Photoreceptor rescue following subretinal dry needle or PBS 

Remarkably, insertion of a dry needle or injection of PBS into 
the subretinal space (five eyes each) produced a rescue quali- 
tatively similar to thatjust described above for subretinal bFGF. 
The only apparent difference in the rescue effect was its slightly 
greater extent in the bFGF-injected eyes. The eyes that received 
the dry needle insertion or PBS injection into the subretinal 
space showed obvious photoreceptor rescue throughout 70% or 
more of the superior hemisphere, and one of the eyes with the 
needle insertion showed rescue that extended into the inferior 
hemisphere (Fig. 7B). 

Figure 8 shows the site of needle injection (Fig. 84 and an 
adjacent area (Fig. 8B) in the superior hemisphere in one ex- 
periment where a needle had been placed into the subretinal 
space (and ONL) of the superior hemisphere 2 d before a 1 week 
light exposure. Photoreceptor inner segments were almost of 
normal length, and outer segments, albeit somewhat disorgan- 
ized, were abundant and mostly of normal diameter. Figure 8C 
shows the inferior hemisphere of the same retinal section shown 
in Figure 8, A and B. Few, if any, normal outer segments were 
found here, and these consisted mostly of large membranous 
packets 

We also studied the effect of a 10 d recovery period in cyclic 
light in dry needle experiments (six additional eyes). Inner and 
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Figure 6. Light micrographs of retinas from rats exposed to constant light for 1 week followed by a 10 d recovery period in cyclic light. In each 
case, the region of the eye showing the greatest degree of recovery of inner and outer segments is illustrated. A, Retina from an uninjected eye 
shows longer inner segments than immediately after light exposure (compare Fig. 24) and short, but distinct, fragments of outer segments (arrows) 
that have been generated during the 10 d recovery period. These underlie larger membranous whorls and large rounded profiles that were present 
immediately after light damage (Figs. lf?, 2A). B, Retina from an eye injected intravitreally 2 d before the onset of constant light exposure. Some 
focal disruptions in outer segment alignment are present (arrows), but otherwise the retina appears almost normal. Toluidine blue stain. Scale bar, 
20 pm. 

outer segments in the superior hemisphere (region of needle 
insertion) showed a high degree of recovery that was indistin- 
guishable from the recovery experiments in bFGF-injected eyes 
described above (data not shown). The more severely damaged 
inferior hemisphere showed only minimal inner and outer seg- 
ment regeneration, like that of the recovery experiments in un- 
injected (or PBS-injected) eyes described above (data not shown). 
In the intervening areas of retina, there was a gradient of inner 
and outer segment regeneration that was approximately pro- 
portional to the degree of photoreceptor rescue. 

Increase in macrophage incidence 

Cells identified presumptively as macrophages are normally 
present in rodent retinas in the inner retina, predominantly in 
the inner plexiform layer (IPL) (Fig. 9A), and some are found, 
as well, in the outer plexiform layer (Sanyal, 1972) and outer 

segment zone (Sanyal et al., 1984). Intravitreal bFGF increased 
the incidence of macrophages (Fig. 9B), even in control rats 
maintained in cyclic light for 9 d after injection (Fig. 1 OA). This 
increase was greater in the superior than in the inferior retinal 
hemisphere (Fig. 1 OA), probably due to the greater concentration 
of bFGF near the injection site. Subretinal injections of bFGF 
in the superior hemisphere also caused an increase in macro- 
phage numbers in the superior hemisphere (Fig. 1 OA). With both 
vitreal and subretinal bFGF, most of the macrophages were 
located in the IPL (Fig. 1OB). 

As expected from previous studies (O’Steen and Lytle, 197 1; 
O’Steen and Karcioglu, 1974), 1 week of constant light, by itself, 
increased the incidence of macrophages. In contrast to the bFGF 
injections, macrophage numbers with constant light alone were 
uniformly greater in both hemispheres of the eye, and macro- 
phages were present in both the IPL and outer segment zone 
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(Fig. lOA,@. In most cases, the presumptive macrophages in 
the IPL were usually devoid of obvious inclusions (Fig. 9B), 
whereas most located in the outer segment zone contained many 
inclusions of cellular and outer segment debris. 

Strikingly, the effects of vitreal bFGF and light exposure were 
additive for macrophage numbers in the IPL of both hemi- 
spheres. Thus, the light-exposed rats that had received vitreal 
bFGF showed a doubling in macrophage numbers over the 
uninjected light-exposed animals (Fig. 10.4). It is interesting that 
the additive effect of light exposure and bFGF persisted during 
the 10 d recovery period, while the effect of light exposure, by 
itself, showed a falloff during this period (Fig. IOA,B). 

It is important to note that subretinal PBS and dry needle 
insertion did not increase the incidence of macrophages either 
in the cyclic light or constant light experiments (Fig. lOA). Thus, 
the extensive photoreceptor rescue observed with these proce- 
dures (Figs. 7, 8) appeared unrelated to macrophage incidence. 

Discussion 
Photoreceptor rescue by bFGF 
Intravitreal and subretinal injections of bFGF prior to constant 
light exposure greatly ameliorated the damaging effects of light. 
Thus, the survival-promoting action of this heparin-binding 
peptide on photoreceptor degenerations is not specific to the 
RCS rat. The term “rescue” is often used casually to indicate 
the prevention ofcell death. In the RCS rat with inherited retinal 
dystrophy, bFGF did not reverse the genetic defect and only 
delayed the loss of photoreceptor cells (Faktorovich et al., 1990), 
therefore resulting in a transient “rescue.” In the case ofconstant 
light damage, bFGF results in a true rescue. With bFGF pre- 
treatment, those photoreceptors that survived the light exposure 
continued to survive after the rats were removed from the con- 
stant light. Indeed, during the 10 d recovery period in cyclic 
light, surviving photoreceptors actually regenerated their inner 
and outer segments to a much greater extent and reestablished 
a much more normal anatomical relationship with the RPE 
compared to photoreceptors of the more severely damaged ret- 
inas that did not receive bFGF. 

Photoreceptor outer segments in bFGF-treated and uninject- 
ed controls appeared qualitatively different after 1 week of con- 
stant light. In the uninjected (or PBS-injected) light-damaged 
controls, almost all outer segment membranes were in the form 
of large, rounded profiles, shown previously in light-damaged 
rat retinas to be large, sac-like structures filled with membranous 
profiles derived from degenerating outer segments (Kuwabara 
and Gom, 1968; Grignolo et al., 1969). Such profiles rarely were 
found in bFGF-treated retinas after 1 week of light damage, 
although many were seen in more severely degenerated retinas 
after 2 weeks of light exposure. The action spectrum of light 
damage in rats matches that of rhodopsin (Noel1 et al., 1966; 
Kaitz and Auerbach, 1980; Williams and Howell, 1983), and it 
has generally been found that photoreceptor outer segments 
sustain the initial insult (Kuwabara and Gom, 1968; Grignolo 
et al., 1969; Shear et al., 1973). It has been reported that the 
degenerative transformation of rod outer segments to large, 
membranous profiles occurs within hours to several days after 
the onset ofexcessive light exposure (Kuwabara and Gom, 1968; 
Grignolo et al., 1969). Thus, the absence of the large profiles 
after 1 week of light exposure in the bFGF-treated eyes was 
surprising. It appears that the rescue activity of bFGF occurs 
early enough in the degenerative process to retard the formation 
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Figure 7. Measurements of ONL thickness along the vertical meridian 
ofthe eye in albino F344 rats exposed to 1 week ofconstant light, treated 
with one of the following: a subretinal injection of bFGF in the superior 
hemisphere 2 d before the start of light exposure (s-bFGF + CL), the 
insertion of a dry needle into the subretinal space in the superior hemi- 
sphere 2 d before the start of light exposure (s-Needle + CL), or no 
iniection CUniniected + CL). A. Each data series shows the mean f  SD 
ofall expkriments (s-bFGi + CL, n = 6; s-Needle + CL, n = 5; Un- 
injected + CL, n = 6). The s-Needle + CL values are statistically in- 
distinguishable (P > 0.05) from those of the uninjected rats at 0.5 mm 
in the superior hemisphere and at all points in the inferior hemisphere. 
The s-bFGF + CL values are greater than those of the uninjected rats 
(P < 0.05) at 0.5 and 1.0 mm in the superior hemisphere, but do not 
differ statistically from any of the more peripheral values. Thus, on 
average, the rescue produced by subretinal needle insertion extended 
throughout most of the superior hemisphere, whereas the rescue pro- 
duced bv subretinal bFGF iniection extended farther, to about 1 mm 
into the;nferior hemisphere. B, Each data series shows measurements 
of a single section from selected animals chosen to illustrate the farthest 
extent into the inferior hemisphere of rescue produced by subretinal 
needle insertion and subretinal bFGF injection, compared to uninjected 
rats. ONH, optic nerve head. 

of such large profiles. While it is tempting to infer that bFGF 
may, in some way, protect rod outer segments specifically, this 
cannot be distinguished at present from a survival-promoting 
effect on the cell as a whole. Thus, the survival-promoting action 
of bFGF may modify the susceptibility of the photoreceptor 
cell, as a whole, to the damaging effects of light, or it possibly 
could alter the usual sequence of cytopathological changes in 
light damage. The cellular mechanism(s) by which bFGF rescues 
photoreceptors from the damaging effects of light obviously re- 
mains to be shown, as it does for all other neuronal systems in 
which the peptide shows a survival-promoting action (Sievers 
et al., 1987; Unsicker et al., 1987; Anderson et al., 1988; Hatten 
et al., 1988; Dreyer et al., 1989; Grothe et al., 1989; Otto et al., 
1989). Indeed, it is not even clear whether bFGF acts directly 
on neurons or indirectly through glial cells, or both (Hatten et 
al., 1988; Walicke and Baird, 1988; Engele and Bohn, 1991; 
Yoshida and Gage, 199 1). 

Light-induced photoreceptor cell death is thought to involve 
photoxidative processes that are initiated in the outer segment 
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Figure 8. Light micrographs from a single retina in which a dry needle was inserted into the subretinal space and ONL 2 d before a 1 week 
constant light exposure. A, Region of the superior equatorial retina where the needle was inserted (arrow). Immediately adjacent to the site of injury, 
photoreceptor inner and outer segments are relatively well preserved. B, This region is located several hundred micrometers peripheral to the injury 
site in the superior hemisphere, and the retina appears as well preserved as that immediately adjacent to the injury (A). C, Retina in the inferior 
retina in which no rescue has occurred. Toluidine blue stain. Scale bar, 30 pm. 

(Noell, 1980; Anderson et al., 1984; Wiegand et al., 1984; Han- 
delman and Dratz, 1986). Cell death in RCS rats results from 
an as yet undefined genetic defect in the RPE (Mullen and LaVail, 
1976) that disrupts one or more photoreceptor-RPE cell inter- 
actions vital to the photoreceptor @Vail, 198 1 b). While the 
steps in the etiology of cell death appear to differ in these two 
forms of retinal degeneration, there may be mechanisms in com- 
mon, beginning at some unknown stage in the injury pathway. 
Since bFGF rescues photoreceptors in both forms of retinal 
degeneration, it is tempting to infer that it acts as a survival- 
promoting factor by influencing this shared pathway. This may 
be further generalized to its rescue effect in other neuronal sys- 
tems and with different pathological processes (e.g., axotomy, 
ontogenetic cell death, etc.). Thus, the peptide may act in an 

essential pathway that protects or repairs, via an as yet undefined 
molecular mechanism, that is common to many neuronal types 
and cytopathological processes (e.g., Mattson et al., 1989). 

It is possible that bFGF acts in the normal retina as a survival 
or neurotrophic factor. We previously suggested that the RCS 
rat may, in fact, have a specific defect in the production, pres- 
ence, or responsiveness to bFGF (Faktorovich et al., 1990) and 
this is suggested by the recent finding of a reduced number of 
bFGF receptors on the dystrophic RPE cell surface (Hicks et 
al., 199 1). It is possible that constant light may also induce such 
a defect in bFGF. In both cases, then, the rescue effect would 
occur by injected bFGF acting to promote the survival of cells 
that are degenerating because of the loss of its normal activity. 

The superior central retina showed the greatest relative rescue 
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Figure 9. Light micrographs illustrating presumptive macrophages (arrows) in the inner retina of a normal, uninjected eye (A) and an eye 
intravitreally injected with bFGF 2 d before a 1 week constant light exposure (B). A greater number was typically seen in the bFGF-injected eyes 
(see Fig. 10). INL, inner nuclear layer. Toluidine blue stain. Scale bar, 20 pm. 

by bFGF, and this is also the region most sensitive to the dam- 
aging effects of light (Noel& 1979; Rapp and Williams, 1980; 
LaVail et al., 1987~). This may have occurred because bFGF 
was injected into the superior hemisphere of the eye, providing 
a higher concentration there. Alternatively, this region may be 
intrinsically more susceptible to light damage (Rapp and Wil- 
liams, 1980) as well as to rescue by bFGF. In addition, we 
cannot exclude possible bFGF interaction with a presumptive 
injury-induced factor produced by the intravitreal injection; 
however, rescue by such a factor alone was restricted to the area 
surrounding the needle, which was located far from the region 
most sensitive to constant light. Moreover, in some preliminary 
experiments we have found that by injecting through the cornea, 
bFGF produces photoreceptor rescue without apparent retinal 
injury (M. M. IaVail, D. Yasumura, M. T. Matthes, K. Unoki, 
and R. H. Steinberg, unpublished observations). 

Photoreceptor rescue with insertion of dry needle into the 
subretinal space 
The insertion of a dry needle (or PBS injection) into the sub- 
retinal space 2 d before a 1 week light exposure resulted in a 
remarkable degree of photoreceptor rescue that extended 
throughout much of the superior hemisphere in all eyes, and 
sometimes into the inferior hemisphere. Comparable experi- 
ments in the RCS rat also resulted in photoreceptor rescue (Fak- 
torovich et al., 1990; Silverman and Hughes, 1990; Blair et al., 
199 1). Moreover, lesions caused by laser resulted in an enhanced 
physiological preservation of the retina of RCS rats, as measured 
electroretinographically (Behbehani et al., 1984). It should be 
emphasized that the extent of rescue in our light-damage ex- 
periments resulting from the insertion of a needle into the sub- 
retinal space was far greater than that produced by insertion 
into the vitreous (intravitreal injection), extending up to 5000- 

6500 pm and 100-800 pm of retinal length, respectively. This 
difference is presumably due to the much greater cellular damage 
in the case of the subretinal injection, with its very shallow 
trajectory and more extensive traverse through retinal (and RPE) 
tissue. 

We suggested previously that injury-induced rescue in the 
RCS rat might be mediated by the release of endogenous bFGF 
from cells damaged by these procedures (Faktorovich et al., 
1990). This was based on the finding in other systems of bFGF 
release from mechanically injured cells (Finklestein et al., 1988; 
McNeil et al., 1989) and our own finding in RCS rats that the 
degree of rescue generally was proportional to the degree of 
injury produced by the injection or needle insertion into the 
subretinal space (Faktorovich et al., 1990). Subsequent work 
has demonstrated the presumptive release of bFGF (or bFGF- 
containing cellular debris) following injury in CNS tissue (Fraut- 
schy et al., 1991) and the presence of bFGF in rat RPE and 
neural retina (Connolly et al., 199 1). The possibility exists, how- 
ever, that this injury-induced photoreceptor rescue may not be 
due to bFGF released from RPE or other cells (see Increase in 
incidence of macrophages, below), but rather to some other 
mechanism or factor. 

Remarkably, the area1 distribution of the subretinal injury- 
induced photoreceptor rescue was much greater in the light- 
damage experiments than in RCS rats. Indeed, the area of rescue 
in RCS rats was restricted most often to the needle tract (Fak- 
torovich et al., 1990; Blair et al., 199 l), like that in the present 
intravitreal injections of PBS. One possible explanation of the 
difference resides in the experimental protocol, where the post- 
injury or postinjection interval was 7 d in the light damage 
experiments and l-2 months for RCS rats. Injury from the 
subretinal needle may release some factor(s), perhaps bFGF, 
that initially diffuses widely but is most concentrated near the 
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Figure 10. Counts of presumptive macrophages in retinal sections 
following various experimental procedures. Counts are subdivided into 
superior and inferior hemispheres without regard for the location in the 
inner retina or the outer segment zone (A), or subdivided into the inner 
retina (ZPL) and outer segment zone (OS Zone), in which case only data 
from the superior retina are shown, since this is the hemisphere into 
which the subretinal injections were done (B). Values are the mean 
(*SD) of counts from four or five sections, each from a different animal. 
v-, intravitreal injection; s-, subretinal injection. 

injury site. With time, the rescue effect of the liberated factor 
presumably dissipates, most rapidly at the distal regions of low 
concentration. Preliminary light-damage observations show that 
the duration of the full rescue potential of intravitreally injected 
bFGF is only about 1 week (LaVail et al., 199 1). Thus, in RCS 
rats, injury-induced photoreceptor rescue initially may have ex- 
tended much farther out from the injury site and then contracted 
back to the region where the concentration of the liberated fac- 
tor) was highest (i.e., the injury site). 

It is possible that other, more complex explanations may 
underlie both the mechanisms ofphotoreceptor rescue following 
injury and the different distribution of rescue in RCS rats and 
in light damage. This includes the release of a factor(s) that 
stimulates other cells to provide a rescue factor, or the intro- 
duction of blood-derived factor(s) during the injury (Yoshida 
and Gage, 1991). Regardless of the mechanism, these obser- 
vations make the significant point that survival-promoting fac- 

tors, and perhaps bFGF, are readily available to provide a pro- 
tective role in the retina in case ofvarious sorts ofinjury. Indeed, 
recent immunocytochemical studies have shown that most lay- 
ers of the retina and RPE contain bFGF (Hanneken et al., 1989; 
Connolly et al., 199 1; Ishigooka et al., 1992). The peptide also 
appears to reside in the interphotoreceptor matrix that lies be- 
tween the retina and the RPE (Plou&t et al., 1986; Hageman et 
al., 199 l), as does at least one other survival-promoting factor 
(Hewitt et al., 1990). 

Injury-induced photoreceptor rescue resembles the “condi- 
tioning lesion” effect previously described in the CNS and PNS 
(McQuarrie et al., 1977; Nieto-Sampedro et al., 1987; Perez- 
Polo et al., 1990). In this experimental paradigm, an initial 
(conditioning) lesion substantially facilitates the recovery that 
follows a subsequent (test) lesion, when compared to the recov- 
ery observed following only a single lesion. In sensory or motor 
nerve injury, for example, signs of repair such as the delay of 
outgrowth, its rate, as well as numbers of regenerating myelin- 
ated axons are all improved when a test lesion follows a con- 
ditioning lesion (McQuarrie, 1978; McQuarrie and Grafstein, 
1981; Jenq et al., 1988). In another paradigm, prior injury to 
the brain (reviewed by Nieto-Sampedro et al., 1984) and extracts 
from injured brain (Nieto-Sampedro et al., 1984) have been 
shown to enhance the survival of brain tissue transplants. In 
addition, a time-dependent increase in the level of neuron sur- 
vival-promoting factors (up to 6 d in pups, 16 d in adults) was 
found near the injury site (Nieto-Sampedro et al., 1982, 1983; 
Manthorpe et al., 1983). There is some evidence that these 
factors differ immunologically from NGF (Manthorpe et al., 
1983), are not derived from blood or serum (Neito-Sampedro 
and Cotman, 1985), and may act, at least in part, by enhancing 
antioxidants (Jackson et al., 1990). Injury-induced photorecep- 
tor rescue is produced by perturbing the integrity of the outer 
retina with a needle that breaks the blood-retinal barrier and 
may indeed represent an example of the conditioning lesion 
effect. We have not yet shown, however, that the rescue effect 
requires a delay of some days (or even weeks) to condition the 
site. Our effect also is distinct from other conditioning lesion 
paradigms in that it involves delaying or preventing neuronal 
death in two conditions where the “test lesion” is actually a 
degenerative process and not a trauma-induced lesion. 

Increase in incidence of macrophages 
Intravitreal and subretinal injection of bFGF markedly in- 
creased the incidence of presumptive macrophages, even in rats 
maintained in cyclic light. The mechanism of this increase is 
unclear. bFGF may elicit an influx of cells, or it may stimulate 
resident or invading cells to proliferate. Macrophages have been 
shown by tritiated thymidine incorporation to proliferate in 
retinal degenerations (Gloor, 1974; LaVail, 1979). In the present 
experiments, only two or three cell divisions would have been 
needed for the increased number observed during the 9 d fol- 
lowing bFGF injection in the rats kept in cyclic light, and one 
cell division in the rats exposed to constant light. 

In our previous study on photoreceptor rescue by bFGF in 
RCS rats (Faktorovich et al., 1990), we also found an increased 
incidence of presumptive macrophages in the inner retina. This 
raised the question of the role of these cells in the rescue process, 
since they contain and release bFGF (Baird et al., 1985b; Gos- 
podarowicz, 1990) and other growth factors and are vital ele- 
ments in wound healing. Our evidence from light damage sug- 
gests, however, that macrophages may not be key players in the 
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rescue process. While macrophage numbers increased with vi- 
treal bFGF, with subretinal bFGF their numbers were not great- 
er than with constant light alone, even in the superior hemi- 
sphere where photoreceptor rescue was greatest (Fig. 10A). An 
increased macrophage incidence was not associated with injury- 
induced rescue, since there was no increase in their number in 
subretinal needle or PBS-injected eyes (Fig. 10). We cannot 
exclude a role for macrophages in either of the rescue processes, 
however, because they contain various growth factors (Yoshida 
and Gage, 199 l), and their incidence is greater in constant light 
than in cyclic light, so they could interact with exogenous bFGF 
or injury-induced factors (Yoshida and Gage, 199 1) to assist in 
the rescue process either with or without an increased incidence. 
It should be noted, however, that macrophages appear incapable 
of rescuing photoreceptors in the RCS rat (Li et al., 1991). 
Further, more direct, experiments will be necessary to determine 
if macrophages play any role in rescue by bFGF or injury. 

The macrophage counts also provide some information about 
the possible nature of the injury-induced rescue. We found that 
intravitreal bFGF produced an increase in macrophages while 
the injury-related procedures did not, yet both produced pho- 
toreceptor rescue. This could be taken as negative evidence for 
a significant role for bFGF in injury-induced rescue. There are, 
however, a number of alternative explanations for this finding. 
bFGF, for instance, may have been released from injured cells 
at a concentration sufficient to produce rescue but insufficient 
to increase the number of macrophages, since these mechanisms 
may have different thresholds. Another possibility is that an 
inhibitory factor is released during injury that counteracts the 
stimulatory effect of bFGF on macrophage numbers. In con- 
clusion, a putative role for bFGF in injury-related rescue re- 
mains to be determined. 

Light damage as a model for studying the mechanisms of 
bFGF action 

As noted in the introductory remarks, we sought a better-con- 
trolled model than the RCS rat for exploring the cellular site(s), 
kinetics, and molecular mechanisms of the normal function of 
bFGF in the retina and the survival-promoting activity of the 
growth factor in vivo. Light damage in the albino rat retina offers 
many attributes for such studies. The “lesion” is produced non- 
invasively; the growth factor is administered in a relatively non- 
invasive manner and at a relatively controlled concentration 
within the eye; the intensity and duration of the light can be 
varied to regulate the rate and degree of cell degeneration; the 
period of cell degeneration can be relatively short, from several 
days to l-2 weeks; the experiments can be carried out on com- 
mercially available rats; and the animals can be used at almost 
any age (with age-matched controls), unlike the age-dependent 
experiments that must be done with an inherited neuronal de- 
generation such as that in the RCS rat. Thus, light damage in 
the retina offers advantages over many other in vivo systems to 
study the survival-promoting activity of bFGF. 
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