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Retinal Degeneration in Transgenic Mice with Photoreceptor- 
Specific Expression of a Dominant-Negative Fibroblast Growth 
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Mutant cDNAs coding for dominant-negative forms of the fi- 
broblast growth factor receptors 1 (FGFR-I) and 2 (FGFR-2) 
that lack tyrosine kinase activity were ligated to a 2.2 kb DNA 
fragment containing the bovine rhodopsin promoter and used 
to generate transgenic mice. Six independent lines were gen- 
erated with the FGFR-1 construct, and five were generated with 
the FGFR-2 construct. Five of the six FGFR-1 mutant lines and 
all five FGFR-2 mutant lines showed transgene expression in 
the retina by reverse transcription-PCR. By both in situ hybrid- 
ization and immunohistochemistry, mutant FGFRs were found 
to be expressed specifically in photoreceptors of transgene- 
positive FGFR-1 and FGFR-2 mice. Lines expressing the 
FGFR-2 mutant showed progressive photoreceptor degenera- 
tion; the retinas showed minimal or no abnormalities at 1 
month, but by 2 months they showed focal areas of thinning of 

the outer nuclear layer and disruption of photoreceptors. By 
2-4 months, areas of complete loss of photoreceptors were 
seen. These abnormalities were not seen in control littermates 
not expressing the transgene. Mice from two FGFR-1 mutant 
lines showed focal areas of thinning of the outer nuclear layer 
and numerous photoreceptors with fragmented chromatin, 
whereas the other FGFR-1 lines showed minimal or no abnor- 
malities. These data indicate that perturbation of FGF signaling 
in photoreceptors is associated with progressive photoreceptor 
degeneration, suggesting that one or more of the FGFs may act 
as a survival factor for photoreceptor cells. 
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In 1921, Ramon y  Cajal suggested the possibility that neurons 
require substances from their surrounding environment to main- 
tain viability (Ramon y  Cajal, 1921). Since then, a great deal of 
experimental evidence has been generated in support of this 
hypothesis, and it is now widely accepted that most neurons 
require trophic support. In the retina, a number of growth factors, 
neurotrophins, and related signaling molecules have been impli- 
cated in the regulation of the development and maintenance of 
structure and function. Among those factors implicated are mem- 
bers of the fibroblast growth factor (FGF) family. Acidic FGF, 
basic FGF, and FGF-5 have been demonstrated in both the retina 
and retinal pigmented epithelium (RPE) (Schweigerer et al., 
1987; Baudouin et al., 1990; Connolly et al., 1992; Gao and 
Hollyfield, 1992; Raymond et al., 1992; Kitaoka et al., 1994). Basic 
and acidic FGFs promote the expression of differentiation mark- 
ers in photoreceptors and RPE in vitro (Hicks and Courtois, 1992; 
Campochiaro and Hackett, 1993) and they also influence retinal 
progenitor cell fate determination (Guillemot and Cepko, 1992). 
Addition of basic or acidic FGF to embryonic chick eye cups 
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causes regeneration of neural retina from the RPE (Park and 
Hollenberg, 1989; Pittack et al., 1991). It has also been suggested 
that the FGFs play a role in retinal abnormalities such as neovas- 
cularization (for review, see D’Amore, 1994). 

Recently, attention has been focused on possible neurotrophic 
effects of the FGFs in the retina. Basic FGF promotes photore- 
ceptor survival in Royal College of Surgeons rats with an inherited 
retinal dystrophy (Faktorovich et al., 1990), and both basic and 
acidic FGFs decrease photoreceptor cell death when injected into 
the vitreous of rats before exposure to constant light (LaVail et 
al., 1992). These studies suggest that one or more of the FGFs 
might naturally act as survival factors in the outer retina. One way 
to test this hypothesis is to block FGF signal transduction in viva. 
Knockout of the various FGF genes offers an approach to elimi- 
nate individual FGFs. Such knockouts, however, may be lethal 
because of the important and varied roles of the FGFs in devel- 
opment. Furthermore, even if FGF knockouts were not lethal, the 
expression of multiple FGFs in the retina raises the possibility that 
redundancy of function might obscure the effects of eliminating a 
single FGF. 

Another approach to studying the role of the FGFs in the retina 
is to perturb the function of FGF receptors (FGFRs). There are 
four FGFR genes currently referred to as FGFR-1 (fig), FGFR-2 
(bek), FGFR3, and FGFR-4 (for review, see Johnson and Wil- 
liams, 1993). The proteins coded by the four human receptor 
genes are very similar, with a level of homology (72% amino acid 
identity) greater than that seen among the members of the FGF 
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family. There are multiple forms of FGFR-1 and FGFR-2 attrib- 
utable to alternative splicing of their mRNAs. Both alternative 
splicing of mRNAs and sequence differences among the receptor 
genes may contribute to signaling specificity. Photoreceptors and 
RPE cells express FGFR-1 and FGFR-2 (Ohuchi et al., 1994; 
Tcheng et al., 1994). As is the case with the FGFs, gene knockouts 
of the FGFRs is not a viable method for studying FGF function 
specifically in the retina. Disruption of the FGFR-1 gene results in 
several developmental abnormalities and embryonic death (Deng 
et al., 1994; Yamaguchi et al., 1994), and it is likely that disruption 
of the FGFR-2 gene would have similar consequences. 

An alternative approach is to use dominant-negative receptor 
mutations that lack a functional ligand-induced tyrosine kinase 
domain (Amaya et al., 1991; Ueno et al., 1991, 1992). Because 
tyrosine kinase receptors require dimerization for normal signal- 
ing, expression of a defective receptor can interfere with the 
function of wild-type receptors and eliminate the ability of a cell 
to respond to the ligand. Expression of an FGFR with a tyrosine 
kinase domain deletion inXenopus embryos interferes with FGFR 
signaling and disrupts mesoderm development (Amaya et al., 
1991). Coupling a mutated FGFR gene to a tissue-specific pro- 
moter avoids disruption of FGF signaling in other tissues and 
provides a means to investigate the role of FGFs in a single cell 
type. Targeted expression of an FGFR mutant in suprabasal 
keratinocytes using the keratin 10 promoter has been used to 
demonstrate that FGFs play an essential role in keratinocyte 
organization and differentiation (Werner et al., 1993). In a similar 
manner, the surfactant protein C promoter was used to achieve 
specific expression of an FGFR mutant in lung bud epithelium 
and demonstrated a specific role for FGFs in branching morpho- 
genesis and epithelial differentiation of the mammalian lung (Pe- 
ters et al., 1994). 

Here we have used a similar strategy to study the role of FGFs 
in retinal photoreceptors. We have coupled the bovine rhodopsin 
promoter to FGFR-1 and FGFR-2 genes with deleted tyrosine 
kinase domains and have generated transgenic mice that demon- 
strate photoreceptor-specific expression of the dominant-negative 
FGFR mutants. Our results indicate that FGFR-mediated signal- 
ing is necessary for photoreceptor survival. 

MATERIALS AND METHODS 
Generation of transgenic animals. The 2.2 kb HindIIIINaeI fragment that 
contains the bovine rhodopsin promoter (Zack et al., 1991) was cloned 
upstream of the mutant murine FGFR-I/ and FGFR-2/rabbit P-globin 
fusion genes (Li et al., 1994); after transformation, clones with correct 
orientations were selected. DNA was purified twice using CsCl and cut 
with Hind111 and EcoRI to provide a 3.4 kb rhodopsin promoter/mutant 
FGFR-l/P-globin fusion gene and a 4.2 kb rhodopsin promoter/mutant 
FGFR-2/p-globin fusion gene. The fusion genes were purified and trans- 
genie mice were generated using established techniques as described 
previously (Hogan et al., 1986; Zack et al., 1991). The FGFR-1 construct 
was microinjected into pronuclei of B6AF,J (female) X B6C3F, (male) 
embryos, and the FGFR-2 construct was microinjected into pronuclei of 
B6AF, (female) X C57BW6J (male) embryos. All offspring were back- 
crossed to C57BL/6J mice. Because some of the FGFR-I offspring could 
have been heterozygous for the mutant rd allele, which causes photore- 
ceptor degeneration, all offspring were screened by PCR for the mutant 
allele (Pittler and Baehr, 1991). The few animals that were found to carry 
the rd mutation were killed. None of the mice used for analysis carried the 
mutant rd allele. 

Mice were screened for the presence of the transgene as described 
previously (Zack et al., 1991). After a “hot start” at 94°C for 5 min, 35 
cycles of amplification were carried out with the following protocol: 94°C 
for 1 min, 56°C for 30 set, and 72” for 30 set with flg forward (Pl: 
GTAACAGTGTCAGCTGACTC) or bek forward (P3: GCTCCTCCAT- 
GAACTCCAAC) and globin-l primers (P4: AAGAGGAGACAATG- 

GTTGTC). Reaction products were analyzed by agarose gel 
electrophoresis. 

Retinal reverse transcription (RT)-PCR. RNA was isolated from the 
retinas of l-month-old mice using the guanidine isothiocyanate method 
as described by Chomczynski and Sacchi (1987). RT was carried out with 
-0.5 pg of RNA, reverse transcriptase (Gibco, Gaithersburg, MD), and 
3.5 pM oligo d(T) primer. Aliquots of the cDNAs were used for PCR 
amplification with the fig forward (Pl), bek forward (P3), and globin- 
(P2: AGCCACCACCTTCTGATAGG) primers as described above. 
These primers amplify across an intron-exon border. The expected PCR 
products for the FGFR-1 transgene from DNA and mRNA are 305 bp 
and 213 bp, respectively; the expected PCR products for the FGFR-2 
transgene from DNA and mRNA are 288 bp and 197 bp, respectively. 
Titrations were performed to insure that PCR reactions were carried 
out in the linear range of amplification. Mouse S16 ribosomal protein 
primers (CACTGCAAACGGGGAAATGG and TGAGATGGACT- 
GTCGGATGG) were used to provide an internal control for the amount 
of template in the PCR reactions (Wagner and Perry, 1985). 

In situ hybridization. In situ hybridization with digoxigenin-labeled 
sense and antisense probes for fig or bek and rabbit P-globin was used to 
localize transgene expression in the retina, using a procedure that was 
published previously- (Campochiaro et al., 1994). -To prepare rabbit 
B-globin nrobes suecific for the transgenes. an RT-PCR-derived 109 bu 
fragment’of rabbit /3-globin cDNA &luding the exon2iexon3 junction 
was subcloned into pCR-Script SK (Stratagene, La Jolla, CA). The PCR 
product was blunt-ended with T4 DNA polymerase (New England Bio- 
labs, Beverly, MA) and digested with BamHI to remove 5’flg sequences. 
The insert was then ligated into EcoRV- and BarnHI-digested vector. 
Clones were verified by sequencing. 

Immunohistochemistry. Immunohistochemistry was carried out on 8 pm 
frozen sections of retina from transgene-positive and control mice, using 
previously published techniques (Campbchiaro et al., 1994). A rabbit 
polyclonal anti-FGFR-1 antibody (Upstate Biotechnology, Lake Placid, 
NY) was used in a 1:25 dilution, and a rabbit polyclonal anti-FGFR-2 
antibody (generously provided by Irit Lax, Ph.D., Department of Phar- 
macologv, New York Universitv School of Medicine) was used in a 1:lOO 

I I  

dilution. For controls, normal rabbit serum was’substituted for the 
primary antibodies. The chromogen was HistoMark Blue (Kirkegaard 
and Perry, Gaithersburg, MD), which was developed according to the 
instructions of the manufacturer. Slides were photographed on a Zeiss 
Axioskop microscope using Nomarski optics with Kodak 64T tungsten 
film. 

Evaluation of retinas by light and electron microscopy. Mice were killed 
at the appropriate time points by cervical dislocation or by cardiac 
perfusion, first with lactated Ringer’s solution and then with 4% para- 
formaldehyde in 0.05 M phosphate buffer, pH 7.4, after being anesthe- 
tized with a mixture of xylazine hydrochloride and ketamine hydrochlo- 
ride. The corneas of nonperfused mice were removed, and the eyes of 
both perfused and nonperfused mice were then immersed in 2% para- 
formaldehyde/2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, at 
4°C and stored in this solution. Eyes were bisected along the midline 
through the cornea and the optic disk and strips of retina with attached 
choroid and sclera were cut adjacent and parallel to the cut surface. The 
retinal strips were osmicated, dehydrated, and embedded in Poly/Bed 812 
(Polysciences, Warrington, PA) as described previously (Vinores et al., 
1988). The tissue was sectioned, counterstained with uranyl acetate and 
lead citrate, and viewed with a JEOL 100 CX electron microscope at an 
accelerating voltage of 60 kV. Micrographs were taken on Kodak 4489 
electron image film. 

RESULTS 
Expression of dominant-negative FGFRs in the 
photoreceptors of transgenic mice 
Murine cDNAs for truncated FGFR-1 and FGFR-2 that contain 
the coding region for the entire extracellular domain, the trans- 
membrane region, and the first 32 and 74 amino acid residues, 
respectively, of the intracellular domain have been described 
previously (Li et al., 1994). The cDNAs for each truncated recep- 
tor were ligated to the 2.2 kb HindIIIINaeI bovine rhodopsin 
upstream fragment, which contains the rhodopsin enhancer re- 
gion and the proximal promoter region (Zack et al., 1991; Nie et 
al., 1996) (Fig. 1). The resulting fusion genes were used to gen- 
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Figure 1. Schematic map of the rhodopsin promoter/PGFR-1 and rho- 
dopsin promoter/FGFR-2 fusion genes. The 2.2 kb HindIII/NaeI DNA 
fragment containing the bovine rhodopsin promoter and rhodopsin en- 
hancer region was cloned upstream of mutant FGFR-l/ and FGFR-2/ 
rabbit P-globin fusion genes. The FGFR-1 and FGFR-2 mutants contain 
the coding region for the extracellular domain, the transmembrane region, 
and the first 32 and 74 amino acid residues, respectively, of the intracel- 
lular domain. The 1.7 kb P-globin sequence, which is located in the 
3’-untranslated region, contains part of exon 2, intron 2, and exon 3, so as 
to provide an intron and poly A addition site to increase transgene 
expression. The position of primers PI-P4, which were used in PCR 
analysis, is indicated. 

erate transgenic mice. Six independent lines that incorporated the 
mutated FGFR-1 (designatedflg-3, -12, -13, -23, -27, and -46) and 
five that incorporated the mutated FGFR-2 (designated bek-1, -6, 
-9, -18, and -56) were obtained. 

Total RNA was isolated from the retinas of several transgene- 
positive mice from each line, and expression of transgene mRNA 
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Figure 2. Transgene expression in the retinas of transgenic mice by 
RT-PCR. Total RNA and cDNA were prepared from the retinas offZg and 
bek transgenic mice, and 20 cycles of PCR amplification were performed 
using primer pairs Pl and P2 or P2 and P3 for flg (A) and bek (B), 
respectively, and analyzed by agarose gel electrophoresis. PCR was also 
carried out with primers for ribosomal protein S16 as a control for the 
amount of template cDNA. Ethidium bromide-stained gels were scanned 
with an AGFA (Mortsel, Belgium) Arcus Plus hat-bed scanner, a com- 
posite of representative samples showing reaction products from two 
independent animals from each line was assembled with Photoshop 3.0 
(Adobe, Mountain View, CA), and the image was printed with a Kodak 
(Rochester, NY) XL 7700 Digital Continuous Tone printer. 

was assessed by semiquantitative RT-PCR using oligonucleotide 
primers specific for each construct (Figs. 1, 2). PCR conditions 
were adjusted such that all reactions were performed in the linear 
range of amplification. PCR with primers specific for ribosomal 
protein S16 mRNA was also performed to control for the amount 
of starting RNA. The relative amount of mutant receptor mRNA 
expressed in the retina was consistent among mice from the same 
lines. Two of the FGFR-1 mutant lines, fZg-13 and -23, showed 
relatively high levels of expression, the flg-12 and -46 lines showed 
lower levels, and the fig-27 line showed no reaction product with 
20 cycles of amplification, but a distinct band was seen with 35 
cycles (data not shown); the flg-3 line could not be propagated and 
was not tested. Two of the FGFR-2 mutant lines, bek-18 and -56, 
showed relatively high levels of expression, the bek-1 line showed 
lower levels, and no reaction product was seen for the bek-6 line 
at 20 cycles of amplification, but a distinct band was seen at 35 
cycles (data not shown); the bek-9 line was not tested because of 
the difficulty in propagation of the line. 

In situ hybridization was performed with digoxigenin-labeled 
riboprobes for FGFR-1 and FGFR-2. Retinas from the bek-1, -18, 
and -56 lines showed reaction product in photoreceptor cell bod- 
ies and inner segments with antisense FGFR-2 probe (Fig. 3A). 
No staining was seen with sense probes (Fig. 3B). Staining was not 
detected with either antisense or sense probes in control mice 
(Fig. 30), suggesting that the sensitivity of our technique is not 
sufficient to detect endogenous receptor mRNA. Hybridization 
with an antisense probe for a portion of the rabbit /3-globin 
sequences contained in the transgene demonstrated staining in 
photoreceptor cell bodies and inner segments similar to that seen 
with the FGFR-2 antisense probe (not shown). Hybridization with 
an antisense probe for murine opsin showed staining in photore- 
ceptor inner segments that was similar in bek and control mice 
(Fig. 3C,E). Mice from the fig-12 line showed reaction product in 
photoreceptor cell bodies and inner segments when hybridization 
was carried out with antisense FGFR-1 probes. Staining was not 
seen in several mice from the flg-27 and -46 lines or in control 
mice (not shown). 

Immunohistochemical staining with anti-FGFR-1 antibody 
showed reaction product limited to photoreceptors in transgene- 
positive fZg mice (Fig. U,C). Staining was not detectable in 
transgene-negative littermates (Fig. 4B) or in control C57BLi6J 
mice (not shown), indicating that our immunohistochemical tech- 
nique was not sufficiently sensitive to detect endogenous FGFRs. 
Staining with anti-FGFR-2 antibody showed reaction product 
limited to photoreceptors in transgene-positive bek mice (Fig. 
4D,E), and there was no staining in transgene-negative littermates 
(Fig. 4F) or in control C57BL/6J mice. Also, there was no staining 
on sections from PCR-positive flg or bek mice in which normal 
rabbit serum was substituted for the anti-FGFR-1 or anti-FGFR-2 
primary antibodies, respectively (not shown). Therefore, by both 
in situ hybridization and immunohistochemistry, mutant FGFRs 
are expressed specifically in photoreceptors of transgene-positive 
flg and bek mice. 

Photoreceptor degeneration in transgenic mice 
expressing dominant-negative FGFRs 
Through 1 month of age, the retinas of all transgenic mice exam- 
ined were minimally distinguishable, if at all, from normal mice 
(Fig. 5A) as assessed by both light and electron microscopy. A 
representative light micrograph from the retina of a l-month-old 
bek-1 mouse (a line with intermediate level of transgene expres- 
sion) and an electron micrograph from the retina of a 24-d-old 
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Figure 3. Localization of transgene or opsin mRNA in the retinas of transgenic and control mice. A, Retina from a 5-week-old bek-56 mouse hybridized 
with a digoxigenin-labeled antisense bek probe (X250). The reaction product is limited to the outer layer (ONL), which contains the cell bodies of 
photoreceptors. The inner nuclear layer (ZNL) and ganglion cell layer (GCL) have no reaction product. The dark area at the bottom of each panel is the 
RPE and adjacent choroid. B, Serial section from the same mouse shown in A hybridized with a digoxigenin-labeled sense bek probe (x250). There is 
no reaction product anywhere in the retina. C, Retina from an &week-old control mouse hybridized with a digoxigenin-labeled antisense opsin probe 
(X250). Reaction product is limited to the inner segments (IS) of the photoreceptors. The dark urea at the bottom is attributable to pigment in the RPE 
and choroid. D, Retina from a 4-week-old bek-1 mouse hybridized with a digoxigenin-labeled antisense bek probe (X 125). E, Retina from an S-week-old 
bek-18 mouse hybridized with a digoxigenin-labeled antisense opsin probe (X 125). 

fig-12 mouse are shown (Fig. 5B,D). Figure 5E shows mild ultra- 
structural abnormalities in a bek-1 mouse, consisting of a giant cell 
among slightly disorganized photoreceptor outer segments. In 
general, inflammatory cells were seen rarely in mutant mice and 
were never seen in control mice. As the mutant mice aged, 
evidence of retinal degeneration developed gradually. At 5 
months of age, the retinas of bek-1 mice showed focal areas of 
photoreceptor damage and dropout (Fig. 5C). Electron micros- 
copy demonstrated that in these areas there was disruption and 
disorganization of photoreceptor outer segments (Fig. 5F) as well 
as cells with evidence of chromatin fragmentation (Fig. 5G). 
Figure 6A shows a low-power view of the retina from a bek-1 
mouse demonstrating the regional or focal nature of the photo- 
receptor changes. The asymmetry of the changes is seen more 
clearly in the high magnification views (Fig. 6B, C) corresponding 
to areas adjacent to the ora serrata on each side of the eye. As 
illustrated in Figure 6, when thinning of the outer nuclear layer 
was severe, mild thinning and irregularity of the inner nuclear 
layer was also seen. 

Gradually progressive changes were also seen in the bekd line 
(a line with a low level of transgene expression). Relatively minor 
changes in photoreceptor outer segments were present at 3 
months of age (Fig. 7A), but by 5 months focal areas with severe 
damage to photoreceptors and disorganization of the retina were 
seen. Figure 7B shows an area in which the inner and outer 
segments have been lost and photoreceptor cell bodies abut on 
the RPE. Ultrastructurally, an adjacent area showed cellular de- 
bris on Bruch’s membrane, with massive destruction of photore- 
ceptors and loss of the RPE (Fig. 7C,D). In the bek-9 (unknown 
level of transgene expression) and -18 (high level of transgene 
expression) lines, some mice showed focal areas of severe photo- 
receptor degeneration at 2 months of age (Fig. 7%G). These 
areas showed ultrastructural characteristics similar to those seen 
in areas of degeneration in the other lines of bek mice at later time 
points; the photoreceptor outer and inner segments were de- 
stroyed and replaced by debris (Fig. 7F,G). In association with 
photoreceptor degeneration, some areas showed blood vessels 
invading the RPE (Fig. 7F), which is found in animals with 
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Figure 4. Localization of mutant FGFR protein in the retinas of transgenic mice by immunohistochemistry. A, Immunohistochemical staining with 
anti-FGFR-1 antibody demonstrates reaction product limited to the outer nuclear layer (ONL) in a transgene-positive fig-46 mouse. B, A littermate 
control fig-46 mouse that was PCR-negative, and therefore had not incorporated the transgene, shows no staining in the ONL or elsewhere in the retina 
with the anti-FGFR-1 antibody. C, A high-power view of the ONL in a PCR-positive fig-46 mouse shows focal staining of photoreceptors in the ONL. 
D, A PCR-positive bek-56 mouse stained with anti-FGFR-2 antibody shows reaction product limited to cells of the ONL. There is artifactual separation 
of photoreceptors from the RPE, which is not shown. E, A high-power view of the ONL in a transgene-positive bek-56 mouse shows reaction product in 
photoreceptor inner segments and in some cells of the ONL. F, A high-power view of the ONL in a PCR-negative bek-56 mouse shows no reaction product 
in the retina. There is artifactual separation of the photoreceptors from the RPE. 

photoreceptor degeneration from inherited retinal dystrophies 
(Burns and Tyler, 1990). Control mice, including littermates that 
did not incorporate the transgene, were examined at several time 
points up to 6 months of age and did not show any evidence of 
photoreceptor degeneration. 

The fig mice showed less evidence of photoreceptor degenera- 
tion than did the bek mice. When changes were noted, however, 
they were similar, although less severe than those seen in bek 
mice, and they consisted of regional thinning of the outer nuclear 
layer (Fig. SA), dying or dead cells in the outer nuclear layer with 
evidence of chromatin fragmentation (Fig. SB), and mild disorga- 
nization of the outer segments (not shown). A total of 36 bek mice 
were examined, and 18 of them showed retinal degeneration. The 
majority of these occurred in three lines (6 of 7 bek-1,3 of 4 bek-9, 
and 6 of 9 bek-56). Only 6 of 31 flg mice that were examined 
showed any signs of retinal degeneration. 

DISCUSSION 
We have tested directly the hypothesis that FGFR-mediated sig- 
nal transduction is involved in the maintenance of normal photo- 
receptor cell structure and function. This was accomplished by 
using the rhodopsin promoter to target the expression of 
dominant-negative mutants of the FGFR to photoreceptors. Light 
and electron microscopic examination of retinas from mice from 
four independent transgenic lines that express a mutant FGFR-2 
that lacks the tyrosine kinase domain demonstrated progressive 
photoreceptor degeneration. In each of the lines, the retinas from 

l-month-old mice were essentially normal, but retinas from older 
mice ranging from 2 to 6 months of age showed varying degrees of 
photoreceptor damage. In two of the lines, definite focal photo- 
receptor degeneration was present by 2 months, and the degen- 
eration became more widespread and severe as the animals aged. 
In two other lines, which had lower levels of mutant FGFR-2 
expression, only mild abnormalities were present until 5 months 
of age when focal areas of photoreceptor damage were seen. 
When photoreceptor degeneration was severe, thinning and irreg- 
ularity of the inner nuclear layer was also seen, as has been 
reported with some inherited photoreceptor degenerations 
(Blanks and Bok, 1977) and in opsin promoter-diphtheria toxin 
transgenic mice (Lem et al., 1991). Other pathological features 
that were similar to those reported for the inherited degenera- 
tions included areas of complete photoreceptor loss associated 
with vascularization of the RPE and even complete loss of the 
RPE (Burns and Tyler, 1990). These findings of retinal damage 
extending beyond the photoreceptor cell layer are consistent with 
the hypothesis that photoreceptors provide trophic support for 
neighboring cells (Lem et al., 1991). An alternative explanation is 
that the FGFR transgenes are expressed in retinal cells other than 
photoreceptors, Although this is a possibility, it seems unlikely on 
the basis of the in situ hybridization and immunohistochemical 
results with the flg and bek mice. In addition, previous studies with 
the same rhodopsin promoter fragment linked to 1ucZ demon- 
strated within the sensitivity of the methods employed that pro- 
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Figure 5. Slowly progressive photoreceptor degeneration in b&-l transgenic mice. A, Normal-appearing retina from a l-month-old control mouse 
(X325). B, Normal-appearing retina from a l-month-old bek-1 mouse (X250). C, Retina from a 5-month-old bek-1 mouse showing only mild abnormalities 
at the light microscopic level; focal thinning and irregularity of the outer nuclear layer (X325). D, Transmission electron microscopy shows normal outer 
segments in a 24-d-old flg-mouse similar to those seen in control mice and in all transgenic mice at 1 month of age (X 1040). E, A rare giant cell (arrow) 
seen among some slightly disorganized outer segments in a l-month-old bek-1 mouse (X4000). F, Disruption and disorganization of outer segments in 
a 5-month-old bek-1 mouse (X6700). G, Fragmented chromatin in the nucleus of a dead cell in the outer nuclear layer of a 5-month-old bek-1 mouse 
(X5000). A-C, Stained with toluidine blue; D-F, stained with uranyl acetate and lead citrate. 

moter activity within the retina was limited to photoreceptors 
(Zack et al., 1991; Gouras et al., 1994; Nie et al., 1996). It should 
also be noted that the same studies demonstrated that the bovine 
rhodopsin promoter in transgenic mice often leads to nonuniform 
expression across the retina, and this may account partially for the 
nonuniform pattern of retinal degeneration present in the flg and 
bek mutant mice. 

Both FGFR-1 and FGFR-2 have been reported to have similar 
affinities for FGF-1 and FGF-2; however, the transgenic mice 
expressing the FGFR-1 mutant in their photoreceptors consis- 
tently demonstrated less photoreceptor damage than did compa- 
rably aged mice expressing the FGFR-2 mutant. One possible 
explanation is that the mutant FGFR-1 transgenes are expressed 
at lower levels than are the mutant FGFR-2 transgenes. The 
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Figure 6. Regional thinning of the outer retina in a bek-1 mouse. A, Low-power view of hematoxylin and eosin-stained retinal section from an 
-7-month-old bek-1 mouse. The regions enclosed in rectungZes are adjacent to the ora serrata on each side of the eye and are shown at higher 
magnification in B and C. B, High-magnification view of the region enclosed in rectangle B, demonstrating marked thinning and irregularity of the outer 
nuclear layer. Some thinning of the inner nuclear layer is also evident. C, High-magnification view of the region enclosed in rectangle C, demonstrating 
normal-appearing outer and inner nuclear layers. Photomicrographs of histological sections were digitized with a Kodak RFS 2035 film scanner, a 
composite was assembled using Photoshop 3.0 (Adobe), and the image was printed with a Kodak XL 7700 Digital Continuous Tone printer. 

RT-PCR and immunohistochemical data argue against this pos- 
sibility. Three fig lines displayed transgene mRNA levels compa- 
rable with those seen in the highest expressing bek lines, and the 
immunohistochemical results suggest that similar amounts of mu- 
tant FGFR protein are expressed in the fig and bek lines. Another 
possibility is that the FGFR-1 mutant is less effective in dimer 
formation and therefore less capable of disabling wild-type recep- 
tor. Ueno et al. (1992), however, demonstrated that truncated 
FGFR-1 mRNA, when injected into Xenopus eggs, interferes with 
FGFR-2 and FGFR3 function as well as with FGFR-1 function. 
This suggests that mutant FGFR-1 is capable of dimerizing with 
and disabling other types of FGFR, although it is still possible that 
truncated FGFR-1 is less efficient than FGFR-2 in this regard and 
therefore may be less effective in causing photoreceptor degener- 
ation. A third possibility, because FGFR-2 does have a higher 
affinity for FGF-4 than does FGFR-1 and truncated FGFR-2 is 
more effective than truncated FGFR-1 in reversing the transform- 
ing activity of FGF-4 on National Institutes of Health 3T3 cells (Li 
et al., 1994), is that FGF-4 is the major FGF that is necessary for 
photoreceptor survival. 

Whatever the reason for the differences between mice expres- 
sing the mutant FGFR-1 and those expressing the mutant 
FGFR-2, we have demonstrated that the photoreceptor degener- 
ation is not attributable simply to overexpression of a foreign 
protein in photoreceptors. Both mutants are C-terminal deletions 
that are highly homologous and are processed in a similar manner 
within cells (Li et al., 1991). The relative lack of photoreceptor 
degeneration in fig mice, despite high levels of transgene expres- 
sion, suggests that overexpression of FGFR is not inherently toxic 
to photoreceptors. Therefore, the degeneration in bek mice is 
likely to be related to the ability of the mutant FGFR-2 to block 
FGF signaling and not to some nonspecific effect. 

The mechanisms by which photoreceptors die in the FGFR 
mutant mice and by which FGF signaling promotes photoreceptor 
survival are unknown. One possibility is that FGF signaling pre- 
vents activation of a default apoptotic cell death program (Manjo 

and Joris, 1995). Another possibility is that FGF signaling pro- 
vides protection from environmental factors that are damaging to 
photoreceptors, which might explain the gradual progression of 
photoreceptor damage seen in the transgenic mice. This hypoth- 
esis is consistent with the observations that exogenous basic and 
acidic FGFs and optic nerve injury, which increases basic FGF 
expression in photoreceptors (Kostyk et al., 1994), protect pho- 
toreceptors from the damaging effects of constant light (Bush and 
Williams, 1991; La Vail et al., 1992). It is also consistent with 
observations that basic FGF has a protective effect on lesioned 
cholinergic neurons in the central nervous system (Anderson et 
al., 1988). Basic FGF protects neurons of the central nervous 
system against ischemia (Yamada et al., 1994) and neurotoxins 
such as NMDA (Freese et al., 1992), /3 amyloid peptide (Mattson 
et al., 1993), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (Otto 
and Unsicker, 1990), and nitric oxide (Maiese et al., 1993). Our 
data suggest that these effects are not simply pharmacological 
effects of exogenous basic FGF, but they may also be an important 
function of endogenous FGFs. Studies are planned to determine 
whether the flg and bek mice are more sensitive to the damaging 
effects of constant light. 

The findings that photoreceptors seem to develop normally in 
the mutant fig and bek mice and that significant retinal degener- 
ation does not occur until after 1 month of age should not be 
interpreted as suggesting that FGFR-mediated signal transduc- 
tion plays only a maintenance function and is not important for 
photoreceptor development. Because the transgenic rhodopsin 
promoter does not show detectable activity until approximately 
postnatal day 4-8 (Lem et al., 1991; Zack et al., 1991; Nie et al., 
1996) and accumulation of the required levels of mutant receptor 
protein takes time, it is likely that inhibition of signal transduction 
was not achieved until well after the completion of photoreceptor 
differentiation. Future experiments using photoreceptor-specific 
promoters that are active earlier in development will be required 
to determine the role of FGFR-mediated signal transduction in 
photoreceptor development. 
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Figure 7. Slowly progressive photoreceptor de- 
generation in bek-6 transgenic mice. A, Retina 
from a 3-month-old bek-6 mouse showing mildly 
abnormal outer segments (~325). B, Retina from a 
5-month-old bek-6 mouse showing a region where 
there is loss of inner and outer segments and irreg- 
ular destruction of the outer and inner nuclear 
layers (x625). C, Transmission electron micros- 
copy of the outer retina of a 5-month-old bek-6 
mouse showing debris and disrupted outer seg- 
ments adjacent to Bruch’s membrane; the RPE is 
absent (x5000). D, Another area in the retina of 
the same 5-month-old bek-6 mouse in C shows 
severely damaged outer segments and amorphous 
debris sitting on Bruch’s membrane with no RPE 
(x2700). E, Retina from a 2-month-old bek-9 
mouse showing loss of inner and outer segments 
and a severely damaged outer nuclear layer 
(x625). F, Electron microscopy of a 2-month-old 
bek-lb mouse shows severely damaged outer seg- 
ments mostly replaced by debris. There is neovas- 
cularization within the RPE (arrowheads) and red 
blood cells (arrows) among the damaged outer seg- 
ments (x2700). G, Fragmented chromatin in the 
nuclei of dead cells in the outer nuclear layer of a 
2-month-old bek-18 mouse (x2700). 
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Figure 8. FZg mice show only minimal retinal changes. A, Regional 
thinning of the outer nuclear layer in a 2-month-old fig-23 mouse. B, The 
retina of a 5-month-old fig-12 mouse shows numerous dead cells with 
fragmented chromatin along the outer edge of the outer nuclear layer 
(X625; tohridine blue). 
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