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Summary. The release of growth factors from ischaemic reti- 
na has been hypothesized as the central stimulus for retinal 
neovascularization in proliferative diabetic retinopathy. Two 
of the growth factors implicated are insulin-like growth fac- 
tor-I and basic fibroblast growth factor. We examined the ef- 
fect of insulin-like growth factor-I on in vivo neovasculariza- 
tion using the established angiogenic model of the rabbit 
cornea (n = 30), and also compared the effects of insulin-like 
growth factor-I and basic fibroblast growth factor using two 
new in vivo systems. Either supraphysiologic concentrations 
of each growth factor (600 gg) were injected intravitreally 
into pigmented rabbits (n =21) or porous polyfluorote- 
traethylene chambers filled with an emulsion containing col- 
lagen and growth factor (500 ng) were placed on the retina 
surface (n = 8). Our results demonstrate that when insulin- 
like growth factor-I was implanted together with a slow re- 
lease carrier into the pocket of the normally avascular cor- 
nea, insulin-like growth factor-I (10gg/pellet) induced 
angiogenesis in all rabbits. This degree of angiogenesis was 
comparable to that previously shown for basic fibroblast 

growth factor. For the intravitreal studies, the fibrotic com- 
ponent was greater in the basic fibroblast growth factor in- 
jected eyes, whereas the vascular component was accentu- 
ated in the eyes injected with insulin-like growth factor-I. 
Light and electron microscopy demonstrated areas of vas- 
cular proliferation in both groups. Porous polyfluorote- 
traethylene chamber studies with insulin-like growth factor-I 
and basic fibroblast growth factor demonstrated vascular 
proliferation in the vicinity of the chamber similar to the in- 
travitreal injected eyes, but to a lesser degree than the in- 
jected eyes. Our experiments overall support the angiogenic 
potential of both insulin-like growth factor-I and basic fibro- 
blast growth factor and support distinct but complimentary 
roles for each growth factor in the pathogenesis of prolif- 
erative diabetic retinopathy. 

Key words: Insulin-like growth factor-i, basic fibroblast 
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Following the development of ischaemia in the diabetic 
eye, the retina responds by attempting to revascularize the 
ischaemic areas. This leads to the formation of new and 
aberrant vasculature on the surface of the retina. The re- 
sponsible factors for the development of this retinal neo- 
vascularization remain to be established; however, two 
factors that have been implicated are insulin-like growth 
factor I (IGF-I) and basic fibroblast growth factor (b- 
FGF). 

Evidence suggesting a role for IGF-I in the pathogen- 
esis of diabetic retinopathy stems from the long accepted 
involvement of growth hormone (GH) [1-3]. IGF-I medi- 
ates most of the mitogenic actions of GH. Although most 
diabetic patients have normal serum levels of IGF-I [4], 
elevated levels of IGF-I occur in subjects with rapidly ac- 
celerating proliferative retinopathy [5]. After controlling 
for glycosylated haemoglobin, blood pressure, protein- 

uria, duration of disease, and age at diagnosis, a large 
population-based study of 928 diabetic patients found 
higher levels of IGF-I associated with an increased fre- 
quency of proliferative diabetic retinopathy [6]. Hyer and 
co-workers [7] demonstrated that in the subgroup of pa- 
tients with preproliferative retinopathy that subsequently 
developed retinal neovascularization, serum IGF-I levels 
at the time of the first appearance of new vessels were 
higher than those measured 3 months prior to the devel- 
opment of neovascularization [7]. Regional levels of IGF- 
I may be more important than systemic levels. Intravitreal 
IGF-I concentrations have been found to be increased in 
diabetic patients undergoing therapeutic vitrectomy [8]. 
In vitro studies also support a role for IGF-I in the pa- 
thogenesis of retinal neovascularization by demonstrating 
that IGF-I acts at all the stages required for new vessel for- 
mation including endothelial cell proliferation [9], migra- 
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t ion [10] and p r o d u c t i o n  of  p ro t ea se s  r e l evan t  to base -  
m e n t  m e m b r a n e  d e g r a d a t i o n  [11-13]. 

Bas ic  f ib rob las t  g rowth  fac tor  also appea r s  to p l ay  a 
role  in the  pa thogenes i s  of  d i abe t i c  r e t i n o p a t h y  [14-16]. 
E l e v a t e d  concen t ra t ions  of  b - F G F  have  b e e n  found  in vi- 
t r e c t o m y  samples  f rom pa t ien t s  wi th  p ro l i f e ra t ive  d iabe t i c  
r e t i n o p a t h y  and v i t r eous  h a e m o r r h a g e  [15]. b - F G F  in- 
duces endo the l i a l  cell  p ro l i f e r a t i on  [17-19] and mig ra t ion  
[20]. b - F G F  induces  the  re lease  of  co l l agenase  and  p lasmi-  
nogen  ac t iva tors  [21]. A l t h o u g h  it is a p p a r e n t  tha t  bo th  
I G F - I  and  b - F G F  can act in vi t ro,  on  p rocesses  r e l evan t  to 
neovascu la r i za t ion ,  the i r  abi l i ty  to induce  neovascu la r iza -  
t ion in vivo r ema ins  to  be  fu r the r  exp lo red .  

Bas ic  f ib roblas t  g rowth  fac tor  has  p rev ious ly  b e e n  
shown to induce  co rnea l  neovascu la r i za t ion  [22, 23]. We,  
there fore ,  a sked  w h e t h e r  I G F - I  could  induce  co rnea l  neo-  
vascular iza t ion .  Because  co rnea l  neovascu la r i za t ion  is 
m o r e  r e p r e s e n t a t i v e  of the  ang iogenes i s  assoc ia ted  with  
w o u n d  hea l ing ,  we were  c o n c e r n e d  tha t  the  re t ina l  vascu-  
la ture  m a y  r e s p o n d  to an angiogenic  s t imuli  in a d i f fe ren t  
m a n n e r  than  the cornea .  We, there fore ,  d e v e l o p e d  two 
new mode l s  for  specif ical ly  inves t iga t ing  r e t inovascu la r  
p ro l i fe ra t ion .  T h e  first m o d e l  invo lved  in t rav i t rea l  injec-  
t ions of  each  g rowth  factor,  and  the  second  m o d e l  re-  
qu i red  the  p l a c e m e n t  of  s low re lease  c h a m b e r s  con ta in ing  
each  growth  fac tor  d i rec t ly  on  the  re t ina l  surface.  

Materials and methods  

Preparation of the Elvax 40 slow release form polymer containing 
IGF-L Elvax pellets (DuPont de Nemours and Co., Wilmington, 
Del., USA) were prepared by the method of Langer and Folkman 
[24]. Briefly, ten Elvax 40 pellets were washed extensively with dis- 
tilled water (10 volume) followed by 97% ethanol (10 volume) and 
then with absolute ethanol until the optical density of the wash was 
below 0.01. After washing, the pellets were dessicated to remove re- 
sidual ethanol. The Elvax 40 was then dissolved in methylene 
chloride to a final concentration of 10 % (weight/volume). The Elvax 
solution (200 gt) was placed on a chilled glass surface and 20 gl of 
methylene chloride containing either 10, 50, or 100 gg of recombi- 
nant human (rh) IGF-I (Chiron Corporation, Emeryville, Calif., 
USA) was stirred rapidly into the Elvax 40. The thin transparent film 
was gently rolled into a uniform log shape and cut into 10 identical 
pieces of i mm 2 using a scalpel. Each implant contained either 1,5, or 
10 gg of protein. Implants containing either 1, 5, or 10 gg of bovine 
serum albumin (BSA) or 1 ~tg prostaglandin Ez (PGE2) were made 
in an identical fashion for use as negative and positive controls, re- 
spectively. 125I-IGF-I (266.7 gg/gCi) for use in Elvax pellets and por- 
ous polyfluorotetraethylene chambers (PPC) was prepared as pre- 
viously described [8]. 

Implantation of pellet containing IGF-I. Implantation of the pellets 
was performed by the method of Gimbrone et al. [25]. The rabbits 
were anaesthetized with an i. m. injection of 30 mg ketamine hydro- 
chloride/kg body weight and 5 mg xylazine/kg body weight. Using a 
no. 11 Beaver blade, a superficial incision (1.5 mm long) was made in 
the corneal dome to one side of its centre, and continued down ap- 
proximately 2 ram. Using a malleable iris spatula, an oblong pocket 
was fashioned within the corneal stroma, which ended 2-3 mm from 
the limbus. The implant containing either IGF-I, BSA, or PGE2 was 
deposited in the bottom of each pocket, which then sealed sponta- 
neously. Eyes with corneal implants were examined daily with a 
Zeiss (Hanover, Md., USA) Slit-Lamp Stereomicroscope. New 
vessel growth was measured with an ocular micrometer at a magnifi- 
cation of 16 x.  

A positive response was observed when capillaries in the shape 
of hairpin loops (weak response) or sprouting as a dense brush bor- 

der (strong response) grew from the adjacent limbal plexus toward 
the implant. Sustained growth of well-defined individual capillaries 
from the limbus toward or into the implant was considered positive 
for angiogenesis. Angiogenic response was scored from projected 
35-mm slides on a scale of 0-4 by two independent observers who 
had no prior knowledge of the sample identity. 

A negative response (scored zero) was observed when a few 
capillaries in the shape of hairpin loops developed during the first 
few days but later regressed. Eyes that demonstrated positive 
angiogenesis were enucleated on days 4, 7, 14 and 21, embedded in 
paraffin, sectioned, and stained with haematoxylin and eosin for his- 
tologic examination to exclude angiogenesis due to the influx of in- 
flammatory cells. 

Intravitreal injection study. Twenty-one pigmented rabbits weighing 
1.4-2.5 kg were anaesthetized with an i.m. injection of 30rag 
ketamine hydrochloride/kg body weight and 5 mg xylazine/kg body 
weight. Their pupils were dilated with 1% topical tropicamide and 
2.5 % phenylephrine. Each animal was placed beneath an operating 
microscope, and a 30-gauge needle was inserted into the anterior 
chamber of one eye to withdraw 0.08 ml of fluid. Then a 30-gauge 
needle was inserted through the sclera and retina 4 mm posterior to 
the corneoscleral junction in the superotemporal quadrant. Using a 
stereomicroscope, 0.1 ml of balanced salt solution containing 600 gg 
of either IGF-I (n = 8) or b-FGF (n = 3) was injected with the bevel 
of the needle directed up directly over the optic nerve head. The in- 
jection was made close to the retinal surface to disperse the growth 
factor solution as close to the retinal surface as possible without 
causing a retinal tear. The rabbit was then placed supine for 30- 
60 min to facilitate settling of the growth factor solution onto the vas- 
cularized medullary ray and disc. Control animals received either 
600 btg of heat-inactivated IGF-I (n = 4), 600 btg of BSA (n = 4) or 
balanced salt solution (n = 6). IGF-I was heat inactivated by boiling 
at 100 ~ for 30 min. 

All animals were examined pre-operatively and post-operatively 
using indirect ophthalmoscopy, fundus photography, and fluorescein 
angiography. All 21 rabbits were examined and photographed on 
days 2, 4, 6, 8,10,12,14, and 21. Fundus photographs and fluorescein 
angiograms were graded by two independent readers who had no 
prior knowledge of whether the study material was from a treated or 
control eye. 

Preparation of polyfluorotetraethylene chambers containing either 
IGF-I or b-FGE Each chamber (PPC) consisted of a 1 • 6 mm tube 
of expanded polyfiuorotetraethylene (W.L.Gore and Associates, 
Inc., Flagstaff, Az., USA) with a nominal pore size of 90 gm. The 
chambers were filled with an emulsion of 500 ng of either IGF-I or 
b-FGF and collagen or collagen alone under sterile conditions, and 
using a stereomicroscope both ends of each chamber were tied with 
suture. Each chamber contained approximately 10 gl of the col- 
lagen-growth factor mixture. For implantation of these chambers, 
the animal was anaesthetized and positioned beneath the operating 
microscope. Following removal of 0.08 ml of aqueous from the ante- 
rior chamber, the PPC was advanced through the sclerotomy site and 
positioned overlying the medullary ray. 

Animals implanted with chambers were examined pre-opera- 
tively and post-operatively using indirect ophthalmoscopy and fun- 
dus photography on the identical schedule as the rabbits receiving 
intravitreal injections. 

Histologic studies of eyes undergoing either intravitreal injections or 
placement of PPC. Eyes were enucleated and small slits were made 
at the sclerat-limbal junction prior to placing in Trump's fixative [26]. 
Collates cut along the medullary rays to include the optic disc were 
washed in potassium phosphate-sodium hydroxide buffer and post- 
fixed overnight in 1% buffered osmium tetroxide. Specimens were 
dehydrated through an ethanol series to propylene oxide, infiltrated, 
and embedded in epoxy resin. Light microscopy sections (2 gm 
thick) were stained with 1% toluidine blue. Ultrathin sections were 
post-stained with 2 % aqueous uranyt acetate followed by Reynolds 
lead citrate [27] and examined and photographed by transmission 
electron microscopy at an accelerating voltage of 75 kilo volts. 



284 M.B. Grant et al.: IGF-I and basic fibroblast growth factor as angiogenic agents 

Fig. 1. A Control pellet containing albumin is shown 
14 days after implantation in the rabbit cornea. There 
is no response by the cornea. 
B Insulin-like growth factor I (IGF-I) (10 gg) was 
placed in Elvax pellets and implanted into a rabbit cor- 
neal pouch. IGF-I demonstrates a positive response 

Results  

Corneal pocket studies. The corneas of 30 rabbits were 
implanted with control pellets containing either I gg, 
5 ~tg, or 10 gg of albumin. Three of 30 corneas developed a 
positive response; whereas, the remaining rabbits had a 
negative response as shown in Figure 1A. Five rabbits 
were implanted with pellets containing 1 ~tg of IGF-I.  
These rabbits exhibited a negative neovascular response. 
Five rabbits were implanted with pellets containing 5 ~tg 
of IGF-I.  Only three of these rabbits exhibited a positive 
response. In marked  contrast, all 20 rabbits implanted 

Table 1. Corneal neovascularization in response to test substances 
in Elvax pellets implanted in rabbits 

Number of Corneal response 
implants Positive Negative % Positive 

Control (Albumin) 30 3 27 10 

Insulin-like growth 
factor I 
1 gg 5 0 5 0 
5 gg 5 3 2 60 

10 gg 20 20 0 100 

with pellets containing 10 gg of IGF-I  developed a posi- 
tive response (Table 1). 

All eyes implanted with Elvax pellets demonstra ted 
minimal or no inf lammatory response, as reflected by 
lack of corneal oedema or absence of hypopyon in the 
anterior chamber. Limbal hyperaemia was noted on the 
day following implantation. In all the rabbits responding 
positively to IGF-I ,  capillaries started to invade the cor- 
neal s troma 3 to 4 days following implantation and de- 
veloped into a brush border  that reached the pellet with- 
in 8 to 10 days. The brush border  later developed into 2 
or 3 main vascular trunks (Fig . lB) .  The new vessel 
growth occurred at an average rate of 0.15 mm/day. All 
eyes considered in this study showed a clear cornea, with- 
out oedema and no hypopyon in the anterior chamber. 
However,  confirmation that the IGF-I  pellet and not in- 
vasion by polymorphonuclear  cells and activated macro- 
phages was the source of angiogenic factors had to be 
established. Therefore,  histologic studies of all IGF-I- im- 
planted eyes demonstrating neovascularization were per- 
formed at intervals varying f rom 4 to 2l days. In all cases 
studied at days 4, 7, 14, and 21 polymorphonuclear  cells 
were absent from the corneal stroma. In all eyes studied 
at days 7, 14, and 21, polymorphonuclear  cells were ab- 
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Fig.2. A Rabbit fundus 7 days followingintravitreal injec- 
tion of balanced salt solution with 600 btg of insulin-like 
growth factor I. The vasculature is engorged. There is 
marked tortuosity of the vessels, hyperaemia surrounding 
the optic disc (OD) and areas of distended pre-retinal 
vessels (PRV). 
B Same area of pre-retinal vessels shown in A, note promi- 
nent vascular changes along the lateral aspect of the me- 
dullary rays 

Fig. 3. A control rabbit fundus 7 days following intravi- 
treal injection of balanced salt solution containing 600 gg 
bovine serum albumin. The retinal vessels are confined to 
the two wing-shaped areas of myelinated nerve fibers, me- 
dullary rays, which extend horizontally from the optic disc 
(OD). The remainder of the retina is avascular 

sent  a r o u n d  the  co rnea l  p o c k e t  w h e r e  the  dense  reg ion  of 
capi l la r ies  existed.  A l l  five co rneas  i m p l a n t e d  with  PGE2 
(1 gg /pe l le t )  d e m o n s t r a t e d  a pos i t ive  r e sponse  (da t a  no t  
shown).  

T h e r e  was conce rn  a b o u t  w h e t h e r  the  I G F - I  was be ing  
r e l eased  f rom the  E lvax  pe l le t s  because  the  concen t r a t ions  
of  m i togen  used  were  100- to  1000-fold h igher  than  those  
r equ i r ed  in vi t ro  to induce  a chemotac t i c  effect  [10]. The re -  
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Fig.4. A Late-phase fluorescein angiogram performed on 
an insulin-like growth factor I-injected rabbit on day 7. 
The fiuorescein pattern reveals increased fluorescence (F) 
obscuring the optic disc margins and profuse late leakage. 
This is consistent with disruption of the blood-retinal bar- 
rier. 
B Late-phase fluorescein angiogram in a control eye per- 
formed on day 7. This photograph demonstrates normal 
dissipation of fluorescein with decreasing optic disc fluo- 
rescence 

fore, we studied the rate of release of 125I-IGF-I from Elvax 
pellets containing 10 gg of IGF-I  (n = 3). Following an in- 
itial burst of release of the mitogenic agent f rom the 
polymer, the IGF-I  was then released from the pellet in 
minute concentrations at a sustained rate that lasted 
4 weeks (data not shown). To further support  these obser- 
vations, five rabbits were not enucleated by week 3 and 
were observed for an additional 4 weeks. All demonstrated 
regression of their vascular trunks during this period. 

Anatomical changes with intravitreal injections of IGF-I 
and b-FGE The anatomical changes seen in the IGF-I-  
injected eyes are shown in Figure 2A,  B. Ophthalmos-  
copy revealed hyperaemia with vascular engorgement  in 
all rabbits 4 days after intravitreal IGF- I  injection. Vascu- 
lar tortuosity, intraretinal haemorrhage,  and increased 
hyperaemia  surrounding the optic disc were noted by 
day 8 in all rabbits. Fibrosis developed over the optic disc 
and medullary ray by day 21 in all rabbits. The fundus of 
control eyes remained normal  in appearance. Figure 3 il- 
lustrates a representative fundus f rom a control animal. 

Fluorescein angiograms were per formed in all animals 
receiving intravitreal IGF-I .  The blood-retinal barrier, 
normally impervious to fluorescein, consistently demon-  
strated late-phase fluorescein leakage (Fig.4A), indica- 
tive of altered permeabil i ty of the blood-retinal barrier in 

the IGF-I - t rea ted  eyes. There was no leakage of fluores- 
cein in control eyes (Fig. 4 B). 

All three animals injected with intravitreal b -FGF de- 
veloped dense posterior subcapsular cataracts and vi- 
treous opacification within 1 week of injection, thereby 
not allowing funduscopic observation of retinal changes. 

Fig. 5 A-F. Microscopic findings with intravitreal injection of bovine 
serum albumin (BSA), insulin-like growth factor-I and basic fibro- 
blast growth factor. A Note normal distribution of vessels and scant 
basement membrane of eye injected with BSA (Magnifica- 
tion • 300). B Note following intravitreal injection of insulin-like 
growth factor-I oedematous endothelial cells of vessel shown in 
centre of photograph, cellular proliferation and extensive extracel- 
lular matrix (ECM) (Magnification x 300). C Note the absence of 
lymphocytes but the extensive fibrosis (F) and large quantities of ex- 
tracellular matrix (ECM) of eye injected with basic fibroblast 
growth factor. D Large preretinal vessel with thin flattened endo- 
thelial cells and normal basement membrane overlaying optic nerve 
head (ONH) (Magnification• 1450) of eye injected with BSA, 
E Large preretinal vessel overlying optic nerve head (not shown). 
Note plump endothelial cells (arrowheads) surrounding lumen (L). 
Note prominent cellular proliferation including macrophages (M) 
with extensive extracellular matrix (ECM) production of eye in- 
jected with insulin-like growth factor-I (Magnification x 1450). 
F Note extensive extracellular matrix (ECM) with fibroblast (F) 
proliferation overlying optic nerve head (ONH) of eye injected with 
basic fibroblast growth factor (Magnification • 1450) 
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Microscopic findings with intravitreal injections of IGF-I 
and b-FGF (Fig. 5). Histological sections of control eyes 
injected with balanced salt solution showed sparse vessels 
with minimal extracellular matrix (Fig. 5 A). The reaction 
in eyes injected with growth factors was most prominent in 
the area of the optic nerve head and the immediately ad- 
jacent retina. There were large abnormal vessels with 
oedematous endothelial cells and extensive proliferation 
of the extracellular matrix in retinas injected with IGF-I 
(Fig.SB). Eyes injected with b-FGF developed retinal 
vascular changes and extensive fibrosis as demonstrated 
by fibroblast and extracellular matrix proliferation 
(Fig. 5 C). In b-FGF injected eyes retinal traction and de- 
tachment adjacent to the disc was seen. 

Transmission electron micrographs taken from the 
same areas as described for the histological sections 
showed vessels with thin, flat endothelial cells and mini- 
mal extracellular matrix (Fig. 5 D) in eyes injected with 
balanced salt solution. Retinal endothelial cells of eyes in- 
jected with IGF-I were oedematous with increased endo- 
plasmic reticulum. There was endothelial cellular prolife- 
ration, macrophages and extensive extracellular matrix 
produclion (Fig. 5 E). Eyes injected with b-FGF had pro- 
liferation of endothelial cells but the proliferation of fibro- 
blasts and the excessive production of extracellular matrix 
was most noticeable (Fig. 5 F). 

Studies using PPC containing I~sI-IGF-I. Clearance 
studies were performed to obtain kinetic information on 
the behaviour of 125I-IGF-I in the PPC. These PPC were 
filled with an emulsion of collagen and 500 ng of 125I-IGF- 
I. The clearance of 125I-IGF-I occurred in two phases: the 
first, an initial rapid clearance (presumably diffusion of 
free growth factor out of the chamber) and a second, 
slower phase (reflecting clearance of growth factor associ- 
ated with the collagen matrix or polyfluorotetraethylene 
of the chamber). At  day 10, 20 + 5 % of the counts re- 
mained in the chambers and at day 21, 5 + 2 % of counts 
remained in the chamber, suggesting that these chambers 
could deliver physiologic amounts of IGF-I for a sustained 
period of at least 3 weeks. 

Microscopy of retinas implanted with PPC containing 
IGF-Ior b-FGE For these studies, PPC were filled with an 
emulsion of collagen and either 500 ng of IGF-I or b -FGE 
Similar chambers containing only collagen were placed in 
control eyes. Funduscopic visualization of the eyes im- 
planted with PPC chambers, containing either collagen 
alone, b-FGF or IGF-I, demonstrated no gross fundus 
changes as was seen with intravitreal IGF-I. Histological 
sections through the optic nerve head and adjacent retina 
showed normal morphology in eyes implanted with pel- 
lets containing collagen alone (Fig. 6 A). There was mini- 
mal foreign body reaction, only at the site where the pellet 
touched the retina. Histological sections through the optic 
nerve head of eyes implanted with chambers containing 
IGF-I (Fig. 6 B) or b-FGF (Fig. 6 C) showed proliferation 
of vessels and extracellular matrix. The reaction with 
b-FGF was more extensive and often resulted in retinal 
traction and detachment. 

Fig. 6. A Section through the optic nerve head and adjacent retina of 
an eye implanted with a control pellet containing only collagen. Note 
the sparse thin walled vessels (arrowheads), ONH, optic nerve head, 
R, retina. (Magnification x 96). B Section through a comparable 
area (as shown in A) of the optic nerve head and adjacent retina of 
an eye implanted with a pellet containing insulin-like growth factor 
I. Note the thickened wall of the vessel in the optic nerve head (ar- 
rowhead) and fibrovascular proliferation on the surface of the retina 
(arrow). (Magnification x 96). C Section through a comparable 
area (as shown in A) of the optic nerve head and adjacent retina of 
an eye implanted with a pellet containing basic fibroblast growth fac- 
tor. There is extensive fibrovascular proliferation resulting in retinal 
traction and detachment (R). (Magnification x 96) 

Transmission electron micrographs from retinas im- 
planted with PPC containing collagen only showed the 
endothelium with normal basement membrane lining vas- 
cular channels and no evidence of inflammatory cell 
infiltration. Transmission electron micrographs from reti- 
nas implanted with PPC containing b-FGF showed fibro- 
blastic proliferation surrounding vessels similar to that 
observed in the eyes undergoing intravitreal injections 
with b-FGF. Transmission electron micrographs from reti- 
nas implanted with PPC containing IGF-I showed in- 
creased numbers of perivascular spindle-shaped cells 
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Fig.7A, B. Comparison of electron microscopic findings in porous poly- 
fluorotetraethylene chambers (PPC)-containing insulin-like growth fac- 
tor-I (IGF-I) and basic fibroblast growth factor. A Electron micrograph 
of rabbit receiving IGF-I containing PPC. Note numerous small vessels 
on surface of optic nerve head and reduplication of basement membrane 
(Magnification x 1350). B Electron micrograph of rabbit receivingbasic 
fibroblast growth factor containing PPC. Note vesseI with reduplication 
of the basement membrane and necrotic pericyte (P) surrounded by glial 
tissue (Magnification • 1350) 

Fig. 8 A-C. Electron microscopic findings in a rabbit which underwent 
placement of a porous polyfluorotetraethylene chamber (PPC) contain- 
ing basic fibroblast growth factor supporting neovascularization. 
A Note newly-forming basement membrane (BM) and large amounts of 
collagen (C) around developing capillary, with well-formed tight junc- 
tions (TJ) between endothelial cells (Magnification x 13500). B Elec- 
tron micrograph showing mitotic figures (MF) and abundant rough en- 
doplasmic reticulum (RER) (Magnification x 2000). C Small vessels 
with narrow (newly-forming) lumen with the suggestion of a tight junc- 
tion (TJ) and lumen (L) forming (Magnification x 13500) 
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comparable to that observed in eyes receiving intravitreal 
injections of IGF-I. Reduplication of basement mem- 
branes, indicative of endothelial cell hyperactivity, was a 
consistent finding in eyes implanted with PPC containing 
IGF-I (Fig. 7A) and b-FGF (Fig. 7B). There was no redu- 
plication of basement membranes in eyes implanted with 
control PPC. Morphology consistent with neovasculariza- 
tion was observed in all retinas implanted with b-FGF and 
IGF-I. As shown in Figure 8, the retina from a rabbit im- 
planted with a PPC containing b-FGF demonstrated di- 
viding cells with newly-forming basement membranes 
(Fig. 8 A), nuclei with mitotic figures (Fig. 8 B), and small 
vessels with narrow, newly-forming lumens (Fig. 8 C). 

Discussion 

Elevated IGF-I and b-FGF concentrations in the vitreous 
of diabetic patients with proliferative retinopathy and in 
vitro studies demonstrating the effect of both growth fac- 
tors on endothelial cell proliferation, chemotaxis and pro- 
tease production would suggest that these growth factors 
could modulate if not initiate retinal neovascularization. 
Hansson and co-workers [28] demonstrated that rapidly 
proliferating endothelium expresses IGF-I receptors, fur- 
ther supporting the significance of this growth factor in de- 
veloping vasculature. 

Vitrectomy fluid samples from patients with prolif- 
erative diabetic retinopathy stimulate blood vessel growth 
on chick chorioallantoic membranes and the proliferation 
of endothelial cells in culture [29]. Vitrectomy fluid from 
normal subjects, however, is reported to inhibit angiogen- 
esis Potentially competing substances in vitreous make it 

: . t . 
diffmult to interpret the premse role of any growth factor 
in these studies [30, 31]. 

To further add to the complexity of interpreting vitreal 
growth factors is the presence of IGF binding proteins 
(IGF-BP) in the vitreous. These IGF-BP are important 
modulators of the biological actions of IGF-I and to date 
five binding proteins have been characterized [32]. Speci- 
fically vitreal IGF-BP may affect binding of IGF-I to its re- 
ceptor and its biological activity or may affect the locali- 
zation of IGF-I in different ocular tissues. A detailed 
characterization of vitreal binding proteins has been per- 
formed by Waldbillig and co-workers. Their studies sup- 
port the presence of IGF-BP2, IGF-BP3 and degradation 
products of IGF-BP3 in bovine vitreous [33]. 

In the present study, three systems were used to further 
delineate the role of IGF-I and b-FGF as angiogenic 
agents and compare their respective responses. The first 
system used was a well-recognized method for testing the 
angiogenic potential of an agent. Previous studies by 
Risau [22] and Gospodarowitz [23] have clearly shown 
that b-FGF acts as an angiogenic agent in the identical sys- 
tem. A unique advantage of the cornea technique is that 
new capillary sprouts are separated from the parent ves- 
sels, an arrangement not possible with other in vivo sys- 
tems [24]. In the current study we used, as developed by 
Langer and Folkman [24], inert pellets that released IGF-I 
in a sustained pattern over a 4-week period after insertion 
into the corneal pocket. When levels of IGF-I within the 
pellet were high enough (10 btg) to ensure release of the 

growth factor from the polymer, an overwhelmingly posi- 
tive response was observed, comparable to that of b-FGF 
and the known angiogenic agent PGE2. 

In the current study, we demonstrate that both IGF-I 
and b-FGF cause retinal fibrovascular proliferation when 
injected into the vitreous cavity. Intravitreal injections of 
IGF-I consistently had a dramatic effect on retinal vessels. 
Vascular engorgement and hyperaemia were seen in some 
rabbits as early as 24 h after the injection and in all rabbits 
4 days after intravitreal IGF-I injection. Vascular tortuos- 
ity, haemorrhage, and hyperaemia surrounding the optic 
disc was a prominent feature observed in all rabbits by 
day 8. Disruption of the blood-retinal barrier was verified 
by fluorescein angiography on day 14 in selected rabbits 
and further suggests the presence of neovascularization as 
newly-formed vessels should be permeable to fluorescein. 
Both the IGF-I-injected eyes and the FGF-injected eyes 
developed retinal capillary basement membrane thicken- 
ing and reduplication similar to those occurring in humans 
and animals with diabetes. During the second week after 
IGF-I and b-FGF injection, vascular changes were main- 
tained. At 3 weeks when the experiment was terminated, 
the fibrosis in both b-FGF and IGF-I resulted in retinal 
traction and detachment. 

In a similar manner the placement of PPC containing 
IGF-I or b-FGF on the surface of the retina resulted in the 
delivery of a physiologic amount of growth factor over a 
specific area of the retina for a prolonged period. This 
model system attempts to duplicate the naturally occurring 
events in the ischaemic diabetic retina. During the 21-day 
interval, no gross vascular abnormalitywas detected during 
ophthalmic examination as was seen with intravitreal IGF- 
I, however microscopic studies at the end of the 3-week 
period did reveal areas of proliferation in the vicinity of the 
pellet, along the medullary ray and in the optic disc in eyes 
receiving PPC containing either IGF or b-FGE 

Our studies suggest that IGF-I and b-FGF may modu- 
late basement membrane synthesis in such a way as to en- 
hance endothelial proliferation and neovascularization. 
Basement membrane thickening and associated morpho- 
logical abnormalities of the basement membrane will alter 
the morphological and functional state of differentiation 
of the overlying cells, in this case the endothelial cells [34]. 
Increased basement membrane thickness makes it more 
difficult for pericytes to contact microvascular endothelial 
cells; this contact is achieved through fenestrations in the 
basement membrane. Elimination of this contact elimi- 
nates the natural inhibition of endothelial cells by peri- 
cytes. This inhibition is provided by secretion of transform- 
ing growth factor-beta by pericytes [35]. 

Postnatally in mammalian species with completely vas- 
cularized retinas, endothelial cell division is rare [36]. 
However, under conditions of capillary non-perfusion, re- 
tinal ischaemia results in the release by retinal cells of pro- 
liferative factors [37]. Neovascularization will occur when 
this delicate balance is disturbed, either by activation of 
angiogenic factors or by a decrease in inhibitory factors. 
Our system attempts to upset this balance by artificially 
increasing one angiogenic agent at a time. 

In summary, we demonstrated in vivo that IGF-I and b- 
FGF can induce fibrovascular changes in the retina. Fun- 
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dus alterations induced by these growth factors have fea- 
tures in common with diabetic proliferative retinopathy. 
Considering the limited availability of methods for induc- 
ing a breakdown in the blood-retinal barrier and vascular 
abnormalities similar to those seen in diabetic patients, 
the models described herein may prove useful for investi- 
gating the pathophysiology and potential treatments of 
diabetic retinopathy. 
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