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ABSTRACT 
Neointimal formation was studied in a porcine aortic explant mode1 that exhibits 

intirnal smoo t h muscle ce11 (ISMC) accumulation beneath an intact endothelium 

(nondenuded) after seven days in culture. Removal of the endothelium pnor to culture 

(denuded explant) results in iimited neointirnal formation, unless denuded explants are 

incubated with day 5 nondenuded conditioned media. The concentration of a number of 

known SMC mitogens was similar in conditioned media from nondenuded and denuded 

explants, indicating that these mitogens were not the soluble factor in nondenuded 

conditioned media which induced neointirnal formation in denuded explants. Since basic 

fibroblast growth factor (bFGF) was found in greatest abundance, 1 hypothesized that this 

rnitogen mediated early neointimal formation. Basic FGF irnrnunoreactivity in tissue 

sections and mitogenic activity of bFGF in conditioned media were sirnilar in denuded and 

nondenuded explants. However, the addition of exogenous bFGF (1 ng/mL) enhanced 

neointimal formation in nondenuded explants but not in denuded explants, indicating an 

FGF receptor dependent mechanism. Western blots of intimai lysates showed a tirne 

dependent increase in fibroblast growth factor receptor- 1 (FGFR- 1 ) expression over a 

seven day course, with higher levels seen in lysates from nondenuded explants. 

Immunoreactive FGFR- 1, detected in both endothelid cells and ISMCs of nondenuded 

explants, were not detected in ISMC of denuded explant sections. Quantitative Ligand 

binding and in situ autoradiography demonstrated specific, high affimity binding of '% 
bFGF to receptors on intirnal cells. FGF receptors 3 and 4 were also expressed in intimai 

lysates; however, their expression did not correlate with neointimal formation and was 

markedly less abundant than FGFR-1 expression. The addition of bFGF neutraüzing 

antibodies which resulted in partial reduced bFGF did not decrease ISMC accumulation but 

increased FGFR- 1 expression. When bFGF neuûdizing antibodies were administered 

more frequently (every 24 hours), resulting in a marked reduction in bFGF, neointirnal 

formation was reduced despite increased FGFR- I protein. Thus, bFGF mediates 

neointimal formation and appears to reciprocaliy regulate FGFR-1 in porcine aortic 

explants. 
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CHAPTER ONE 

Literature Review 

1.1 THE ARTERIAL SYSTEM: PATHOLOGY 

Large elastic and muscular artenes consist of three layers: the tunica intima, the 

tunica media and the tunica adventitia. The lumen of the aorta is lined by a specialized 

monolayer of epithelium called the endotheliurn. The endothelium sits on a basement 

membrane which it manufactures. In humans. the tunica intima consists of a 

proteoglycan-rich layer and a deeper smooth muscle ce11 (SMC)-rich layer found directly 

beneath the endotheliurn. The intima is bounded abluminally by the intemal elastic lamina 

(reviewed in Stary et al.. 1992). The resident intima1 smooth muscle cells (ISMCs) play 

an important role in neointimal formation and in atherogenesis (reviewed by Ross, 1993). 

The tunica media consists of alternating layes of elastin, collagen, and SMCs, dong with 

other matrix components. The tunica adventitia consists of a loose arrangement of 

collagen, fibroblasts, lymphatics, nerves and supplying artenes, the vasa v a s o m ,  which 

extend into the outer media. 



The large elastic and muscular vessels of the systernic artexid system are prone to 

a number of pathological processes, including artenosclerosis. Atherosclerosis, is the 

most comrnon f o m  of artenosclerosis and is distinguished fiom other foms of 

artenoscIerosis as a disease of the intima, usually characterized by a fibrofatty lesion. Its 

clinical consequences, myocardial infarction and stroke, are the highest cause of death in 

North Amenca (Schoen. 1994). 

1.1 .1 AtheroscIerosis 

Atherosclerosis is characterized by the accumulation of cells, matrk, and lipid 

in the artenal intima. Atherosclerotic lesion formation is thought to begin during 

childhood with the development of fatty streaks which are non-raised areas of 

extracellular and intracellular lipid accumulations in the arterial intima. These fatty 

streaks are thought to be precursors of fibrofatty plaques which are characterized by a 

further accumulation of cells including smooth muscle cells, macrophages, and 

lymphocytes in addition to a vascularized matnu, al1 of which overlay a core of lipid- 

laden foam cells and cellular debris (reviewed by Ross, 1993). 

Theories of atherosclerosis have been put forth since the middle of the 19th 

century when Rokitansky ( 1852) suggested that surface deposits initiated atherosclerotic 

Iesion formation. Modem theories of the pathogenesis of atherosclerosis have become all 

encompassing, having melded several theories into one. 

The revision of the original "Response to Injury Hypothesis" put forth by Ross 

and Glomset (1976) included the feature of a dysfunctional endothelium, rather than the 



original requirement of endothelial denudation, as a primary feature in atherosclerotic 

lesion formation (Ross, 1989). When revised in 1993, the "Response to Injury 

Hypothesis" fûrther included many of the features outlined in theones previously put 

forth by early investigators which included the "Monoclonal Theory" (Benditt and 

Benditt. 1973), the '*Inflammatory Theory" (Virchow, 1 856), the "Thrombogenic 

Theory" (Ro kinasky, 1 852; Duguid, 1949), the '.L ipid Insudation Theory" ( Anitschkow, 

1933; Rossle, 1944), and the modem "Lipid Theory" (Steinberg et al., 1989). This "new" 

theory relied heavily on die information denved over the previous thirty years fiom 

studies in vascular biology in which the regdation of ceU migration, ce11 proliferation and 

ce11 death, matrix synthesis and degradation, lipid metabolism in vascular wall cells, 

thrombosis, and other processes were studied in models of atherosclerosis. 

According to the present version of the Response to Injury Hypothesis (Ross, 

1993) endothelial dysfunction leads to the a b e m t  accumulation and oxidation of 

Iipoproteins in the intima dong with aberrant accumulation and dysfunction of immune 

cells. Oxidized lipids are chernotactic for monocytes and immobilize macrophages in the 

intima. The environment in the intima then favours the uptake of oxidized lipids into 

macrophages and resident ISMCs to f o m  foarn cells. Intimal SMCs and macrophages 

begin to proliferate due to the release of growth factors from the cells and ma&. 

Eventually. necrosis rnay occur at the base of a plaque due to tissue damage From oxidized 

LDL and to poor nutrition of the thickened plaque. Endothelial dcnudation and/or 

dy sfunction may promote thrombogenesis which prornotes growth of the plaque, 

partially througli the incorporation of mural thrombi. This sets the stage for acute luminal 



occlusion leading to ischemic stroke or infarction which is ofien due to the rupture of the 

fibrous cap overlying the plaque. 

The endothelium, previously thought to function merely as a passive 

thromboresistant banier, now appears to play a pivotal role in atherogenesis (Ross, 

1993). A number of possible types of endothelial dysfunction and changes in the intima 

have been studied in order to elucidate the early events of atherogenesis. These include 

the upregulation of ce11 adhesion molecules, such as vascular ce11 adhesion molecule 1 

(VCAM-I), which may allow early entry of leukocytes into the arterial intima (Berliner et 

ai., 1990; Cybulsky and Girnbrone, 1991; Walpola et al., 1995), the alteration of 

lipoproteins by endothelial cells (Henriksen et al., 1981; Steinbrecher et al., 1984), the 

generation of superoxide anions capable of oxidizing lipoproteins in the arterial intima 

(Steinbrecher, 1988). the role of the subendothelid matrix in trapping lipoproteins and 

creating a favourable environment for subsequent SMC migration and proliferation 

(Camejo et al., 1988), and the liberation of growth factors from the endothelium, such as 

platelet-derived growth factor and basic fibroblast growth factor, which may incite early 

SMC migration andor proliferation (reviewed by Ross, 1993). Whether one or a concert 

of aberrant endothelial functions initiates early lesion formation remains to be proven. 

Nonetheless, it is generally held that initiating events in the endothelial barrier are a 

necessary step in atherogenesis. 



1.1.2 Neointirnal Formation 

Naturally occurring intimal thickening was described by Stary (1987) as king 

either d i f i s e  or eccentric in the coronaq artenes and was thought to be an adaptation to 

hemodynamic stresses. Similar intimai thickening was found in infants of aii populations, 

regardless of their propensity to develop Ml-blown atherosclerotic lesions later in life. 

However, intimal thickening was consistently found in areas of the arterial tree that were 

predisposed to atherosclerotic lesion formation later in the life of individuals of 

susceptible populations (reviewed by Stary et al., 1992). These data suggest that intimal 

thickening may be an important early precunor of atherosclerotic lesions, or at least a site 

of predilection for atherosclerosis. The cellular and molecular events that promote and 

regulate this naturally occming intimai thickening are not understood nor has the role of 

endothelial dysfunction k e n  examined in the genesis of neointimai formation. 

The term "neointima" generally refers to the thickening of the intima in response 

to damage to the vessel. In expenmental animal models endothelial desquamation andor  

mediai damage which occured during inflation and retraction of a balloon catheter through 

an artery incited neointimd formation (reviewed by Schwartz et al., 1995). In humans, 

endothelial denudation andlor medial damage appear to be restricted to the case of  

percutaneous tramluminal angioplasty or atherectomy in which atherosclerotic lesions are 

damaged in an attempt to increase flow in areas of vessels with clinically significant 

luminal narrowing. In many cases intimal hyperplasia ensues and leads to loss of any 

luminal gain. This procees has been temed restenosis and neointirnal formation is often 

descnbed in this setting of restenosis. However, neointimal formation may be the result 



of different mechanisms depending on the type of hciting damage and the state of the 

vessel wall. Thus, neointimal formation produced by injury of a normal artery may be 

unlike the neointimal formation produced in a plaque-laden artery which undergoes the 

extensive damage involved in balloon angioplasty. 

In most cases, the early neointima consists largely of SMCs, although ma& 

components subsequently accumulate (reviewed by Stary et al., 1992; Schwartz et al., 

1995). In animal rnodels in which there are no resident intimal SMCs (Vesselinovitch, 

1988), or in which damage removes intimal SMCs, the neointima is formed entirely by 

media1 SMCs which migrate into the intima. In humans, and animal models in which there 

are resident intimal SMCs. the neointima may be formed by intima1 smooth muscle cells 

(ISMCs), media1 SMCs, or both. Thus. neointimal formation rnay be a result of migration 

andlor proliferation. in addition to rnatrix deposition. 

Like atherosclerotic lesion formation, neointirnal formation is thought to be 

initiated following damage to the vessel wall, whereupon release of a number of growth 

factors could stimulate andor regulate proliferation, migration, andior chemotaxis. 

Depending on the inciting injury (balloon catheter angioplasty, cardiac transplantation, or 

more subtle forms of injury). different growth factors seem to be prominent. 

1.1.2.1 Models of Neointimal Formation 

The tenn %eointirnal formation" has been used to describe processes which result 

in the build up of ce1 1s and matrix in the artenal intima following balloon injury of  nomal 

arteries, angioplasty of artenes stenosed by atherosclerotic and thrombotic processes, 



cardiac transpiantation, anastomosis of vascular grafts, and numerous other modes of 

injury. A number of experimental procedures produce neointimal formation, including: 

placement of silastic or polyethylene tubing (Huth et al., 1975) or endotoxin-soaked 

suture around the adventitia (Prescott et al., 1989), and mechanical injury which affects 

the intima (Reidy, 1 985; Fingerle et al., 1 990), the intima and the media (Clowes et al., 

l98%), or the entire thickness of the vesse1 (Glagov and Ts'ao, 1975). While portions of 

the overall mechanisms may be common to a number of these processes, those 

distinguishing feanires rnay be equally important to our understanding of neointimal 

formation. 

1.1.2.1.1 Balloon Injury Mode1 

The rat carotid balloon injury model, one of the most extensively exarnined models 

of neointimal formation, is charactenzed by both endothelial and medial SMC damage 

(C lowes el al.. 1 983 b) that results in the local release of growth factors from adherent 

platelets (Majesky et al., 1990) and damaged vascular wall cells (Majesky et al., 1990; 

Lindner and Reidy, 1991). Regeneration of the endotheliurn occurs via endothelial cell 

replication and migration. but may be incomplete with widespread denudation (Reidy, 

Standaert and Schwartz, 1982), upon which luminal SMCs create a "pseudoendothelium" 

(Reidy el al., 1983). 

Neointimal formation is the result of proliferation and migration of media1 SMCs 

into the intima (Clowes et al., 1983b; Clowes and Schwartz, 1985) where they continue 

to proliferate up to about two weeks following injury, afier which ISMC replication 



re turns to baseline levels (Clowes et al., 1 983a). The first stage of neointimal formation 

consists largely of medial SMC proliferation and beginç 24 hours following injury. The 

second stage constitutes the migration of medial SMCs across the internai elastic lamina, 

where they appear four days following injury. The third stage consists of proliferation of 

neointimal cells, which may last for weeks to months following injury. By day 14, the 

nurn ber of intima1 cells reaches its maximum (Clo wes et al., 1 983a). 

Platelet denved growth factor (PDGF) was thought to be the primary growth 

factor involved in experimental neointimal formation following balloon angioplasty: it 

was pro posed that upon removal of the endothelium, platelets adhering to the 

subendothelid rnatrix would degranulate and release PDGF, which would promote SMC 

proliferation (Ross, 1986). However, reduction in the nurnber of circdating platelets 

(Fingerle et al.. 1989) or treatment with antibodies to PDGF (Fems et al., 199 1 ; Jawien et 

al., 1992) decreased neointimal formation in balloon injured rats widiout decreasing SMC 

proliferation. It was therefore concluded that PDGF played a role in SMC migration 

rather than SMC proliferation. Subsequently, basic fibroblast growth factor (bFGF) was 

proposed to be the primary growth factor involved in experimental neointimal formation 

following balloon angioplasty. Basic FGF was thought to be released by damage to the 

vessel wall, and to effect SMC proliferation. Antibodies to bFGF were able to decrease 

neointimal formation (Lindner and Reidy. 1991), and bFGF was deposited in the vessel 

wail upon removal of the endothelium (Edelman et al., 1993). 



1.1.2.1.2 Porcine Aortic Explant Model 

Our porcine aortic explant model, like that of others (Koo and Gotlieb, 1989; 

Huth el al., 1975; Prescott et al., 1989), is characterized by formation of a neointirna 

beneath a morphologically intact endothelid layer, udike neointimal formation in the rat 

carotid ballon injury model (Clowes et al., l983a; Clowes et al., l983b). Our model more 

closely munics human intimal thickening and atherosclerotic lesion formation, in which 

intimai thickening develops beneath the endothelium, without observable denudation. 

There is no apparent darnage to the media in our model and the arterid architecture is 

preserved such that both cells and matnx are in their onginal orientation and proximity. 

1.1.3 Smooth Muscle Ce11 Proliferation 

The role of SMC proliferation in the growth of a developed atherosclerotic plaque 

and in restenosis following balloon angioplasty has been questioned in the face of results 

which show few SMCs positive for proliferative markers (Gordon et al., 1990; O'Brien et 

al.. 1993; Rekhter and Gordon, 1995). Although intense SMC proliferation does not 

occur, even a low proliferative index over long penods of time will promote plaque 

growth. It is also possible that ce11 proliferation occurs in short bursts due to changes in 

the microenvironment of the plaque and therefore may be missed due to the small window 

available for its detection. SMC proliferation is a key feature of expenmental neointimal 

formation and in the development of the atherosclerotic plaque (Velican and Velican, 

1976; Ross. 1986; Schwartz et al., 1995). The identification and characterization of the 

myriad of SMC growth factors grew out of studies which have focused on the role of 



SMC proliferation in neointimal and atherosclerotic lesion formation (reviewed by Ross, 

1993: Schwartz et al., 1995). Several SMC mitogens are now grouped in families with 

their structures and functions fairly well known. While they may differ in structure and 

in their receptors, in general many mitogens appear to effect proliferation via signai 

transduction pathway s that converge at the mitogen activating pro tein kinase ( M APK) 

pathway. 

1.2 SMOOTH MUSCLE CELL MITOGENS 

SMC mitogenesis is likely regulated by enhancers and inhibitors of proliferation. 

Both cornpetence factors which stirnuiate the entry of cells into the GI phase of the ceii 

cycle, and progression factors, which ailow progression through S phase are required for 

ce11 proliferation. These factors rnay include cytokines such as interleukins 1 and 8 and 

turnour necrosis factor alpha (Libby et a!.. 1988; Warner and Libby, 1989: Yue et al., 

1994). matrix molecules such as heparin (S kaletz-Rorowski et al., 1 W6), vasoactive 

agents such as angiotensin II and endothelin (Weber et al., 1994), or growth factors such 

as PDGF and bFGF (reviewed by Ross, 1993), to name only a few. 

1 2 . 1  Tumour Necrosis Factor-Alpha 

Tumour necrosis factor-alpha (TNF-a) is a 17 kDa cytokine (Aggarwal et al., 

1984; Wang et al., 1985) thought to be released fiom the 26 kDa plasma membrane-linked 

form by proteolytic cleavage (Kriegler et al., 1988; Scuderi, 1989). Two receptors have 



been identified for TNF-a, a 55 kDa and a 75 kDa protein (Schall et al., 1990; Smith et 

al.. 1990). Either of the receptors are thought to be required for binding and signal 

transduction (Engelmann et al., 1990), which involves phosphorylation of a number of 

different intracellular proteins and pathways (Marino et al., 1989). 

TNF-a is produced by both endothelial cell lines and vascular SMCs (Spriggs et 

al., 1988; Warner and Libby, 1989). In addition to its well known effects in idammation 

and endotoxic shoc k, RIF-a is a SMC mitogen, but inhibits endothelial ce11 proliferation 

(Wamer et al.. 1989: Frater-Schroder et al., 1987). TNF-a dso stimulates production of 

PDGF (Hajjar et al., 1987). TNF-a has been colocalized with BrDU in rabbit abdominal 

aorta SMCs foiiowing balloon angioplasty (Tanaka et al., 1996) and its blockade with 

soluble TNF-a receptor inhibits coronary artery neointimal formation following cardiac 

transplant (Clausel1 et al.. 1994). Further, TN F-u has been localized in atherosclerotic 

plaques (Barath et al.. 1990a; Barath et al., 1990b). Hence, TNF-a may play a role in 

neointimal formation and this requires further study. 

7 2 . 2  Platelet Derived Growth Factors 

Platelet derived growth factor (PDGF), a heparin-binding growth factor, originally 

found in alpha grandes of platelets (Kaplan et al., 1979), is a secreted disulfide-linked 

dimer of about 38 to 35 kDa. PDGF-A and B chahs combine to fonn either homo or 

heterodimen: PDGF-AA, PDGF-AB or PDGF-BB (Harnacher et al., 1988). Another 

level of complexity is introduced via alternative splicing of the sixth exon of PDGF-A 



which results in homodimers which either remain ceiI surface associated, Iike PDGF-B 

chain, or are secreted (Tong et al., 1987; Ostrnan et al., 1991; Raines and Ross, 1992). 

Ce11 associated PDGF chains can be removed with the addition of heparan sulphate 

proteoglycans (Raines and Ross. 1992) or 0.5 M NaCl (Pollack and Richardson, 1992). 

There are two high afinity PDGF receptor subunits with different Ligand binding 

specificities: PDGF-a only binds PDGF-A chah while PDGF-P binds either PDGF-A or 

PDGF-B chains (Seifert et al., 1989). The two receptor subunits also dimerize into homo 

or heterotypic units: PDGF-aa. PDGF-aP, or PDGF-PB. The PGDF receptor is a 

membrane bound tyrosine kinase (164 to 185 kDa) which upon ligand binding and 

dimerization, is activated via autophosphoryIation on tyrosine residues (reviewed by van 

der Geer et al., 1 994) 

PDGF is produced by both endothelial and SMCs (DiCorleto and Bowen-Pope, 

1 983; Seifert et oL. 1 984) and is mitogenic for SMCs (Ross et al., 1986). PDGF has 

thereby been implicated in thz pathogenesis of atherosclerosis (Ross, 1986) and 

neointimal formation (Ferns et al.. 1991). Seveml groups have shown that PDGF-B 

mRNA is overexpressed in atherosclerotic lesions (Barrett and Benditt, 1988; Wilcox et 

al., 1988). In the rat carotid balloon injury model of neointimal formation, PDGF appears 

to enhance SMC migration, and not SMC proliferation (Fems et al., 1991 ; Jackson et al., 

1993). The role of PDGF in neointimal formation requires further examination, especiaily 

in models in which vascular injury is minimal and in which resident ISMCs are present, 

similar to the case in humans. 



1.2.3 Transforming Growth Factor Beta 

Transforming growth factor beta (TGF-P) is a disulfide-linked dimer of two 

identical polypeptide c h a h  of about 25 kDa that was first isolated £Yom platelets 

(Assoian et ai., 1986; Demyck et al., 1985). Three distinct mammalian TGF-ps have 

been described: TGF-Pl, TGF-P2, TGF-P3 (Demyck et ai.. 1985; Demyck, 1988). 

These are secreted by a multitude of cell types uicludïng endothelid and vascular SMCs 

(Sato and Rifkïn, 1989; Merilees and Scott, 1990). TGF-Ps are secreted as latent 

molecules that are unable to bind their receptors (Lawrence et al., 1985). Proteolytic 

action of plasmin, on the pro-region of the growth factor, results in activation of the 

molecule (Sato and Rifkin, 1989). 

TGF-Ps bind to two high finity receptors: type 1 (TBRI, 50 kDa), and type II 

(TPRII, 80 kDa) (Lin et al.. 1992). Both type 1 and type II receptors are serinelthreonine 

kinases which are codependent for binding and signai transduction. Type 1 receptor 

requires type II receptor to bind TGF-B, and type II receptor requires type I for signal 

transduction (Wrana et al., 1992). TGF-Ps aiso bind to betaglycan, a 1 10- 130 kDa 

protein with both chondroitin sulphate and heparan sulphate chahs (Cheifetz et al., 

1988); but binding is not required for activity (Massagué et al., 1986). Betaglycan 

appears to act as a storage site or modulator of active TGF-P (Andres et al., 1989). 

Endoglin is a homodimenc integral membrane TGF-P binding protein expressed on 

vascular cells, which can associate with TBRI or 11. Mutations in the human endoglh 



gene result in hereditary haemorrhagic telangiectasia, which is characterized by a number 

of vascular abnormalities includùig telangiectases and arteriovenous malformations 

(McAllister et al., 1994; Guttmacher et al.. 1995). 

TGF-P has been reported to have either proliferative or antiproliferative effects on 

S MCs (Moses et id., 1 990). In most instances, TGF-P inhibits poli feration (Heimark et 

al., 1986; Menvin et al., 199 1). TGF-B's positive effect on proliferation is thought to be 

due to secondary effects on matrk production and synthesis of other growth factors or 

growth factor receptors such as PDGF and PDGF receptors (Battegay et al.. 1990, 

Majack et al.. 1990; Moses et al., 1990). Both exogenous TGF-P 1 and TGF-PZ inhibit 

SMC proliferation (Merwin et oz.. 1991). Interestingly, both endothelial and vascular 

SMCs appear to require cell-ce11 contact in culture for activation of latent TGF-B 1 ,  which 

appears to occur via the activity of plasmin (Sato and Rifkin, 1989). Thus, the role that 

TGF-Pl and TGF-P? may play in inhibiting neointimal formation in various experimental 

models of neointimal formation should be investigated. 

1.2.4 Fibroblast Growth Factors 

Nine members of the fibroblast growth factor (FGF) farnily have been isolated: 

FGF-1 (Mergia et al., 1986), FGF-2 (Abraham et al., 1986), FGF-3 (int-2) (Moore et al., 

1986), FGF-4 (Kaposi FGF, hst-1) (Taira et al., l987), FGF-5 (Zhan et al., 1988), FGF-6 

(Marks et al., 1989), FGF-7 (keratinocyte growth factor; KGF) (Finch et al., 1989), 

FGF-8, and FGF-9 (Miyamoto et. al., 1993). These FGFs promote a nurnber of 



functions, including pro li feration of cells of mesodemal and neuroectodermal ongin 

(Gospodarowicz, l986), migration (Sato and Ri&, l988), angiogenesis (Shing et al., 

1984; FouUnan and EUagsbnin, l987), differentiation (Rogeij et. ai., 1989), ce11 survival 

(Fox and Shanley, 1996), and extension of neurites (Lander et. al.. 1982). 

The two prototype FGFs, FGF-1 (also known as heparin binding growth factor 1, 

endothelial ce11 growth factor, or acidic FGF), and FGF-2 (also known as heparin binding 

growth factor II, or basic FGF) were isolated fiom bovine brain (Armelin, 1973; 

Gospodarowicz, 1974) based on their ability to bind heparin. While the two proteins are 

similar in structure (55% homology; Esch el. al., l985), they differ significantly in their 

biochemical characteristics: acidic FGF (PI 5.6) is eluted fiom heparin-Sepharose resin 

with 1 M NaCl (Maciag el. al.. 1984, Thomas et. al., 1984) while bFGF (PI > 9.0) is 

eluted with 1.5 M NaCl (Gospodarowicz, 1984). 

1.2.4.1 Basic Fibroblast Growth Factor 

1.2.4.1.1 Structure and Functions 

The gene for bFGF consists of three exons (Abraham et al., 1986). Four different 

molecular weight isoforms of the protein have been descnbed. These depend on their 

initiation codon, resulting in 24,22.5, 22, and 18 kDa isoforms (Florkiewicz and Sommer, 

1989; Prats et al.. 1989). The three higher molecular weight forrns contain nuclear 

localization sequences resulting in their concentration in the nucleus (Powell and 

Klagsbrun, 199 1 ; Quarto e! al., 199 1 ), while the 18 kDa bFGF is found in the cytosol and 

on the ce11 surface. The protein has been localized to virtually every tissue (Cardon- 



Cardo et al., 1990; Gospodarowicz, 1987; Hughes and Hall, 1993). In atherosclerotic 

lesions, bFGF is localized to the vasa vasorum (Hughes et al., 1993). Periadventitial 

administration of bFGF to rat carotid arteries following balloon angioplasty increases 

neovascularization of the vasa vasoruin and neointimal formation (Edelman et ai.. 1992), 

while intravenous administration increases neointimal formation (Lindner et al., 199 2 ) .  

Due to the significant role that bFGF plays in neointimal formation in the rat carotid 

balloon injury model, the ability of this mitogen to mediate neointimai formation in 

models that more closely represent the human condition should be explored. 

1 24.1 2 Mechanism of Secretion 

Because bFGF lacks a signal sequence, there has been much debate over the 

mechanism via which the mitogen becomes deposited in the basement membrane and 

extracellular matnv (Vlodavsky et al.. 1987; Flaurnenhaft et al., 1988; Folkman et al., 

1988) and is found in the conditioned media of cells in culture (Schweigerer et. al., 1987). 

Darnage to plasma membranes, in the f o m  of' endotoxin toxicity (Gadjusek and 

Carbon. 1989), irradiation (Witt et al., 1989), or transient plasma membrane disruption 

(McNeil et al.. 1989) was found to release measurable arnounts of bFGF into culture 

media. However. transient plasma membrane disruption has only been demonstrated in 

the gastrointestinal tract in vivo (McNeil and Ito, 1989). Novel mechanisms suggested for 

bFGF secretion have included a mechanism similar to that for secretion of lectins via 

plasma membrane evaginations (Cooper and Barondes, 1990), secretion of an inactive 

aFGF h e r  upon heat shock (Jackson et. al., 1992; Tarantini et. al., 1995), or via a 



pathway which by-passes the classical endoplasmic reticulum-golgi pathway (Mignatti et 

ni., 1992). 

Once deposited in the extracellular matrix, bFGF c m  be released by protease 

activity, including that of heparanases (Bashkin et ai.. 1989, Ishai-Michaeli et al., 1990), 

plasmin (Saskella and Rifkin, 1 !BO), or elastases (Thompson and Rabhovitch, 1996). 

Release of bFGF with plasmin cleaves the heparan sulphate proteoglycan (HSPG) core, 

resulting in soluble bFGF bound to heparan sulphate which retains its activity and is 

protected from fùrther proteolytic cleavage (Flaumenhaft and Rifkin, 1 99 1 ). Release of 

bFGF from endothelial cells via plasmin activity can be achieved either by the addition of 

exogenous plasmin, or plasminogen. Further, the addition of bFGF positively regulates 

plasminogen activator while TGF-P negatively regulates plasminogen activator in 

endothelial cells (Saskella and Rifkin, 1990). Basic FGF can aiso be displaced from the 

extracellula. matrix with exogenous hepann (Thornpson et al.. 1990) 

1.3 FIBROBLAST G R 0  WTH FACTOR RECEPTORS 

Both low (Kd = 2 to 10 nM) and high (Kd = 10 to 200 PM) affinity cellular 

binding sites have been identified for bFGF. Low afinity binding sites are usually more 

abundant on cells (0.5 to 2 x 1 o6 sites per cell) than high affinity binding sites (0.2 to 

1 x 10'' sites per cell) (reviewed by Burgess and Maciag, 1989). 



1 3.1 Low Affinity Receptors 

Low affinity binding sites for bFGF uiclude both cell-associated and ma&- 

associated heparan sulphate proteoglycans: low affinity binding is abolished with 

heparanase or 2 M NaCl treatrnent (Moscatelli, 1987). Of the ceii surface and ma& 

associated proteoglycans such as P-glycan, glypican, syndecan, and perlecan, the latter 

appears to be best able to promote bFGF-receptor binding (Aviezier et al., 1994a; 

Aviezier et al., 1 994b). 

Heparan sulphate proteoglycans are thought to bind to both bFGF and high 

afinity FGF receptors, creating a trimolecular complex required for the biological action 

of bFGF (Yayon et al., 1991; Ornitz et al., 1992). In the absence of heparan sulphate 

proteoglycans. exogenous heparin promotes binding of bFGF to high affinity receptors 

(Yayon et al., 1991). 

Low affinity binding of bFGF may serve a nurnber of diflerent fünctions in 

addition to high afinity FGF receptor binding, including storage of bFGF in the 

extracellular matrix, where it may act as a reservoir (Moscatelli, 1988; Flaumenhaft et ol., 

1989). In addition. heparan sulphate proteoglycans protect bFGF fiom pH, heat, and 

protease denaturation (Gospodarowicz and Cheng, 1986; Saskella et al., 1988; Sommer 

and Rifkin, 1989). Finally, heparin and heparan sulphate proteoglycans increase the 

difisability of bFGF (Flaumenhaft et al.. 1990). 



1.3.2 High Affinity Receptors 

To date there are four different gene products which bind bFGF with hi& affinity 

and act as classical membrane bound receptor tyrosine kinases. These have been named 

FGF receptors 1 through 4, in the order of their discovery. FGFR-1, is the product of the 

jZg gene in humans (Ruta et a l .  1 988). FGFR-2 (Hattori et al.. 1 WO), FGFR-3 (Keegan 

et al.. 199 1) and FGFR-4 (Partanen et al.. 199 1) are the products of different genes and 

have varying homology to FGFR-1 (Johnson and Williams, 1990). 

The four FGF receptors have similar overall structure which consists of one to 

three extracellular immunoglobulin (1g)-like domains. The fint and second Ig-like domains 

are separated by a sequence of four to eight acidic amino acid residues (depending on the 

receptor iso form), referred to as the "acid box". The intracellula. domain consists of t wo 

tyrosine kinase dornains separated by a short insert sequence. The most highiy conserved 

regions of the proteins are the kinase domains. 

The FGF receptors appear to be unique arnong tyrosine kinase receptors in the 

multitude of splice variants found. At least 5 splice variants of FGFR-1 (Eisemann et al., 

199 1 ; Johnson et al.. 1990; Lee et al., 1989) and 6 splice variants of FGFR-2 (Champion- 

Arnaud et al., 199 1 ; Miki et al., 199 1 ;  Hatton et al., 1990; Dionne et al., 1990; Houssaint 

et al., 1990) have been found to date. Although receptors may Vary in the number of Ig- 

like domains, the greatest variation appears to be in the exon fiom which the second half 

of the third Ig-like domain is denved, with FGFR-1 having 3 different f o m s  (designateci 

Illa, IIIb, and Mc), and FGFR-2 having two different forms (IIIb, and IIIc). Both FGFR- 

3 and FGFR-4 have only one form of this exon (IIIc) (Keegan et al., 1 99 1 ; Partanen et al., 



199 1). These splice variants appear to impart different ligand binding specificities to the 

receptors. Neither Ig-like domains I and II nor the acid box appear to affect ligand binding 

(Dionne er al., 1990; Johnson et al.. 1990; deVries et al., 1992). Each of the four FGFRs 

bind bFGF (Dionne et al., 1990; Johnson et al., 1990; Keegan et al., 1991 ; Ron et al .  

r 993). 

Mutations in three of the high affinity FGF receptor genes (FGFR- 1, FGFR-2, 

and FGFR-3) have demonstrated their role in a nurnber of hurnan skeletal abnormalities. 

A mutation in FGFR- I has been associated with Pfeiffer syndrome (Muenke et al.. 1994), 

while mutations in FGFR-2 have been implicated in Apert, Pfeiffer, Jackson-Weiss, and 

Crouzon syndromes, al1 of which are characterized by craniofacial and hand and foot 

abnormalities (Jabs et al., 1994; Rutland et al., 1995: Wilkie et al., 1995). In contrast, 

FGFR-3 gene mutations have been associated with disorders of the long bones resulting in 

various forms of dwarfism (Shiang et al., 1994; Rousseau el al., 1994). 

1.3 2 .1  Fibroblast Growth Factor Receptor 1 

1.3 3 . 1  1 Structure and Functions 

FGFR-1 was first purified From chick embryos with biotinylated FGF in the 

presence of heparin (Lee er al., 1989). The protein contained an amino-terminal signal 

peptide, followed by three extracellular Ig-like domains (1 and II k ing  separated by a 

string of eight acidic amho acid residues). This extracellular domain was separated fiom 

the intracellular domain by a single transmembrane region. The intracelluIar domain 

consisted of two tyrosine kinase domains separated by a 14 amino acid kinase insert. The 



FGFR-1 is highly conserved among species, with the kinase domains king most highly 

conserved (reviewed in Johnson and Williams, 1993). 

In addition to activation upon binding of the fibroblast growth factors, recent 

studies have shown that FGFR-I is ùivolved in the signalling which is characteristic 

during neurîte extension. The FGFR-I has a number of short arnino acid sequences which 

have homology to ceii adhesion molecules contained in what has been cailed the cell 

adhesion molecule (CAM) homology domain (reviewed by Mason, 1994b). In the 

process of neurite extension it has been shown that CAMs activate FGFR-1 and that 

blockade of this interaction with synthetic peptides or antibodies inhibits neurite 

outgrowth (Williams et al., 1994; Doherty et al., 1995). 

1 -3 3.1.2 Ligand Binding Specificity 

Ligand binding specificity of the high affinity FGF recepton is conferred by 

alternative splicing of the thi rd imrnunoglobulin-like domain (reviewed b y Johnson and 

Williams, 1993). For FGFR- 1, three alternative exons exist for this region: IIIa, IIIb, and 

IIIc. Eson IIIa encodes a secreted form of FGFR- 1, while exons IIib and HIC are 

membrane bound variants. FGFR- 1 with exon IIa binds bFGF with higher affinity than 

aFGF. while FGFR-I with exon IIb binds aFGF with higher afinity. FGFR-1 containing 

exon IIIc binds acidic and basic FGF with equal affinity (Miki et al., 1992). 



1 -3 -3.1.3 Modulation and Regulation 

The activity of FGFR-1 is rnodulated by macromolecules which affect 

ligandheceptor interaction. An excess of soluble heparin or heparan sulphate 

proteoglycans can compete with ce11 and matrix-associated low affinity binding sites and 

thus decrease the effects of bFGF (Lindner et al., 1992; Nugent et al., 1993; Ishihara et al., 

1994). Further, soluble forms of the high afinity FGF receptors, found in blood and 

endothelid ceIl basement membrane may also compete with membrane bound FGF 

receptors for bFGF (Hannekan et al.. 1994; Hannekan el al., 1995). 

FGF receptors have been reported to be upregulated in tumor cells (Kobrin et al., 

1993: Momson et al.. 1994) but downregulated in non-tumor cells in response to bFGF 

(Moscatelli, 1988; Moscatelli and Quarto 1989). Interestingly, FGFR-1 mRNA is 

upregulated (Estival et al.. 1996; Saito et al., 199 1). downregulated (Mansukhani et al., 

1990: Saito et al.. 1992), or unchanged (Ali et al., 1995) in response to bFGF depending 

on the ce11 type. In addition FGF receptors appear to be upregulated in vascular tissues 

in response to injury (Casscells et al., 1992; Brothers ei al., 1995). Basic FGF results in 

downregulation of FGFR-7 via some post-transcriptional mechanism (Ali et al., 1995). 

Clearly, complex interactions of ligand and receptors of the FGF family appear to result 

in a mynad of regdatory mechanisrns that may result in receptor upregulation, 

downregulation, or no change. A further level of complexity of FGFR-1 regulation 

appears to be via differential regulation with different bFGF isoforms (Estival et al., 

1996): while low levels of both the l8kDa form and the 22.5 kDa fom both increase 

FGFR-1 receptors, blockade of only the 18 kDa bFGF isoform with neutralizing 



antibodies upregulates FGFR- 1. Interestingly, FGFR- 1 mRNA was increased to a greater 

extent in cells which synthesize ody the intracellularly localized 22.5 kDa bFGF: 

rneasurement of mRNA half-life showed that the 22.5 kDa bFGF serves, in part, to 

stabilize FGFR- 1 mRNA. 

1.3.3.1.4 Tissue Expression 

FGFR-I is expressed in many human tissues (Cardon-Cardo, 1992; Hughes and 

Hall, 1993) including both endothelid cells and vascular SMCs in vitro (Brogi et al., 1993: 

Xin et al., 1994)) and in vivo (Hughes et al., 1993). In vivo, FGFR-1 is confined to the 

vasa vasorurn supplying the adventitia: both control and atherosclerotic vessels have 

similar expression of FGFR- 1 protein (Hughes et al., 1993) and FGFR- 1 message (Brogi 

et al., 1 993). 

1.3.3.1.5 SignalTransduction 

Binding of ligand to FGFR- 1 induces receptor dimerization (Bellot et al., 199 1) 

and autophosphorylation of tyrosine residues (Schlessinger and Ullrich, 1992; Hou et al., 

1993; Mason, 1994a). Phospholipase C-gamma (PLC-y) binds to FGFR- 1 (Mohammadi 

et al., 199 1) and hydrolyzes phosphatidylinositol bisphosphonate, causing the activation 

of calcium dependent and calcium independent protein kinase C isoforms (Kent et al., 

1990; Burgess er al., 1990). PLC-y activation and phosphatidylinositol bisphosphonate 

hy droly sis is not required for mitogenesis (Peters et al., 1 992; Partenan, unpublished 



observations). Activated FGFR-I also binds the GrbUSOS cornplex, and SOS 

subsequently activates Ras (Ward et ai., 1996). The two pathways converge at the 

activation of Rd-1 which (Huang et al., 1995), via the mitogen activating protein kinase 

(MAPK) pathway (Tsao et al., 1990). leads to mitogenesis in a number of different ce11 

types. 

1.4 THE ROLE OF BASIC FGF AND ITS RECEPTORS IN NEOINTIMAL FORMATION 

Both bFGF and its hi& affinity receptors have been implicated in animal models 

of neoùitirnal formation (Casscells et al., 1992; Lindner and Reidy, 199 1 ; Lindner et al., 

1 99 1 ). FGFR- 1, the predominant hi& affinity FGF receptor in vascdar SMCs (Xin et 

al., 1994) has been reported to be upregulated following vascular injury (Casscells et al., 

1992) while its message shows no change following injury (Lindner and Reidy, 1993) in 

the sarne rnodel. Lindner and Reidy (1993) showed that FGFR-1 mRNA is present in 

both replicating and quiescent ISMC following balloon angioplasty of the rat carotid 

artery. while Casscells and colleagues (1992) reported increased bFGF binding and an 

increase in immunoreactive FGFR-1 at sites of injury in this rnodel. Lindner and 

coworkers (1 99 1) had previously reported that while bFGF resulted in an increase in 

SMC replication in injured rat carotids. bFGF did not affect SMC replication in uninjured 

carotid arteries. Taken together these studies indicate that FGF receptors which 

recognize bFGF are either upregulated or more active following injury in this model. The 

fact that FGFR- 1 mRNA was not increased in injured rat carotid artenes may indicate 

that the increase in FGFR may be a combination of the four FGFR subtypes, especiaily 



FGFR-3 and FGFR-4 which Casscells' group did not examine, or that upregulation of 

FGFR-1 protein is not reflected at the message level. In contrast, little bFGF or FGFR-1 

is seen in atherosclerotic plaques, except in the adventitia (Brogi et al., 1993; Hughes et 

al., 1993). While FGFR-2 is synthesized by vascular SMCs (Be ei al., 1993; Xin et 

al.. 1994). there is little evidence suggesting it, or the other two FGF receptors. play a 

role in either neointimal formation or atheroscIerotic Iesion formation. 

1.4.1 Rat Carotid Balloon Injury Mode1 

Extensive examination of the roles of PDGF and bFGF in the rat carotid injury 

model. revealed that while blockade of PDGF had Iittle affect on SMC proliferation, it did 

decrease the rate of neointimal formation, presurnably by inhibithg SMC migration 

(Fems et al., 1991 ; Jawien et al., 1992). In contrast, bFGF produced by vascular wall 

cells had a marked affect on SMC proliferation during early neointimai formation (Lindner 

et al.. 199 1 ; Lindner and Reidy. 199 1 ; Lindner et al., 1992). Balloon injury results in a 

loss of bFGF irnmunoreactivity suggestive of release of the growth factor, followed by 

increased nuclear bFGF immunoreactivity From 1 to 10 days. Systemic administration of 

bFGF neutraiizing antibodies significantly decreased SMC proliferation. At later 

tirnepoints (4 to 6 days) bFGF does not appear to be involved in SMC replication 

(Lindner and Reidy. 1993). 

Analysis of FGF receptors in the rat balloon injury model has produced 

conflicting results. Lindner and Reidy ( 1 993) found equal FGFR- 1 mRNA expression in 

replicating and quiescent SMCs five days following injury, while Casscells et al. (1992) 



found increased binding of bFGF to FGF receptors, specifically to replicating SMCs in 

the intima and media. They M e r  noticed the upregulation of FGFR-1 in proliferating 

SMCs following injury. Since these studies looked at different levels of FGFR-1 

expression, and since Lindner and coworkers ( 199 1) had previously reported that 

intravenous administration of bFGF increased SMC proliferation in balloon injured. 

indicating FGFR activity, but not in uninjured rat caroitd artenes, it appears that FGF 

receptors play a role in bFGF mediated SMC proliferation in this model of neointimal 

formation. 

1.4.2 Porcine Aortic Organ Culture Mode1 

The porcine aorta has important similarites to the hurnan aorta in that there is a 

defined intima which contains SMC and matrix. The primary characteristic of the porcine 

aortic explant model is the accumulation of lSMCs under an intact, albeit dysfunctional 

endotheliurn (Koo and Gotlieb, 1989. Koo and Gotlieb, 1991). The number of ISMCs 

doubles during the first seven days of culture, and further doubles during the subsequent 

week, maintaining this ce11 number up to day twenty eight. Removal of the endothehm 

results in a signifiant reduction in ISMC accumulation. However, addition of 

conditioned media, collected fiom explants during peak SMC proliferation (day 5) in 

nondenuded explants, to endothelium-denuded explants stimulated neointimal formation. 

Addition of conditioned media collected during basal levels of SMC proliferation (day 24) 

in nondenuded explants had no effect on neointhal formation in denuded explants. 

Because bFGF concentration in nondenuded explant conditioned media coilected at day 5 



was greater than that collected at day 24 (Koo, 1992), I hypothesized that bFGF was the 

endothelid-derived SMC rnitogen which stimulated SMC accumulation and that bFGF 

played a large part in neointimal formation. 

1.5 EXPERIMENTAL DESIGN AND OBJECTIVES 

1 5.1 Statement of Purpose 

My studies using the porcine aortic explant mode1 of neointimal formation have 

concentrated on the first seven days of culture, d u ~ g  which SMC proliferation is 

initiated and results in a doubling of the number of ISMCs. These first seven days of 

aortic explant culture were of interest given the marked endotheliai turnover and the 

ability of endothelial-derived soluble factors in conditioned media collected during this 

penod to induce neointimal formation in explants denuded of their endothelium (Koo and 

Gotlieb, 1989; Koo and Gotlieb, 1990). The main purpose of my work was to &gin to 

unravel the mechanisms by which the nurnber of lSMCs double during this early period 

of neointimal formation. 

1 3.2 Overall Hypothesis and Rationale 

I hypothesized that bFGF was responsible, at least in part, for neointimal 

formation in the porcine aortic explant mode1 and was the unidentified, soluble, 

endothelial-derived SMC mitogen described previously by our group. The rationale for 

the hypothesis that bFGF was responsible for neointimal formation stemrned fiom 

previous work in our laboratory which showed that markedly more bFGF was contained 



in 5 day as compared with 24 day nondenuded explant conditioned media (Koo, 1992). 

The relative arnounts of bFGF in nondenuded explant conditioned media at days 5 and 24 

correlated with the proliferative index for ISMCs. Further, while day 5 nondenuded 

explant conditioned media (which had relatively hi& levels of bFGF) was able to induce 

neointimal formation in denuded explants, day 24 nondenuded explant conditioned media 

(which had relatively low levels of bFGF) was unable to do so (Koo and Gotlieb, 199 1). 

1 -5.3 Specific Aims 

In order to study the effect of bFGF on neointllnai formation, 1 set out with the 

following specific objectives: 

to determine if bFGF is the endothelial-derived SMC mitogen in nondenuded explant 

conditioned media 

to determine if bFGF in nondenuded explant conditioned media mediates neointimal 

formation 

0 to determine a mechanism via which bFGF mediates neointimal formation 

1.54 Expenmental Design and Findings 

Because explants with an intact endothehm developed a neointima and denuded 

explants did not develop a neointima, and because neointirnal formation could be 

conferred by conditioned media transfer, 1 compared the profile of SMC mitogens in 

conditioned media fiom each group. I expected to find the rnitogen or mitogens 

responsible for neointimal formation in nondenuded explants by virtue of their presence 



or increased concentration in conditioned media collected from this group compared with 

that of the denuded explant group. In addition, I expected to fmd those factors in 

conditioned media which inhibited SMC proliferation, by virtue of their presence or 

increased concentration in denuded explant conditioned media compared with nondenuded 

explant conditioned media. Such disparity in the concentrations of the growth factors 

cornmonly implicated in SMC proliferation and neointimal formation was not observed. 

Therefore, 1 examined the activity of bFGF, the growth factor found in greatest quantity 

(C hapter Two). 

I fùrther studied bFGF localization in the two explant groups, suspecting that 

local tissue-bound stores of bFGF in the nondenuded group were greater, and that this 

ma? be the source of the growth factor. When the addition of exogenous bFGF resulted 

in the different effects on neointirnal formation in nondenuded and denuded groups, 1 

suspected that more than one mechanism may be involved in neointimal formation, and 

that tissue-bound factors or FGF receptors may play a part in neointimal formation, at 

least in the nondenuded explant group. The correlation of FGFR-1 with neointimal 

formation, dong with its localization and upregulation in the endothelid and SMCs of 

nondenuded explants indicated that FGFR-1 played at least some part in neointimal 

formation, although at that time, 1 was unable to inhibit neointimal formation with the 

neutralization of bFGF (Chapter Three). 

I charactenzed the extent of bFGF binding to hi& and low affinity receptors in the 

intima of nondenuded explants, and examineci the intima1 expression of FGF receptors 1 

through 4 fiom nondenuded explants during the first seven days of culture to determine if 



the other FGF recepton could be involved in neointimal formation in this model. When 

neutraiization of bFGF did not result in a decrease in neointimal formation, I examined the 

expression and localization of FGFR- 1 following neutralization. 1 found that soluble 

levels of bFGF inversely correlated with FGFR-1 expression durhg the first seven days 

of explant culture. and that only when bFGF availability was markedly reduced (i-e. 

completely neutralized with daily addition of antibody) was neointimal fornation 

decreased (Chapter Four). 

Results fiom these studies have led me to conclude that soluble levels of bFGF 

reciprocally regulate FGF R- 1 . However, by significantly reducing the availability of 

bFGF to its receptors on intima1 cells of nondenuded porcine aortic explants, neointimal 

formation can be abrogated. 



CHAPTER TWO 

Putative Soluble Mediators Of Smooth Muscle CeU Proiiferation 
Do Not Differ In Porcine Aortic Explant Conditioned Media 

2.7 INTRODUCTION 

SMC proliferation is one of the main processes in atherogenesis (Ross. 1993), and 

restenosis following angioplasty (Clowes et al.. 7983a; Clowes et al., 1983b; Schwartz et 

d.. 1995). The early accumulation of intima1 SMCs (ISMC), a possible precursor of 

atherosclerotic plaques, has been mimicked in vitro in porcine aortic explants (Gotlieb and 

Boden, 1984; Koo and Gotlieb, 1989; Koo and Gotlieb, 1991). The characteristic feature 

of this model of neointirnal formation is the ISMC accumuIation which occurs in explants 

beneath the endothelial layer (nondenuded). In contrast, explants in which the 

endotheliurn has been removed (denuded) do not develop a significant neointima over the 

first seven days of culture (Koo and Gotlieb, 1989). 

Previous studies in Our laboratory identified one mechanism via which neointimal 

formation occurs in the porcine explant model. The addition of conditioned media, 



collected fiom nondenuded explants over a 34 hour period fiom day 4 to 5, to denuded 

explants results in the accumulation of ISMCs. with no significant difference in the 

number of ISMCs as compared with nondenuded controls (Koo and Gotlieb, 1991). The 

proliferative index for ISMCs in these nondenuded cultures peaks at approximately 

day 5. coincident with the ability to induce neointimal formation with the transfer of this 

conditioned media (Koo and Gotlieb, 1991). Conditioned media, collected at day 24 

(when the proliferative index for ISMCs had retumed to basal levels), did not effect 

neointimal formation in denuded explants (Koo and Gotlieb, 1991). Thus, a soluble 

rnediator present in nondenuded explant conditioned media, collected at day 5, but not in 

denuded explant conditioned media. was able to induce the accumulation of SMCs in the 

intima of denuded explants. Further. markedly more bFGF was found in 5 day as 

compared with 24 day nondenuded explant conditioned media (Koo, unpublished 

observations). Results of these studies formed the rationale for rny examination of SMC 

mitogens in explant conditioned media, particularly basic fibroblast growth factor (bFGF). 

As a result, 1 speculated that putative soluble mediators of neointimal formation 

would be found in significantly greater concentration in conditioned media of nondenuded 

explants which develop a neointima over the first seven days of culture, than in 

conditioned media frorn explants denuded of their endothelial cells. 1 hypothesized that 

bFGF was the predominant endothelid-derived SMC mitogen in nondenuded explant 

conditioned media which induced neointimal formation in both nondenuded and denuded 

explants. 



Because nondenuded aortic explants have both endothelial cells and SMCs, a 

nurnber of SMC mitogens and their interactions may mediate neointimal formation in our 

model. Many known SMC mitogens including: PDGFs (Ross, 1986), FGFs (Winkles et 

ni.. 1 987; Lindner and Reidy. 199 1 ), TGF-B (Merwin et al., 1 99 1 ), TNF-a (Clausell et 

al., 1994), among others, have been implicated in experirnental and human neointimal 

formation (reviewed in Schwartz, 1995). 

Platelet denved growth factor, one of the first growth factors thought to mediate 

neointimai formation in the rat carotid balloon injury model, appears to be involved in 

SMC migration rather than proliferation (Fems et al., 199 1 ; Jackson et al., 1993). WhiIe 

TGFP-1 and TGF-PZ affect SMC migration differentially, both inhibit SMC proliferation 

in vitro (Merwin et ai., 1991). Basic FGF is a potent SMC mitogen that has been 

implicated in the proliferation of SMCs at early stages of neointimai formation in the rat 

carotid balloon injury model (Lindner et ai.. 199 1 ; Lindner and Reidy, 199 1 ; Casscells et 

al.. 1 992). TNF-a plays a significant role in neointimal formation in coronary arteries 

following cardiac transplantation and in balloon angioplasty of the rabbit abdominal aorta 

(Clausell et al,, 1 994; Tanaka et al., 1 995). 

Given the results in the porcine aortic explant model indicatuig that an endothelial- 

derived SMC mitogen conferred neointimal formation (Koo and Gotlieb, 199 l ) ,  and the 

results of other groups implicating a nurnber of known SMC mitogens in models of 

neointimal formation (Fems et al., 1991 ; Jackson et ai., 1993; Merwin et al., 199 1; 

Lindner et al., 1 99 1 ; Lindner and Reidy 1 99 1 ; Casscells et al., 1 992; Clausell et al., I 994; 



Tanaka er al., 1995), the overall a h  of my experiments was to identi& the SMC 

mitogens in nondenuded explant conditioned media important in the pathogenesis of 

neointimal formation. 

The specific objectives of these expenments were: 

1. to identib the SMC mitogens in greater concentration in nondenuded versus denuded 

explant conditioned media 

2. to determine which SMC mitogens identified in nondenuded explant conditioned 

media conferred neointimal formation, and in what proportions 

Thus. I examined the levels of a nurnber of known SMC mitogens which have been 

implicated in other models of neointimal formation and atherosclerosis. Each of the 

factors analyzed (bFGF. PDGF-AB, TGF-Pl, TGF-PZ, and TNF-a) were found in equal 

concentrations in nondenuded and denuded explant conditioned media. Concentrations of 

each of the mitogens were maximal at day 1 and steadily declined thereafier. Because 

bFGF was most abundant, its mitogenicity in conditioned media was examine4 using a 

neutrdizing antibody and a SMC growth assay. Basic FGF in conditioned media from 

nondenuded and denuded explants was equally mitogenic. These data suggest that none 

of the mitogens examined is the endothelid-derived SMC mitogen responsible for the 

induction of neointimal formation in denuded explants with the addition of M a y  

conditioned media fiom nondenuded explants. 



2.2 MATERIALS AND METHODS 

2.2.1 Porcine Aortic Organ Culture 

Segments of porcine thoracic aorta taken just distal to the aortic arch, were 

transported in phosphate buffered saline (PBS) containing 2% antibiotics and antifungal 

agents (Penicillin-Streptomycin and Fungizone; 2% PSF; Gibco; Grand Island, New York) 

from a local slaughterhouse. The vessefs were dissected, stripped of their periadventiùai 

fat, and rinsed in PBS containing 2% PSF. Vesseis were opened ventraily, pimed flat 

with the luminal side up, and rectangular pieces (approximately 4 mm x 10 mm) were cut 

out with a scalpel blade as described previously (Koo and Gotlieb, 1989). For 

nondenuded explants. care was taken not to damage the endotheliurn. For denuded 

explants. the single gentle stroke of a scalpel blade, followed by a gentle rime over the 

surface of the vesse1 with PBS was used to remove the endotheliurn pnor to culture. 

Explants were grown in 24 well plates (Flow Laboratories; McLean. Virginia) incubated in 

1 millilitre of Medium 199 (Ml 99; Gibco; Grand Island; New York) supplemented with 

5% fetal bovine serum (HyClone Laboratories; Logan, Utah) and 2% PSF, every other 

day . 

2.2.2 Enzyme-linked Immunoassay 

Basic FGF concentration in culture media conditioned by nondenuded and 

denuded explants was measured by enzyme-linked irnrnunoassay (ELISA) following 

collection over a 24 hour penod following culture feeding (ie. on days 1, 3, 5, and 7). One 

miliilitre samples of conditioned media were collected from 12 nondenuded and 12 



denuded explants per time point. Samples were centrifuged for 5 minutes at 5000 rpm to 

remove ce11 debris, and transferred to new centrifuge tubes for storage at -20°C until 

anal y zed. 

Samples were assayed using the bFGF QuantikineTM irnmunoassay kit (R & D 

Systems; Minneapolis, MN) according to the manufacturer's instructions. Briefly, 

standards ranging from 5 to 640 pg/mL human recombinant bFGF, and conditioned media 

samples (al1 in duplicate) were added to individual wells of a 96-well plate, precoated 

with a monoclonai bFGF antibody. Samples were incubated for 2 hours, followed by a 

horseradish peroxidase-conj ugated polyclonal bFGF antibody for 2 hours, and then 

incubated with tetrarnethy 1 benzidine for 20 minutes, with intervening washes. The 

reaction was stopped with a premixed solution containing 6 N sulfunc acid, and read 

spectrophotometrically on a Titertek Multiscan Plus plate reader at 450 nrn. 

The concentration (pg/rnL) of bFGF was detemined using the curve generated 

frorn bFGF standards and expressed per 0.1 g of explant wet tissue weight (the average 

weight of the explants) in order to keep the amount of bFGF in the order of magnitude 

found in each millilitre of media, while accounting for differences in tissue weights. Initial 

data showed that the concentration of bFGF in nondenuded-conditioned media was 

significantly greater at day 5 than at day 2 1. 

n ie  concentrations of TNF-cc, PDGF-AB, TGF-BI, TGF-p2, and EGF were 

similarly determined. Assays for TGF-P 1 and TGF-P2 recognize the active forms of 

these mitogens (TGF-PI and TGF-B2 Quantikinem immunoassay kits; R & D Systems). 



Consequently, active TGF-Pl and TGF-P2 were rneasured following the direct addition 

of conditioned media from explants, similarly to that described for bFGF above. The 

concentration of a portion of sample collected Erom the same explants was acidified with 

1 N HCI for 10 minutes and subsequently neutralized with 1.2 N NaOWO.5 M HEPES 

prior to assay using the same immunoassay kits: this method was used to measure total, 

or potential. TGF-pl and TGF-P2. Latent TGF-P 1 and TGF-p2 were not recognized in 

these assays and were calculated (Latent=Total-Active). Each of the irnmunoassays used 

in these studies utilize antibodies directed against hurnan antigens: species cross 

reactivity of these antibodies has not been determined. 

2.2.3 Growth Assay 

Aortic explants were prepared by removal of the adventitia and endotheliurn, 

following which the luminal two thirds of the aortic wall was rernoved in squares 

(approximately 5 x 5 mm) and placed in 35 mm tissue culture dishes overlaid with a g las  

coverslip. Media1 aortic explants were incubated in 20% FBS (Gibco) supplemented 

Ml99 every 4 days until enough SMCs had migrated out of the tissue to cover 

approximately 25% of the dish. Subsequently, the explant was discarded and cells 

adhering to both the dish and coverslip were trypsinized and plated into 60 mm culture 

dishes. 

SMCs from passages 2-5 were used for growth assays as described previously 

(Koo and Gotlieb, 1991). Growth assays were used to detemine the relative ability of 



media conditioned by either nondenuded or denuded explants to affect the accumulation 

of SMCs. The ability of conditioned media to affect SMC migration was not assessed 

since previous studies showed little effect of SMC migration Ui neointimal formation in 

porcine aonic explants (Koo and Gotlieb, 1991). Briefly, 1 x 104 SMCs were plated in 35 

mm dishes with 2 millilitres of M 199. Cells were fed at day 1 with 0.5 % FBS (Gibco) 

supplemented MI 99. Subsequently, cells were treated, every other day (days 3 and 5), 

with the appropriate conditioned media sample, conditioned media treated with a 

neutralizing antibody to bFGF (R & D Systems: 50-150 pg/mL), an appropriate control 

antibody (mouse IgG. Jackson Laboratories; rabbit IgG. Sigma), or serum supplemented 

Ml99 (0.5 or 5 % FBS; Gibco). Cells were counted on a Coulter counter at day 7 (n = 5 

or 6 for each experiment). 

The percentage reduction in SMC number in b FGF neutralizing antibody-treated 

conditioned media versus conditioned media-treated cultures was used as an indication of 

relative mitogenicity for bFGF in nondenuded versus denuded explant conditioned media. 

2.2.4 Statistics 

Repeated measures analysis of variance (RMANOVA) was used to compare the 

growth factor concentration in conditioned media from nondenuded and denuded explants 

from day 1 to day 7 for TGF-PI. TGF-PZ, and bFGF. ANOVA was used to compare 

growth factor concentration in conditioned media fiom nondenuded and denuded explants 

for TNF-a and PDGF-AB. 



2.3 RESULTS 

2.3.1 Putative soluble mediators of neointimal formation 

While negligible amounts of TNF-a were seen in nondenuded and denuded explant 

conditioned media at days I and 3 (Figure 2. l ) ,  comparatively higher concentrations of 

PDGF-AB were measured in both nondenuded and denuded explant conditioned media at 

days 1 and 3 (Figure 2.2). At day 1, alrnost 20 pg/rnL/O. 1 g of PDGF-AB were found. 

This decreased to approximately 4 pg/mL/O. 1 g by day 3. No significant differences were 

found between the two groups for either of these mitogens (ANOVA, p>0.05). 

The concentrations of active TGF-Pl and TGF-P2 were measured directly in 

expiant conditioned media Potential, or total TGF-Pl and TGF-PL were measured by 

activating TGF-B in explant conditioned media. 

Total TGF-pl was found in relatively hi& concentration (200 to 300 pg/mL/û.l 

g) throuehout the seven day period examined, and remained unchanged over time in both 

nondenuded and denuded explant conditioned media (Figure 2.3 A). The vast majority of 

TGF-Pl remained in its latent f o m  in both nondenuded and denuded explant conditioned 

media (Figure 2.3 B), with only 1 to 15 pg/mL/O.l g of TGF-PI k i n g  found in the active 

f o m  (Figure 2.3 C). No significant differences were found between the concentrations of 

TGF-p 1, whether in its latent or active form, or cornbined as the total concentration of 

TGF-PI for the nondenuded and denuded explant groups (RMANOVA, p>0.05). 



Markedly less TGF-PZ than TGF-Pl was seen in explant conditioned media No 

more than 13 p@mL of total TGF-P? was seen in explant conditioned media during the 

seven day period exarnined; the level of total TGF-PZ remained relatively unchanged over 

time, in both nondenuded and denuded explant conditioned media (Figure 2.4 A). Until 

day 1, most of the TGF-B2 in both nondenuded and denuded explant conditioned media 

was in its active form (Figure 2.4 C), while TGF-PZ measured From day 3 on, was 

predominantly in latent form (Figure 2.4 B). Nonetheless, no signifiicant differences were 

found between the concentrations of TGF-B2 in nondenuded and denuded expiant 

conditioned media, whether in its latent or active forrn, or cornbined as the total 

concentration of TGF-p2 (RMANOVA, pO.05). 

The concentration of epidermal growth factor was also measured in nondenuded 

and denuded conditioned media over the first seven days of culture but was below the 

level of detection (<O2 pg/rnl). 

The concentration of bFGF in the conditioned media of nondenuded and denuded 

explants decreased steadily from day 1 (nondenuded, 398.79 f 51.06; denuded, 337.84 it 

28.15) to day 7 (nondenuded, 147.21 k 21.14; denuded. 154.20 t 14.33 [mean f SEM 

pg/mL/O.lg]), with no significant differences seen between the two groups over time 

(Figure 2.5; RMANOVA, p0.05). Ten ng/rnL of acidic FGF (aFGF; Sigma, St. Louis, 

Missouri) showed no cross reactivity with the monoclonal antibody used in diis assay. 



2.3.2 Smooth Muscle Ce11 Growth Assay 

Conditioned media, collected during the 24 hour period fiom day 4 to day 5 from 

both nondenuded and denuded explants resulted in increased SMC nurnben in the growth 

assay. as previously described in our laboratory (Koo and Gotlieb, 199 1). The addition 

of a polycional bFGF neutralizing antibody at doses of 1.5, 15, and 1 50 pg/mL resulted in 

approximately 20%, 45%, and 60% decreases in the number of SMCs in the assay 

whether added to nondenuded or denuded explant conditioned media (Table 2.1). 



2.4 DISCUSSION 

The concenirations of each of the growth factors exarnined were found in picogram 

quantities; their concentrations were maximal at day 1, and subsequently decreased. 

Negligible amounts of TNF-a and EGF were found in both nondenuded and denuded 

expiant conditioned media. Active TGF-B2 was found in relatively scarce quantities. 

PDGF-AB and active TGF-Pl were found in slightly higher concentrations. Basic FGF 

was found in greatest abundance (alrnost 500 pg/mL/O. 1 g at its maximum). Each of the 

growth factors exarnined were found Ui similar concentration in conditioned media From 

nondenuded and denuded explants. Further, bFGF in nondenuded and denuded expiant 

conditioned media found in greatest concentration, was equally mitogenic as judged by 

the ability of a polyclonal neutralizing antibody to bFGF to decrease the accumulation of 

porcine aortic SMCs in a ce11 culture mitogenic assay. 

The concentration of bFGF seen in explant conditioned media is significantly 

greater than that found in human plasma From both normal (up to 6 pg/rnL) and cancer 

patients (up to 35 pg/mL) (Sliutz et a(., 19%). In tissue culture, bFGF mitogenicity is 

maximal between 1 and 10 ng/mL (Burgess and Macilag, 1989). Conditioned media 

collected fiom both nondenuded and denuded explants at day 5 (approximately 200 

pg/mL) was mitogenic for cultured porcine aortic SMCs (Koo and Gotlieb, 1989). 

Nonetheiess, because basic FGF in conditioned media fiom the two groups was equally 

rnitogenic, as judged by the ability of the neutralizing antibodies to inhibit SMC 



accumulation in culture, 1 concluded that bFGF is not the endotheliaiderived SMC 

rnitogen descnbed in earlier work from our group (Koo and Gotlieb, 199 1). 

Similarly, the concentrations of PDGF-AB. TGF-P 1, and TGF-PZ, were found in 

equal concentrations in both nondenuded and denuded explant conditioned media 

Consequentiy, I concluded that none of these SMC rnitogens is the endothelid-derived 

mitogen found in nondenuded expiant conditoned media which confers neohtirna1 

formation. These results are interesting, since each of the aforementioned SMC mitogens 

also affects SMC migration (Fems et al., 1 99 1 ; Jackson et al.. 1993; Merwin et al., 1 99 1 ). 

Although migration of media1 SMCs into the intima constitutes a portion of the cells in 

the neointima in some models (Clowes and Schwartz, 1985), the neointima of porcine 

aortic explants does not appear to contain SMCs which have migrated fiom the tunica 

media (Koo and Gotlieb. 1991). Similarly, the lack of TNF-a in explant conditioned 

media indicates that the neointima in Our model rnay arise from a different mechanism 

than in models in which TNF-a has been implicated in neointimal formation (Clausel1 et 

al.. 1 994; Tanaka et al., 1 995). 

In addition to the SMCs mitogens examined here, a vast nurnber of cornpounds are 

rnitogenic for SMC. Angiotension II is produced by the activity of angiotensin converting 

enzyme on angiotensin 1. In addition to increased RNA and protein synthesis which may 

lead to hypertrophy of SMCs (Geisterfer et al, 1988), angiotensin II induces SMC 

proliferation and neointimal formation independent of its effect on blood pressure 

(Daemen ef al., 1991 ; van Kleef et al., 1992). The inhibition of angiotensin converting 



enzyme significantiy reduces neointimal formation (Powell et al., 1989; Rakugi et al., 

1994). Endothelin is a predorninantly endothelialderived compound with proliferative as 

well as vasocons~ctive activity (Yanagisawa et al., 1988). Endothelin is also secreted by 

SMCs, is mitogenic for vascular SMC (Resink et al., 1990; Weissberg et al., 1990; Alberts 

et al., 1994) and promotes neohrimal formation (Douglas and Ohlstein, 1993). In 

contrast, nitnc oxide produced by endothelid cells, acts as a vasodilator and prevents 

SMC proliferation (Moncada et al., 199 1 ; Garg et al., 1989). The role of these and the 

vast numbers of other compounds which may affect neointimal formation in porcine 

aortic explants cannot be discounted as they have not been exarnined. 

In surnmary. the principal results of these experiments are: 

Virtually no TNF-a or EGF is detectable in expiant conditioned media. 

Basic FGF. PDGF-AB, TGF-pl, and TGF-PZ are detected in explant conditioned 

media in equal concentration whether or not explants develop a neohtirna. 

Basic FGF. although in greatest abundance, is equally mitogenic for porcine SMCs, 

whether from nondenuded or denuded explant conditioned media. 

Frorn these results 1 have concluded that: 

Expression of the SMC mitogens exarollled (bFGF, EGF, PDGF-AB, TGF-Pl, 

TGF-B2, and TNF-a) does not account for the effect of an endothelid-derived SMC 



rnitogen which prornotes neointirnal Formation in denuded explants with the addition 

of conditioned media from nondenuded explants. 

Each of the rnitogens examined (bFGF, PDGF-AB, TGF-pl, and TGF-PZ) is 

synthesized by SMCs in porcine aortic explants. 
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Figure 2.1 Concentration of TNF-a in Explant Conditioned Media 

Concentration of TNF-a in nondenuded and denuded explant conditioned media collected 

24 hours following replacement of fresh culture media Results are shown as mean 

concentration (pg/rnL/O. lg wet weight of tissue) I SEM (n = 6 ,  p>0.05 ANOVA). 
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Figure 2.2 Concentration of PDGF-AB in Explant Conditioned Media 

Concentration of PDGF-AB in nondenuded and denuded explant conditioned media 

collected 24 hours following replacement of fiesh fresh culture media Results are shown 

as mean concentration @g/mL/O.lg wet weight of tissue) f SEM (n = 6,  pz0.05 

ANOVA). 
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Figure 2.3 Concentration of TGF-pl in Explant Conditioned Media 

Concentration of TGF-B1 in nondenuded and denuded explant conditioned media 

collected 24 hours following replacement of fiesh culture media Results are shown as 

mean concentration (pg!mL/O.lg wet weight of tissue) f SEM (n = 6, p>0.05 

RMANOVA). 
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Figure 2.4 Concentration of TGF-fi2 in Explant Conditioned Media 

Concentration of TGF-PZ in nondenuded and denuded explant conditioned media 

collected 24 hours following replacement of fiesh culture media. Results are shown as 

mean concentration @g/mL/O.lg wet weight of tissue) k SEM (n = 6, p0.05 

RMANOVA). 
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Figure 2.5 Concentration of bFGF in Explant Cooditioned Media 

Concentration of bFGF in nondenuded and denuded explant conditioned media collected 

24 hours following replacement of fiesh culture media. Results are shown as mean 

concentration @g!mL/O.lg wet weight of tissue) f SEM; no difference was observed 

between the two groups over the first seven days of culture (n = 12, p>0.05, 

RMANOVA). 



Reduction in Smooth Muscle Ce11 Number 
(Percentage) 

Experiment Nondenuded Denuded 
Conditioned Media Conditioned Media 

Table 2.1: Administration of Basic FGF Neutralizing Antibodies to Explant 
Conditioned Media: Percentage Reduction in Srnooth Muscle 
Cell Number 

Percentage reduction in smooth muscle ceii number in a monolayer smooth muscle ceil 
culture rnitogenic assay incubated with conditioned media treated with an antibody to bFGF 

compared with untreated conditioned media. Conditioned media from nondenuded or 

denuded explants collected over a 24 hour period, at day 5, was treated with a single dose 

of polyclonal neutralizing antibody ( 1.5 pg/rnL A; 15 pg/mL B; 150 pg/mL C) .  



CHAPTER THREE 

Disparate Temporal Expression Of Fibroblast Growth Factor- 
Receptor 1 And Basic Fibroblast Growth Factor: FGFR-1 1s 

Correlated With Neointirnal Formation 

3.1 INTRODUCTION 

Smooth muscle ce11 proliferation is an essential component in the pathogenesis of 

neointimal formation (Clowes et al.. l983a: Clowes er ai., 1983 b), atherosclerotic plaque 

formation (Ross. 1986; Klagsbruri and Edelman, l989), and restenosis following 

angioplasty (reviewed by Shirotani er ai.. 1993; Schwartz et uL. 1995). Members of our 

laboratory have characterized the early accumulation of intima1 SMCs (ISMCs) in a 

neointima formed in vitro. in a porcine aortic explant (Gotlieb and Boden, 1984; Koo and 

Gotlieb. 1989, 199 1). Signifiant ISMC accumulation occurs in nondenuded explants as 

compared with denuded explants, over the first seven days (Koo and Gotlieb, 1989) and 

up to 28 days in culture (Koo and Gotlieb, 199 1). The addition of expIant conditioned 

media, collected from nondenuded explants at a time when ISMC proliferation is maximal, 

to denuded explants results in the accumulation of ISMCs (Koo and Gotlieb, 1989). 



Since there is turnover of endothelial cells in this model (Koo and Gotlieb, 199 l), 

nonspecific injury of some of the endothelial cells is likely and 1 proposed that these celis 

released a soluble factor which played a central role in neointimal formation. 

A number of endothelial-derived rnitogens, which are also synthesized by SMCs, 

were candidate mediators of neointimal formation in our model, including PDGF (Fems et 

al., 199 1). basic FGF (Lindner and Reidy, 1991; Lindner et al., 1991; Edelman et al., 

1 W 2 ) ,  TGF-B (Menvin et al.. 199 1 ), TNF-a (Wamer and Libby, 1989; Clausel1 et al.. 

1994), and EGF (Reilly er al.. 1987). However, as described in Chapter 2, these SMC 

mitogens were found in equal concentration in explants which develop a neointima and 

explants which fail to develop a neointima. 

Nonetheless, because bFGF was found in greatest quantity. I speculated that 

bFGF played a role in our neointimal formation model. Because bFGF is readily 

deposited in the extracellular matrix, and in such proximity to the cells which have 

membrane bound high affinity receptors for this ligand. 1 hypothesized that bFGF was 

stored in the extracellular matrix, particularly that of the intima, in nondenuded explants 

to a greater extent than in denuded explants, and may serve as the source of this mitogen. 

Basic FGF exists in a number of isoforms (1 8 to 26 kDa), is produced by both 

endothelial cells and SMCs, and is mitogenic for both these cell types (Gospodarowicz et 

ai., 1988; Nugent el al., 1993; Vlodavsky et al.. 1987). In our model, bFGF could be 

solely liberated by endothelial cells and act directly upon ISMCs or indirectly via 

endothelid cells to result in the release of another factor which in tum would act on 



ISMCs to effect their proliferation. Altematively, bFGF could be released fiom SMCs of 

the expiants. dependent upon another endothelid-denved factor. Hence, the possibility 

existed that if bFGF in explant conditioned media were involved in neointimal formation, 

it could act in either a paracrine manner, an autocrine manner, or a combination of both. 

A number of studies have indicated that bFGF plays a direct role in experimentd 

neointimal formation in vivo (Lindner and Reidy, 1991; Lindner et d, 1991; Edelman et 

ai.. 1992), while immunoreactive bFGF is found in normal human artenes, but is absent 

from carotid plaques (Brogi et al., 1993). questioning the role of bFGF in atherosclerotic 

Iesion formation. These studies have provided Iittle information on the hi& affiinity 

receptors for bFGF, the fibroblast growth factor family of receptor tyrosine kinases. The 

temporal and spatial expression of one of the FGF receptors, fibroblast growth factor 

receptor-1 (FGFR- l), in relationship to its ligands, has been delineated (Hughes and Hall, 

1993; Hughes el ai.. 1993). While bFGF appears to be found ubiquitously, FGFR- 1, the 

most extensively studied of the high affinity FGF receptors, is temporospatially 

restricted during development and disease (Olwin and Hauschka, 1990; Hughes et al., 

1993). Immunoreactive FGFR-1 has been localized in the vasa vasorurn of unaffected and 

atherosclerotic vessels in man (Hughes et al.. 1993), supporting evidence in animal models 

indicating that bFGF induces neovascularization in the vasa v a s o m  (Edelman et al., 

1 992; Edelrnan et al.. 1993). Further, FGFR- 1 message has been detected in replicating 

endothelid cells and SMCs in the intima of the balloon injured rat camtid artery (Lindner 

and Reidy, 1993). 



Given the fact that bFGF was the most abundant of the SMC mitogens in explant 

conditioned media, and the evidence in the rat carotid balloon injury mode1 of neointimal 

formation implicating bFGF mediated proliferation (Lindner and Reidy, 199 1 ; Lindner et 

aL. 199 1 : Edelman et al.. 1 992), likely via FGFR- 1 (Casscells et al., 1992), the overail aim 

of this group of experirnents was to examine the possibility that tissue-bound bFGF 

could effect neointimal formation via at least one of its high affinity receptors. 

The specific objectives of these experiments were: 

1. to localize tissue-bound stores of bFGF and compare the relative abundance in 

nondenuded and denuded explants 

2.  to localize stores of bFGF and its receptors 

3.  to determine what role. if any, bFGF and its receptors could play in neointimal 

formation 

Consequently, 1 examined the expression of both bFGF and FGFR-1, one of its 

known high afinity receptors, over the first seven days of culture. 1 found that as in the 

case of soluble bFGF, the arnount of tissue-associated bFGF was simi1a.r in both 

nondenuded and denuded explants. Similar to the decrease in soluble bFGF in explant 

conditioned media. there was a steady decline in tissue stores of bFGF, over the first 

seven days in culture, regardless of the propensity for neointimal formation. In contrast, 

the expression of FGFR-1, localized in both endothelial cells and ISMCs. was higher in 

nondenuded explants which accumulate ISMCs and form a neointima and correlated with 

the accumulation of ISMCs. 



3.2 MATERIALS AND METHODS 

3.2.1 Exogenous bFGF 

Recombinant bFGF (UBI) was made up to concentrations of O. 1, 0.5, and 

1 n g / d  in M 199 supplemented with 5% FBS, immediately pnor to the addition of media 

to both nondenuded and denuded explants, on days 0,2,4, and 6.  Untreated nondenuded 

and denuded explants served as controls. 

3 2 . 2  Neointimai Formation Assay 

One explant sample from each group was fixed in 10% neutral buffered formalin at 

days O (one hour after culture) and 7. Samples were routinely processed, pardfin 

embedded, and sections were cut at 4 p.m. Sections were deparaffmized in xylene and 

cleared in a graded series of alcohol, followed by immersion in PBS. Subsequently, 

sections were stained for 20 minutes with bisbenzamide (0.01 m m ;  Hoescht 33258; 

Sigma), washed in PBS, and mounted in g1ycerol:PBS (1: 1). 

Quantitation of the number of ISMCs in the intima was done by rneasuring the 

number of ISMCs visible in histological sections for a defmed length of vessel, the length 

visible in a microscopic field using a 16 X objective on a Zeiss Photomicroscope III. This 

effiectively eliminated the confounding affect of the area of maû-ix, or ceii density. on 

rneasurements made in units of cells per unit area. 



3 2 . 3  Intima1 Lysate Preparation 

Intima1 scrapes collected in PBS &om nondenuded and denuded explants by gentle 

scraping with a scalpel blade at days 0,3, and 7 were pooled and stored at -20°C. On day 

7. samples were concentrated ushg Centrïprep 50 concentrators (Amicon Inc., Beverly, 

MA) and incubated in an equal volume of lysis bufier (1% SDS, 1 mM PMSF, 10 pg/mL 

leupeptin in 50 m M  TRIS, pH 7) at 4°C overnight. The following day, samples were 

again concentrated. Twenty microlitres was used in a bicinchoninic acid assay for protein 

determination (Pierce Chernical Co., Rockford, IL). Concentrated inthal  lysates were 

stored at -20°C until the time of Western blotting. 

3.2.4 Western Blotting 

Equal amounts of total protein (0.5 pg) loaded onto an 8% SDS-polyacrylamide 

gel were electrophoresed, and transferred onto a PVDF membrane (Millipore, Bedford, 

MA). Membranes were blocked in 5% non-fat dry mill< (Bio-Rad Laboratories, 

Mississauga, Ontario) in 50 rnM TRIS-buffered saline, pH 7.6 containhg 4% normal goat 

s e m  (Vector) for 1 hour at room temperature. Subsequently, membranes were 

incubated with the primary monoclonal antisenun to FGFR-1 (10 pg/mL; Upstate 

Biotechnology Incorporated) at 4OC overnight. The membrane was then incubated in 

alkaline p hosphatase-linked goat anti-mouse antisenun (1 :3000; Bio-Rad) for 2 hours at 

room tempe rature, fol lowed by luminescence enhancer (Tro pix; Bedford, MA), and 

AMPPD (disodium 3-(4-methoxyyspiro[ l -2-dioxytane 3,2-trkyclo[3.3.1.1 3*7]decane]-4- 



-y1 phenyl phosphate) substrate (Bio-Rad) with intervening washes in 0.05% Tween-20 

in O. I M TRIS-buffered saline, pH 7.6 (TBS). Blois were stored at 4°C mtil exposed to 

X-ray film. The western blot shown is representative of 5 blots (each with n = 6) .  

3.2.5 Basic FGF and FGF Receptor 1 Immunohistochemistry 

Basic FGF irnrnunoreactivity and FGFR- I were locaiized in formalin-fmed 

nondenuded and denuded explants at days 0.3, and 7 (n = 6 at each tirne point). Explants 

were fixed in 10% neutral buffered formalin for 20 to 24 hours before routine processing 

and parfin embedding. Sections were cut (4 p) fiom tissue pieces embedded on edge, 

and collected on slides coated with 3-aminopropyltnethoxysihe (Sigma). Sections were 

deparaffinized, cleared in a graded series of alcohols, and washed in TBS prior to antibody 

staining. 

Monoclonal antisenun against human recombinant bFGF (10 pg/mL; UBI) or 

FGFR-1 (40 ghL;  UBI) were used to identify tissue stores of bFGF and FGFR-1, 

respectively. Nonimmune mouse IgGl (40 p&nL; Dako Corp., Carpinteria, CA) was 

used as a negative control. 

Standard avidin-biotinylated alkaline phosphatase complex procedures were 

followed: following a one hour incubation with the primary antiserum in a humidified 

chamber! sections were incubated with biotinylated home anti-mouse immunoglobuiins 

(dilution 1 :200; Vector Laboratories Inc., Burlingarne, CA) for 30 minutes. and then with 

an alkaline phosphatase conjugated avidin-biotin cornplex for 45 minutes, with intervening 

TBS washes. Five percent nomal horse serum (Vector Laboratories Inc.) in TBS was 



used as the diluent for dl antisera. Nonspecific protein binding was blocked with 20% 

normal hone serum prior to the incubation with the primary an t i s em.  Aikaline 

phosphatase activity was demonstrated using Vector Red (Vector Laboratories Inc.) with 

epifluorescence optics and Vector Blue (Vector Laboratones inc.) with straight light, as 

the chromogen for bFGF and FGFR-1, respectively. Sections stained for FGFR-1 were 

counterstained with nuclear fast red (Zymed Laboratones Inc., South San Francisco, CA) 

and aldehyde fuchsin to demonstrate nuclei and elastin, respectively. In each case, 

endothelia1 cells were distinguished from ISMCs by virtue of their luminal position. 

In addition? denuded explants and denuded explants to which day 5 nondenuded 

explant conditioned media was added every other day, were stained for FGFR-1, 

following fixation (at days 0, 3, and 7). and sectioning, as described above. 

Grading of irnmunoreactivity was used to compare relative amounts and intensity 

of bFGF or FGFR-1. Grading of bFGF and FGFR-1 in nondenuded and denuded 

explants, are results from 3 expenments, each with n = 6. Cornparison of FGFR-1 

imrnunoreactivity in denuded explants in the absence or presence of day 5 nondenuded 

conditioned media are results from 2 experiments, each with n = 6. 

3.2.6 Statistics 

Analysis of variance (ANOVA) was used to compare ISMC number per field in 

control and bFGF-treated nondenuded and denuded explants at day 7: Sheffé's post hoc 

test was used to identify diRering means. 



3.3 RESULTS 

3.3-1 Basic FGF Imrnunolocalization 

Few differences in immunoreactive bFGF were observed between nondenuded and 

denuded explants in the intima, media, or vasa vasorum at any of  the tirnepoints 

exarnined, except for the positive staining of intima1 cells in nondenuded explants at days 

3 and 7 (Table 3.1). At day 0, both matrix and cells in the media were positive for 

immunoreactive bFGF. By day 3. there was significandy less staining in the matrix, while 

endothelial cells and SMCs in nondenuded explants remained positive. At day 7, a few 

areas were occasionally stained positive for bFGF. Over the time period examined, no 

change was seen in the pattern of staining in the ma& of the intima: no bFGF 

immunoreactivity was detected, while positive stainuig of endothelial cells and ISMCs 

was observed at days 3 and 7 in nondenuded explants. Similady, there was minimal 

change seen in the luminal aspect of the tunica media There was a dear decrease in the 

amount and intensity of bFGF staining fiom day O to day 3. and again kom day 3 to day 

7 in the abluminal tunica media. These decreases in staining intensity were reflected in the 

endothelial cells and SMCs of the vasa vasorurn. Figure 3.1 shows the typical bFGF 

immunoreactivity in the entire thickness of representative nondenuded and denuded 

explants at day O (a, d, g), day 3 (b, e, h) and day 7 (c, f, i), in the intima and lurninal 

media (a-c), media (d-f), and abluminal media (g-i). Nonimmune mouse IgG,, done in 

parallel, showed no staining. 



3 -3.2 Exogenous bFGF 

The ISMC nurnber in nondenuded explants almost doubled From day O to day 7. 

When treated with I ng/mL exogenous bFGF, there was a significant increase in the 

nurnber of ISMCs per field (Figure 3.2A; RMANOVA, p<0.05). The sarne concentration 

of bFGF was unable to induce ISMC accumulation in denuded explants (Figure 3.2B). 

3 3 3 Western Blot Analysis 

Western blot analysis of intimal lysates taken from nondenuded and denuded 

explants showed a time dependent increase from day O to day 7 in a 150 kDa protein 

immunoreactive for FGFR- 1 (Figure 3 -3A). While intimal lysates from denuded explants 

showed an 8 and 9-fold increase in FGFR-I expression from day O to day 3 and day 7 

respectively. intimal lysates from nondenuded explants showed 12 and 19-fold increases 

over the sarne time periods. By day 7, expression of FGFR-1 was 3-fold higher in 

nondenuded as cornpared with denuded intimal lysates (Figure 3.3B). 

3 -3.4 FGF Receptor- l Irnmunolocalization 

Immunoreactive FGFR-1 was seen in cells throughout the thickness of both 

nondenuded and denuded explants. While the media and adventitia of both nondenuded 

and denuded explants had variable staining patterns, immunoreactivity in the intima1 

layers of both groups was consistent within nondenuded and within denuded groups 

(Table 3.2). FGFR-1 imrnunoreactivity was absent from intimal cells of denuded explants 

at al1 time points examined. The addition of nondenuded explant conditioned media, 



collected at day 5. to denuded explants did not alter FGFR-I immunoreactivity (Table 

3.3). In contrast, while intimal cells of nondenuded expiants did not stain for FGFR-1 at 

day 0, they were strongly immunoreactive for FGFR-1 at days 3 and 7. Figure 3.4 shows 

typical FGFR-1 immunoreactivty in representative nondenuded (a) and denuded explants 

(b) at day 7 (b), the media (c) and vasa vasorum (d). Note that both endothelial cells and 

ISMCs show strong positive immunoreactivity for FGFR-1 in nondenuded explants. In 

addition to the typical cellular localization of FGFR-1 in the tunica media of explants, on 

occasion. foci of increased immunoreactive intensity demonstrated strong staining of both 

SMCs and their surroundhg matrix. 



3 -4 DISCUSSION 

I have shown that the effect of bFGF on neoinhal formation rnay be due to the 

expression of FGFR- I in the intima of nondenuded porcine aortic explants. 1 found that 

immunoreactive FGFR- 1 of ISMCs and endothelid cells increases over the first seven 

days of culture. and is M e r  upregulated by unknown mechanisrns in the presence of the 

endothelium. Transfer of nondenuded explant conditioned media, collected during peak 

intimal smooth muscle ce11 proliferation (day 3, induces neohthal  formation in denuded 

explants, but not via FGFR-1 upregulation. Thus, despite the presence of similar 

concentrations of bFGF in the conditioned media bathing nondenuded and denuded 

explants. upregulation of FGFR-I in nondenuded explants may account. at least in part, 

For the effect of bFGF on the proliferation of ISMCs during the formation of a neointima 

in porcine aortic explants. 

Because 1 found that bFGF was able to stimulate M e r  neointimal formation in 

nondenuded explants. but not in explants lacking an endothelium, 1 proposed that not 

only is a soluble-endothelial derived factor involved in neointimal formation, but that 

tissue-associated factors may be of importance. The first likely candidates promoting 

neointimal formation were the hi& affinity FGF receptors. In fact, I have k e n  able to 

show not only a time dependent increase in FGFR-1, that correlates with neointimal 

formation, but also differential expression of FGFR-1 which is higher in nondenuded 

explants, indicating that FGFR-1 may play a key role in neointimal formation. FGFR- 1 

expression in intimal lysates peaks at day 7 and is significantly lower for the next 3 weeks 

of culture. These data are consistent with previous work showhg a doubluig in the 



nurnber of ISMCs in nondenuded explants Eorn day O to day 7 and again from day 7 to 

14, after which the number of ISMCs remains the sarne (Koo and Gotlieb, 1991). The 

observation that FGFR-1 is expressed to a higher level in the intima1 cells of nondenuded 

explants may well explain the effect of exogenous bFGF on the stimulation of neoinhal  

formation. Because ISMC nurnber doubles fiom day O to day 7 while FGFR-1 

expression increases 9-fold, the increase in FGFR-1 expression is not solely due to an 

increase in the number of cells as the neointha develops, but is aiso a reflection of 

receptor upregulation. The finding that FGFR-1 is expressed to a higher level in ISMCs 

when the endothelium is intact indicates that microenvironmental influences. or perhaps 

even heterotypic cell-ce11 communication, may be important in the upregulation of FGFR- 

1 expression. 

The disparate temporal expression of bFGF and FGFR-1 in our aortic expIants i s  

consistent with findings that bFGF and FGFR- 1 are spatially and ternporally regulated 

during development (Olwin and Hauschka 1990). and even in the vesse1 wal1 during 

disease (Hughes et al., 1993). While bFGF appears to be expressed in most tissues, 

FGFR-1 expression is more discrete (Cardon-Cardo et al., 1990; Hughes and Hall, 1993). 

FGFR-I expression has not been detected in intirnal cells of hurnan artenes, but rather is 

expressed in the vasa vasorum (Hughes et al.. 1993), suggesting that FGFR- 1 is involved 

in neovascularization, but not specifically in atherosclerotic lesion formation. This is 

consistent with studies having shown that periadventitial infusion of bFGF into the rat 

carotid increases neovascularization (Edelman et (11.. 1 992; Cuevas et al., 1 99 1 ). While 1 

do see expression of FGFR-1 in the endothelid cells and SMCs of the vasa vasorum, 1 



also see FGFR-1 expression in the endothelial cells and SMCs of the intima. My results 

rnay indicate a more widespread role for FGFR- 1 in injury induced vascular diseases. 

In contrast to studies showing that an increase in SMC mitogenicity occurs in 

response to intravascularly administered bFGF when the endothelium is removed fiorn rat 

carotid arteries (Lindner et ai.. 199 1; Edelman et al.. 1992), 1 found that the addition of 

exogenous bFGF to denuded explants is unable to effect neointimal formation to the 

extent seen in nondenuded explants. The addition of 0.5 ng/mL, which approximates the 

initial concentration of bFGF in nondenuded explant conditioned media to denuded 

explants did not affect the number of ISMCs as compared with untreated denuded control 

cultures at day 7. This suggests that the increase in SMC number in denuded explants to 

which nondenuded-conditioned media has been added, as shown previously by our group 

(Koo and Gotlieb, 1989), is not due simply to the concentration of bFGF reaching a 

threshold in this system. This is hrther supported by the observation that the addition 

of nondenuded-conditioned media is unable to increase expression of the FGFR-1 in the 

intimai cells of denuded explants. indicating that at least two different endothelial- 

dependent mechanisms may be involved in this mode1 of neointimal formation: one 

mechanism relies on a soluble factor, while 1 have shown that another other relies on a 

tissue-associated FGF receptor. likely FGFR-1 . If any endothelial-derived factor serves 

to upregulate FGFR-1 in nondenuded explants, it is not transferable by way of the 

conditioned media Evidently, bFGF is not the soluble endothelid-denved factor 

responsible for the induction of neointimal formation in denuded explants upon addition 

of nondenuded-conditioned media. In contrast, administration of 1 ngmL bFGF to 



nondenuded explants significantly increases neointunal formation d u h g  the fvst seven 

days of aoriic explant. Clearly, the presence of the endothelid cens, the only thhg that 

differentiates nondenuded and denuded explants, is crucial to the effects of exogenous 

bFGF on neointimd formation. 

As outlined in Chapter 2. the amount of bFGF in conditioned media From both 

nondenuded and denuded explants gradually decreases fiom day 1 to day 7. Tissue stores 

of bFGF also follow a similar steady decline. Abundant bFGF is found in the explants at 

day O while little immunoreactive bFGF remains at day 7, regardless of the presence or 

absence of the endotheliurn. Similady, abundant immunoreactive bFGF has been found in 

normal human artenes but little or no bFGF can be detected in carotid plaques (Brogi et 

al.. 1993). These results rnay indicate that if bFGF is important in neointirnal formation 

and atherosclerotic lesion development, its release may be an early response to injury 

which lasts only a few days. The chronic nature of atherosclerotic lesion development, 

may preclude detection of such an early and short-lived event. 

Modulation of bFGF-FGFR interaction is central to understanding the role of 

bFGF in neointirnal formation. Modulation of ligand binding to FGF receptors by 

membrane-bound heparan sulphate proteoglycans and soluble heparin-like molecules has 

been well descnbed (MoscatelIi, 1988; Yayon et al., 199 1 ; Aviezer et al., 1994; Ornitz et 

aL. 1995). While soluble heparin-like molecules compete for binding of bFGF to the 

matrix, they do not affect the initial binding and intemalization of bFGF in ce11 culture 

(Moscatelli, 1988). Since there is no difference in the amount of immunoreactive bFGF 

found in nondenuded and denuded explants during the seven day penod exarnined, it is 



not likely that soluble heparin-like molecules are a factor in our system. Matrix-bond 

bFGF is thought to serve as a reservoir of bFGF that can be taken up by surrounding cells 

with high affinity FGF receptors (Moscatelli, 1988). This may be the reason ma&- 

bound bFGF is not detectable in the explant intima. It is possible that surrounding cells 

may be continuously taking up matrix-bound bFGF in this area Alternatively, intimal 

ma&-bound bFGF may be serving to replenish bFGF in the conditioned media, 

following removai of the soluble growth factor by intimai cells of the explant (Moscatelli, 

1988). 

The main results fiom this set of expenments are: 

Relative amounts of tissue-associated bFGF do not differ in nondenuded and denuded 

explants. 

Tissue-stores of bFGF follow a similar steady decline to that seen for soluble bFGF 

in expiant conditioned media. 

Exogenous bFGF stimulates neointimal formation in nondenuded explants. 

FGFR-I is localized in both endothelid and ISMCs. 

FGFR- 1 expression increases to a greater extent in intimal lysates fiom nondenuded as 

compared with denuded explants. 

Consequently 1 concluded that : 

a By virtue of FGFR-1 upregulation, bFGF is a putative mediator of neointUnai 

formation in porcine aortic explants. 
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Table 3.1: Basic Fibroblast Growth Factor Immunoreactivity in Nondenuded and 
Denuded Explants 

Amount and intensity of bFGF immunostainhg for sections of nondenuded (ND) and 

denuded (D) explants at days 0, 3, and 7 (n = 6, Irnmunoreactivity: +++ strongly 

positive, ++ moderately positive, + few positive areas, - no irnrnunoreactivity). 



Figure 3.1 Basic FGF lrnmunolocalization and Distribution in Aortic Explants 

Imrnunohistochemical detection of bFGF in representative explants at days O (a,d,g), 3 

(b.e.h) and 7 (c,fi) showing the intima (1) and 1ullzina.l media (LM; a-c), media (M; d-f). 

and abluminal media (AbM) with vasa vasorum (arrows)(g-i). No difference was 

observed between nondenuded and denuded explants (nondenuded, a-d, i; denuded e-h). 

Note detection of bFGF in intima1 cells (b,c) (Magnification, X 75). 
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Figure 3.2 Effect of Exogenous bFGF on Neointimal Formation in Aortic Explants 

Effect of human recombinant bFGF on neointimal formation in nondenuded (A) and 

denuded (B) explants. Nondenuded explants supplemented with 1 nghL bFGF showed 

a significant increase in the number of intima1 smooth muscle cells/field (n = 4, *p<0.05 

compared to nondenuded control ANOVA; Sheffé's post hoc test). 
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Figure 3.3 Western Blot of FGF Receptor 1 from Aortic Intima1 Lysates 

Western blot detection of FGFR-I in intimal Iysates (0.5 pg proteidlane) fiom 

nondenuded (ND) and denuded (D) explants at days 0. 3, and 7 (A). Laser scanning 

densitomet- of correspondin- FGFR- 1 immunoreactive bands as a percentage of 

densicometric units. relative to nondenuded intimal lysate at day 7 (£3). 



Figare 3.4 FGF Receptor 1 Immunolocalization in Aortic Explants 

Immunohistochemical localization of FGFR- 1 (blue) in the intima of representative 

nondenuded (A) and denuded (B) explants at day 7 (arrows indicate intemal elastic 

laminae). Typical medial staining shows FGFR-1 localized in srnooth muscle cells (C) 

and endothelial cells and srnooth muscle cells of the vasa vasorum (D) fiom nondenuded 

explants (no difference in FGFR-1 immunoreactivity was detected in the media of 

nondenuded and denuded explants). Aldehyde Fuchsin demonstrates elastin (pink): 

countersrained with nuclear fast red (Magnification. X 100). 



- -. 

Nondenuded Denuded 

- -- 

EC ISMC ISMC 

Day O 

Day 3 

Day 7 

Table 3.2: Fibroblast Growth Factor Receptor-1 Immunoreactivity in Nondenuded 
and Denuded Explants 

Arnount and intensity of FGFR- 1 immunostaining for sections of nondenuded and 

denuded explants at days 0, 3. 7 (n = 6 , Irnrnunoreactivity: * strongly positive, ++ 

moderately positive, + few positive areas, - no immunoreactivity). 
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Table 3.3: Fibroblast Growth Factor Receptor-1 Immunoreactivity in Denuded 
Explants: The Effect of Nondenuded Conditioned Media 

Amount and intensity of FGFR-1 immunostaining at days 0, 3, and 7, in sections of 

denuded explants in the absence (control) or presence of nondenuded conditioned media 

(collected at day 5; added every other day; n = 6; imrnunoreactivity: ++ moderately 

positive, + few positive areas, - no imrnunoreactivity). 



CHAPTER FOUR 

Basic FGF Mediates Neointimal Formation in Nondenuded 
Aortic Explants: Soluble Basic FGF Regulates FGFR-1 

4. I INTRODUCTION 

1 have studied the putative roles of a nurnber of SMC rnitogens in an experimental 

model of neointirnal formation in viîro. The model is characterized by extensive ISMC 

accumulation which occurs in nondenuded aortic explants as compared with denuded 

explants which do not develop a neointima over a seven day course (Koo and Gotlieb, 

1989). Levels of soluble PDGF-AB, TGF-P 1, and TGF-P2 were equai in conditioned 

media from both nondenuded and denuded explants (Chapter 2). In addition, soluble and 

tissue-associated bFGF, found in equal abundance in both denuded and nondenuded 

explants, steadily decline over seven days in culture while FGFR-1, localized in 

endothelial cells and ISMCs. appears to be induced in explants which accumulate ISMCs 

and correlates with neointimal formation (Chapter 3; Daley and Gotlieb, 1996). 1 

therefore speculated that FGFR-1 on intima1 cells of explants developing a neointima in 



the presence of bFGF may, at least in part, account for the doubling in the number of 

ISMCs during the first seven days of culture. The corollary is that the reduced level of 

FGFR-1 in denuded explants. despite the presence of bFGF in the conditioned media, 

rnay be responsible for the lack of neointimal formation. I hypothesized that bFGF 

mediated neointimal formation by virtue of FGFR- 1 upregulation. 

While basic FGF rnay not play a role in atherosclerotic lesion formation (Brogi et 

ni., 1993), bFGF plays a direct role in experimentai neointimal formation in the rat carotid 

balloon injury model (Lindner and Reidy. 199 1 ; Lindner et al., 199 1 ; Edelman et al.. 

1992). Immunoreactive FGFR-1 has been localized in the vasa vasorum of unaffected and 

atherosclerotic vessels in humans (Hughes and Hall, 1993; Hughes et al.. 1993), 

supporting evidence in animal models indicating that FGFR-1 plays a role in 

neovascuIarization in the vasa vasonim (Edeiman et al.. 1992; Cuevas et al., 199 1). 

Interestingly, mRNA for FGFR-1 bas k e n  detected in replicating endothelid cells and 

both replicating and quiescent ISMCs in the rat carotid balloon injury model (Lindner and 

Reidy. 1993). 

Studies of FGF receptor regulation in vitro (Moscatelli, 1988; Moscatelli and 

Quarto, 1989; Moscatelli and Devesly, 1990; Ali et al.. 1995) and in vivo (Casscells et al., 

1992) suggest that bFGF may upregulate (Ali et al., 1995) or downregulate FGF 

receptors (Moscatelli, 1988; Moscatelli and Quarto, 1989; Moscatelli and Devesly, 

1990). Regardless of positive or negative regulation, or the level at which FGF receptors 

are regulated, these data indicate that the effects of bFGF have to be interpreted in 

conjunction with the effects on FGF receptor expression. Thus, the overall airn of this 



set of experirnents was to determine if'bFGF is able to mediate neointimal formation in 

nondenuded explants via its high affrnity receptors. 

The specific objectives of these expenments were: 

1. to determine if high afi71nity FGF receptor binding occurs in intimal cells. 

2. to characterize the complement of high affiinity FGF receptors and determine what 

role if any each could play in neointimal formation. 

3 .  to assess the effect that blocking interaction of bFGF and its hi& affinity receptors 

has on ISMC accumulation. 

I examined the binding of radiolabelled bFGF to low and high affnity receptors on 

intimal cells and the expression of the four FGF receptors. Since the modulation of 

bFGF-FGFR interaction is central to understanding the role of bFGF in our mode1 of 

neointimal formation. 1 neutralized bFGF in nondenuded explant conditioned media 

Initially, neutralizing antibodies were unable to decrease ISMC number by day 7 of 

culture. Levels of soluble bFGF in explant conditioned media were inversely correlated 

with FGFR-1 protein expression and appeared to be intimately linked: decreases in 

available soluble bFGF using neutralizing antibodies increased FGFR- 1 expression, while 

the addition of recombinant bFGF decreased FGFR- 1 protein expression. lncreased 

immunoreactive FGFR-1 was seen both in intimal cells and adjacent medial SMCs 

following neutralization of bFGF. The addition of neutralizing bFGF antibodies, initially 

administered every other day, were unable to decrease neointimal formation. When 

antibodies were administered more fiequently, neointimal formation was abrogated. 



4.2 MATERIALS AND METHODS 

4.2.1 Quantitative Ligand Binding 

Nondenuded aortic explants were prepared as described in Section 2.2.1. At days 

O and 7. '"1-~FGF (5 ng/mL; 1 pCi/mmol; Amersham, Ontario) was added to each of 2 

wells per aortic sample (6 samples per experiment) and incubated at 37OC, in 5 % COz for 

eight hours. At day 7, recombinant bFGF (0.5 pg/mL; UBI) was added to one well per 

aortic sample (n = 6) to cornpete with radiolabelled bFGF. Untreated explants served as 

controls at both tirnepoints. After eight hours, explants fiom each aortic sample were 

washed; al1 explants were washed four times with PBS, except for one explant fiom each 

aorta, which was washed with 2 M NaCl to remove ligand binding to low affinity FGF 

receptors. 

Subsequently, each explant was scraped gently with a razor blade. The scraped 

rnaterial was collected and counted for gamma radiation (Clhigamma; LKB, San 

Francisco). Following determination of gamma radiation levels, the scraped material was 

concentrated in individual Centricon tubes (Centricon-1 O: Amicon), and the amount of 

protein was determined by the bicinchoninic acid method (BCA Protein Assay, Pierce). 

Data shown are expressed as counts per minute (cpm) normalized to total protein 

(microgram) and constitutes results fiom one of three representative experiments. 



4.2.2 FGF Receptor Autoradiography 

In situ autoradiography was performed on day O and day 7 nondenuded explants 

(n = 6). Briefly, explants were incubated with ' 2 5 ~ - b ~ ~ ~  (5 ng/mL; 1 pCi/mmol; 

Amersham) for eight hours at 37OC. in 5 % CO2, subsequently rinsed in PBS, and fixed in 

neutral buffered formalin. B indùig was competitively inhibited with recombinant bFGF 

(50 ng/mL; UBI) added at day 7, at the same time as the radioligand. Binding to low 

affinity receptors was eliminated by washing explants four times with 2 M NaCl. 

Explants were routinely processed, embedded in parafin, sectioned, coated with 

radiographie emulsion (NBT; Kodak) and incubated in the dark at 4OC for 12 days before 

being developed and stained with Haematoxylin and Eosin. Silver grains were visualized 

and photographed under darkIield illumination. The data s h o w  is from one of two 

representative expenments (each with n =6). 

42.3 FGF Receptor Western Bloaing 

Nondenuded intima1 lysates prepared as described previously (Section 3.2.3), in 

addition to positive control peptides (FGFR-1, UBI; FGFR-2, FGFR-3, FGFR-4, Santa 

Cruz Biotechnology, CA) were loaded ont0 8% SDS-polyacrylamide gels (0.5 pg for 

FGFR-1; 5 pg for FGFR 2-4), electrophoresed, transferred to PVDF membrane, and 

imrnunostained (as previously described in Section 3.2.4) for FGFR- 1, FGFR-2, FGFR-3 

and FGFR-4 using a monoclonal antibody for FGFR-1 and polyclonal antibodies for 

FGFR-2, FGFR-3 and FGFR-4 (0.5 pg/mL; Santa Cruz Biotechnology). The western 



blots shown are fiom a single set of intimai lysates, and are representative of  three sets of 

intimal i y sates examined. 

4.2.4 Basic FGF Neutralization 

Four expenments in which bFGF was neutralized using anti-bFGF antibodies 

were completed. In the first experiment, a polyclonal antibody (15 WmL; U3I) was 

added to explants every other day (n = 6). Samples were fued on day 7, embedded, 

sectioned, and stained with bisbenzimide to demonstrate nuclei. The number of ISMCs 

per field was quantified as previously described (Section 3.2.2). The data shown is fiom 

one of two representative experirnents. Additional sections were stained for 

immunoreactive FGFR-1 as previously descnbed (Section 3.2.5). In addition, sections 

were incubated with biotinylated horse anti-mouse IgG, followed by the alkaline 

phosphatase-linked avidinibiotin cornplex, to determine if the neutralizing antibody had 

penetrated the explant. The photornicrographs of FGFR-1 irnrnunoreactivity shown are 

representative of sections from two experiments (each with n = 6). 

In the second experiment, explants (n = 3) were treated with monoclonal or 

polyclonal neutralizing antibodies (1 5 pg/mL; monoclonal, UBI; 15 yg/mL polyclonal, R 

& D), control IgG (1 5 pg/rnL; rnouse, Jackson Laboratones; 15 pg/mL polyclonal, Sigma), 

or recombinant bFGF (5 ng/mL1 10 ng/mL; UBI) every other day. At day 7, intimal 

Iysates were prepared as described in Section 3.2.3. and subjected to western blotting for 



FGFR-I (descnbed in Section 3.2.4). The western blot s h o w  is representative of three 

experiments (each with n =3). 

In the third experiment, explants (n = 3) were incubated with a single dose of 

either monoclonal or polyclonal neutraiizing antibodies (15 pg/rnL; monoclonal, UBI; 15 

p g M  polyclonal, R & D). The concentration of bFGF in explant conditioned media 

fiom control and each antibody treated group was subsequently measured every 24 hours 

using the enzyme linked immunoassay descnbed in Section 2.2.2. The data shown, 

expressed as pg/mL/O. 1 g wet weight of tissue, were pooied From two experiments (each 

with n = 3). 

In the fourth experiment, bFGF was neutralized using a monoclonal antibody (15 

pg/mL; UBI), added to explants (n = 6) every 24 hours in order to assess the effect of 

bFGF on ISMC accumulation during the first week of culture. Samples were fixed on day 

7. embedded. sectioned, stained with bisbenzimide, and the number of ISMCs per field 

was quantified as previously described (Section 3.2.2). Data s h o w  are fiom one of three 

representative experiments (each with n = 6) .  

4-73 Effect of Soluble bFGF Levels on FGFR- I Expression 

Nondenuded explants were incubated with either bFGF neutraiizing antibodies, 

appropriate control antibodies (1 5 pghn.L mouse IgG; Jackson Laboratones or 15 W m L  

rabbit IgG; Sigma), or recombinant bFGF (500 ng/mL; UBI) every other day starting at 

day 0. Levels of soluble bFGF were measured using the Quantikine bFGF immunoassay, 



as previously described (Section 2.2.21, on days 1, 3, and 7. Corresponding intima1 

lysates were collected at days 0, 3, and 7. Samples were concentrated (Centriprep 50; 

Amicon), lysed with an equal volume of lysis buffer, and assayed for total protein. Equal 

amounts of total protein (0.5 pg) were loaded onto an 8% SDS-polyacrylamide gel, 

electrophoresed, transferred to PVDF membrane and bloaed for FGFR-1 as previously 

described (Section 3.2.4). The data show in each group are from one of at least two 

representative expenments. 

42.6 Statistics 

Quantitative ligand binding data was expressed as counts per minute per 

microgram protein. Analysis of variance (ANOVA) was used to determine differences in 

ligand binding; Sheffé's post hoc test was used to identi& differences in binding between 

day O and day 7, and between total binding and nonspecific binding at day 7. 

The effect of bFGF neutralization on neointimal formation when antibodies were 

administered either every other day or every 24 hours, was measured using Student's 

t-test and ANOVA, respectively. 

The recovery of bFGF in explant conditioned media, following single doses of 

neutralizing antibodies was measured using ANOVA with Sheffé's post hoc test. 



4.3 RESULTS 

4.3.1 Quantitative I % ~ F G F  Binding to Aortic Explants 

Binding of "'1-~FGF to available sites on aortic explants (Figure 4.1) at day O was 

predominantly to low afinity binding sites in the intima, with about one third of the total 

intima1 binding to high afEnity receptors. Both total and high affnity binding to the 

intima were significantiy increased fiom day O to day 7, when approximately half of the 

total binding was to high aEnity recepton (p<0.001 total; pc0.05 high affinity; 

ANOVA). Cornpetition of total ' % ~ F G F  binding to the intima with 0.5 clg/mL hurnan 

recombinant bFGF, resulted in an 88% decrease in binding (pe0.0001, ANOVA): 

Nonspecific binding accounted for approximately one tenth of the total binding at day 7. 

4.3.2 FGF Receptor Autoradiography 

Radiolabelled bFGF bound predominantly to the intimal layer of nondenuded 

explants (Figure 4.2). Binding appeared to be greater in day 7 explants as compared with 

day O explants. possibly reflecting the greater FGFR-1 protein expression at day 7. 

Binding of radiolabelled bFGF was competitively inhibited with an excess of cold ligand 

(0.5 pg/mL recombinant bFGF); vimially al1 binding of ' 2 5 ~ - b ~ ~ ~  to the intimal cells was 

abolished, indicating specificity of '"1-~FGF binding. Minimal amounts of l Z 5 1 - b ~ ~ ~  

bound to the media1 and abluminal edges of explants. 



4.3.3 FGF Receptor Westem Blotting 

Westem blotting of intimal lysates at days 0, 3, and 7 (Figure 4.3) indicated 

increases in FGFR-1 expression at days 3 and 7, and a decrease in FGFR-4 expression 

from day O to day 3. No changes in FGFR-2 or FGFR-3 were evident during the first 

days of expiant culture: FGFR-3 was constituitively expressed while FGFR-2 was not 

detectable. Note that protein loading of intimal lysates for the FGFR-1 blot was one 

tenth that for the other three FGF receptor blots. Al1 FGF receptors were identified as 

single molecular weight bands of 150 kDa. 

4.3.4 Effect of Basic FGF Neutralization on Neointhal Formation: Antibody 

Administration Every Other Day 

The addition of a polyclonaf neutralizhg antibody (15 pg!rnL; R&D) to 

nondenuded explants every other day for seven days did not affect ISMC accumulation 

by day 7 (p>O.OS. Student's t-test; Figure 4.4). This concentration of' antibody, 

previously used in the SMC growth assay descnbed in Section 2.2.3, abolished the 

rnitogenic effects of 500 pg/mL of recombinant bFGF. 

3.3.5 Basic FGF Neutralization: E ffect on FGFR- 1 Receptor Expression 

The addition of 5 and 10 ng/mL of hurnan recombinant bFGF to explants every 

other day for seven days resulted in a marked decrease in FGFR-1 expression in intimal 

lysates compared to those from untreated explants. In contrast, the addition of both 



polyclonal and monoclonal bFGF neuaalizing antibodies to explants, every other day for 

seven days, resulted in increased FGFR-I expression in intima1 lysates compared with 

those fiorn untreated explants. While mouse IgG did not appear to affect FGFR-I 

expression, rabbit IgG slightly decreased FGFR-1 expression in day 7 intimal lysates 

from nondenuded explants. 

4.3.6 Variation of Soluble bFGF: Effect on FGF Receptor Expression 

Variation of the pattern of soluble bFGF in nondenuded explant conditioned media 

over the first seven days of culture was achieved using the addition of monoclonal or 

polyclonal neutralizing antibodies or the addition of recombinant bFGF (500 ng/mL) 

adrninistered beginnuig at day O or day 2 (Figure 4.6 lefl). This resulted in three basic 

patterns of soluble bFGF in conditioned media (Figure 4.6 centre; decreasing (A, B), little 

change (C). increasing (D. E)). The corresponding FGFR-1 western blots of intimal 

lysates showed a reciprocal relationship to the Ievel of soluble bFGF (Figure 4.6 right). 

In the case of control explants (Figure 4.6A), and with the addition of polyclonal 

antibody beginning at day 2 (Figure 4.6B), soluble bFGF levels which were 

approximately 500 pg/mL/O. 1 g at day 1. dropped at day 3, with corresponding increases 

in FGFR- 1 expression. The degree of decrease in bFGF level from day 3 to day 7 was 

reflected in a further increase in FGFR-1 expression during this time period. 

The addition of polyclonal neutralizing antibody at day O only (Figure 4.6C) 

showed only a moderate drop in bFGF levels from day O to day 7, again reflected by 

minimal change in FGFR-1 expression. In contrast, addition of monoclonal neutralizing 



antibodies at day O only (Figure 4.6D) resulted in an increase in soluble bFGF levels over 

time, with a reciprocal decrease in FGFR-1 expression from day O to day 7. The addition 

of 500 ng/mL every other day, resulted in a constant increase in bFGF levels and a 

corresponding decrease in FGFR-1 expression (Figure 4.6E). 

4.3.7 FGFR- 2 Imrnunohistochemistry 

The addition of monoclonal neutralizing bFGF antibodies to nondenuded explants 

every other day for seven days, resulted in an increase in the amount and iniensity of 

immunoreactive FGFR-1 in intimal cells (Figure 433) in al1 samples analyzed as 

cornpared with untreated controls (Figure 4.7a). In addition, a few rows of medial SMCs 

adjacent to the intima became highly immunoreactive for FGFR-1 (Figure 4.7b). Removal 

of the intima for purposes of western blotting did not appear to include these medial 

SMCs since total protein content of intimal lysates fiom nondenuded and antibody- 

treated explants were not significantly different. 

4.3.8 Basic FGF Recovery in Conditioned Media Following bFGF Neutralization 

Most of the bFGF detected in day I untreated explant conditioned media is 

released during the first 12 hours in culture. Interestingly, there appears to be a further 

200 pg of bFGF released into the culture media fiom 24 hours to 36 hours, that was not 

detected in measurements fkom previous experiments (made at day 3). 

The addition of a single dose of either monoclonal or polyclonai bFGF neutralizing 

antibody resulted in significant decreases in the concentration of bFGF detected in 



conditioned media over a 48 hour time course (RMANOVA). Neutralization of bFGF 

with the monoclonal antibody was more efficient than with the polyclonal, almost 

completely neutralizing bFGF 12 hours following administration, after which levels of 

bFGF slowly increased. Even by 48 hours following administration of the monoclonal 

antibody, the level of bFGF in explant conditioned media was only 38 % of control levels. 

In contrast, the polyclonal neutralizing antibody resulted in a maximum of 37 % 

decrease in bFGF compared with the untreated control, 12 hours following 

administration. By 24 hours following administration of the polyclonal antibody, the 

significant decrease in bFGF ieveis was lost. The addition of mouse IgG and rabbit IgG 

resulted in no significant differences in the concentration of bFGF seen at any of the 

tirnepoints examined. 

4.3.9 Effect of Basic FGF Neutralization on Neointimal Formation: Antibody 

Administered Daily 

Administration of the monoclonal bFGF neutralizing antibody to explants, every 

24 hours resulted in a 43 % decrease in the number of ISMCs, over untreated explants 

(p<0.001. ANOVA). In fact. the nurnber of ISMCs was similar to that seen in explants 

at day 0, indicating complete abrogation of neointimal formation. 



4.4 DISCUSSION 

Radiolabelled bFGF binds specifically to available high affmity FGF receptors in 

the intima of porcine aortic explants. niree of the four hi& affinity FGF receptors are 

expressed in intima1 lysates. FGFR-1 k i n g  expressed at markedly higher levels than the 

other two FGF receptors. While FGFR-3 is constituitively expressed FGFR-4 

expression decreases. and FGFR-1 expression increases over the first seven days of 

culture. FGFR-1 expression appears to be linked to levels of bFGF in conditioned media, 

such that FGFR-I is inversely correlated with soluble levels of bFGF. Thus, incomplete 

neutralization of bFGF (polyclonal antibody adrninistered every other day) did not affect 

neointimal formation. while complete bFGF neutralization (monoclonal antibody 

administered every 24 hours), despite increased FGFR- 1, abrogated neointirnal formation, 

by day 7. 

Three of the four high affinity FGF receptors are expressed in intimal lysates of 

our porcine aortic explants: FGFR-1, FGFR-3. and FGFR-4 (although FGFR-3 and 

FGFR-4 are expressed at much lower levels than FGFR-1). Others have found that 

human aortic and coronary artery SMCs express mRNA for FGFR-2 in culture (Brogi et 

al., 1993; Xin er a(., 1994), but neither human umbilical vein endothelial nor aortic SMCs 

express rnRNA for FGFR-3 in culture (Brogi et al., 1993). FGFR-4 mRNA is detectable 

in human umbilical vein endothelial cells, but not in aortic or coronary SMCs (Brogi et al., 

1993; Xin et ai., 1994). The variation in FGFR expression among studies may be due to a 

number of causes. The lack of FGFR-3 mRNA expression in endothelial and SMCs in 

culture, in addition to the absence of message expression in vessels (Bmgi et al., 1993) 



contrasts the constituitive expression of FGFR-3 in my intimd lysates. Together, these 

results may indicate a lack of FGFR-3 turnover. In the absence of FGFR-3 turnover, this 

hi& affïnity receptor may not be binding ligand or being intemalized in our porcine aortic 

explant system, suggesting that FGFR-3 may not be involved in neointimai formation in 

our system. Detection of FGFR-4 in my intima1 lysates at day 0, may be indicative of 

the endothelid ce11 FGFR-4 mRNA detected by Brogi and coworkers (1993). The fact 

that FGFR-4 expression decreases in the porcine aortic explant model, suggests that while 

this receptor may play some role in ligand binding at day 0, it is likely not involved by 

day 7. The inconsistency in FGFR-4 expression in normal and diseased vessels hirther 

indicates that FGFR-4 likely has a limited role in atherosclerotic lesion progression. 

FGFR- 1 was consistently detected in human carotid plaques; however? FGFR- I 

was also detected in control vessels (Brogi er al., 1993). FGFR-1 expression in 

atherosclerotic plaques was found localized in the vasa vasonun (Brogi et al., 1993; 

Hughes et al.. 1993). FGFR-1 is expressed in the rat carotid following balloon injury 

(Casscells et al., 1992; Lindner and Reidy, 1993). While Lindner and Reidy (1993) 

detected FGFR-1 mRNA in both replicating and quiescent intima1 smooth muscle cells, 

Casscells and colleagues (1992) found greater high afinity binding of intravenously 

administered to the neointima, four days following balloon injury of rat carotid 

arteries, in the same location as proliferating SMCs. Irnrnunohistochernicai detection 

indicated that FGFR-1 and not FGFR-2 was involved in this ligand binding. The 

apparent discrepancy between FGFR-1 expression in the case of FGFR-1 mRNA 

detection in quiescent SMCs (Lindner and Reidy, 1993) but no FGFR-I protein 



expression in nonreplicating SMCs following injury (Casscells et al.. 1992) may indicate 

discontinuity in FGFR-1 message and protein synthesis in quiescent SMCs. Thus, in 

addition to its role in neovascularization, my findings which have shown that FGFR-1 

upregulation in intima1 cells of porcine aortic explants is associated with neointirnal 

formation and that bFGF biockade reduces neointimal formation, indicate a role for the 

bFGFEGFR-1 system in the early stages of neointimal formation. 

FGFR-1 expression is upregulated following bailoon injury in the rat carotid 

model (Casscells et al .  1992) and following prosthetic vascular gr& implantation in a 

porcine model (Brothers et al., 1995). Together with our demonstration of increased 

"'1-~FGF binding to aortic explants at day 7, and FGFR-1 upregulation fiom day O to 

day 7. in the absence of upregulation of the other high afinity FGF receptors, these data 

suggest that FGFR-1 is a iikely mediator of early neointimal formation. Further, these 

studies indicate that our in vitro model of neointimal formation causes injury to the 

vascular wall consistent with the type of vascular injury produced in vivo. 

FGF receptor regulation has been studied in ce11 culture systems (Moscatelli, 

1988; Moscatelli and Quarto. 1989; Moscatelli and Devesly, 1990; Moscatelli, 1994). 

The addition of exogenous bFGF downregulated FGF receptor nurnber on bovine 

capillary endotheliai, NIH 3T3, and BHK cells (Moscatelli, 1988; Moscatelli and Quarto, 

1989; Moscatelli and Devesly, 1990). In these studies, both transformed and 

nontransformed cells pretreated with bFGF bound more radiolabelled bFGF to their high 

afinity receptors than cells not pretreated with bFGF (Moscatelli, 1988; Moscatelli and 

Quarto, 1989). The difference in the arnount of bound bFGF was most pronounced in 



nontransformed celIs (Moscatelli and Quarto, 1989). Downregulation of hi& affinity 

receptors was dose dependent in NIH 3T3 cells up to 10 ng/mL, and reversible with 

suramin, an agent which has been used to block bFGF interaction with its hi& affinity 

receptors (Moscatelli and Quarto. 1989). This reversibility in which receptor number 

increases after blocking with suramin is analogous to our model system in which explants 

are initially exposed to bFGF, followed by a four-fold decrease during the subsequent 

seven day period. In the presence of this decreasing bFGF concentration, 1 detect an 

upregulation of FGFR- 1 in intirnal lysates fiorn nondenuded explants. Further, blocking 

bFGF interaction with its receptors using neutraIizing antibodies, demonstrates that 

FGFR- 1 is upregulated with decreasing bFGF. 

Studies in which the regulation of FGFR-I was examineci in vitro have indicated 

that FGFR- 1 is downregulated by bFGF (Mansukhani et al., 1990; Estiva1 et al., 1996), 

while FGFR-1 mRNA is unaffected by bFGF (Ali et al., 1995). Interestingly, in a 

pancreatic ce11 line, the addition of exogenous 18 kDa bFGF resulted in the 

downregulation of FGFR- 1, whi le the addition of bFGF neutrdizing antibodies resulted in 

FGFR- 1 upregulation (Estival et al.. 1996). Because Estival and coworkers transfected 

cells with either the 18 kDa bFGF or the 22.5 kDa bFGF isoform, they were further able 

to discern subtle differences in the Ievel of FGFR-1 regulation. The 18 kDa bFGF 

increased FGFR-1 rnRNA levels, indicating that this bFGF isoform should exert a 

positive control on FGFR-1. rather than the negative control seen at the protein level. 

The 22.5 kDa bFGF, which remains in the cell, resulted in a M e r  increase in FGFR-1 

message levels as a result of increased FGFR-1 mRNA stability. The authors concluded 



that this intnguing result indicates that FGFR-1 mRNA induction is in part via some 

intracrine mechanism, and not entirely via the activation of cell surface receptors. This 

may be important in elucidation of the level and cornplexity of FGFR-1 regulation in our 

system. 

Although 1 have not exa-ed the level of FGFR-1 regulation, my results are 

consistent with those in celi culture and in the rat carotid balloon injury model, showing 

an upregulation of FGFR-1 following injury and in conjunction with decreasing levels of 

bFGF. What role injury per se has in FGFR-1 upregulation is unknown in our model. 

Injury may merely provoke bFGF release. Once the acute injury subsides and repair 

rnechanisms commence. the decrease in levels of bFGF over the first seven days of 

explant culture regulates FGFR- 1. Most interestingly, 1 have been able to dissociate this 

ligandheceptor interaction, with the complete neutralization of bFGF. Upon complete 

bFGF neutralization over the first seven days of explant culture. despite hi& levels of 

FGFR- 1. neointirnal formation is abrogated. Thus, bFGF mediates early neointirnal 

formation in nondenuded explants. My data and the data of others suggest that bFGF 

dependent neointimal formation is likely via FGFR- 1, although 1 cannot entirely nile out 

effects of FGFR-3 and FGFR-4. 

The main results and conclusions fiom this set of experiments are: 

Basic FGF binds specifically with high affinity to FGFRs in the intima. 

Basic FGF binds to the intima to a greater extent at day 7 than at day 0. 

FGFR-3 and FGFR-4 are expressed to a lesser degree than FGFR- I in intima1 lysates 

and do not correlate with neointimal formation 



Addition of  exogenous human recombinant bFGF decreases FGFR- 1 expression while 

addition of bFGF neutralizing antibodies increases FGFR- 1 expression. 

Therefore, 1 have concluded that: 

Soluble levels of bFGF appear to reciprocally regulate FGFR-1 expression. 

4 Basic FGF mediates neointimal formation 
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Figure 4.1 Quantitative '%~FGF Ligand Binding to Explant Intimas 

Gamma counts of intima1 lysates fiom nondenuded explants at days O and 7, foilowing an 

eight hour incubation with ' 2 5 ~ - b ~ ~ ~ ,  and four washes with either PBS (Total binding) or 

2M NaCl (Hi& affinity binding). Competition with human recombinant bFGF (0.5 

pg/mL) decreased total binding by 88 % (****p<0.0001). Counts were normalized to 

total protcin (cpmlrnicrogram). Astensks indicate significant increases in 

binding at day 7 compared with day O (n = 6; *p<0.05, ***p<0.00 1, ANOVA; Sheffé's 

post hoc test). 



Figure 1.2 FGF Receptor Autoradiography 

In situ autoradiography showing silver grains concenûated over the intima of nondenuded 

explants at day O (a) and day 7 (b) following an 8 hour incubation with '?'I-~FGF and 

four PBS washes, indicating binding of 1 2 S ~ - b ~ ~ ~  (arrows). Few if any silver grains were 

present at the abluminal edges (c)(Magnification, X 90). 
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Figure 4.3 High Affuiity FGF Receptor Western Blotting 

Western blot detection of FGF receptor subtypes 1 ,  2,  3, and 4 in intima1 lysates fiom 

nondenuded explants at days 0. 3, and 7 (C, manufacturer-supplied positive controls). 

Note that 0.5 pg protein was loaded per lane for the FGFR-1 blot, while 5 pg protein was 

loaded per lane for FGFR-2, FGFR-3, and FGFR-4 blots. 
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Figure 4.4 Effect of Polyclonal bFGF Neutraiizing Antibody, Administered Every 
Other Day, on Neointimal Formation 

The addition of polyclonal bFGF neutralizing antibody (15 pg/mL), every other day for 

seven days did not affect the accumulation of intima1 smooth muscle cells in nondenuded 

explants by day 7. Results are shown as intima1 smooth muscle celldfield f SEM (n = 6; 

pz0.05, Student's t-test). 



Figure 4.5 FGF Receptor 1 Expression with bFGF Neutralization 

Relative expression of FGFR-1 fiorn nondenuded intima1 lysates at day 7. followhg 

incubation with a monoclonal neutralizing antibody to bFGF (1 5 pg/mi. nAb bFGF; left), 

poIyclona1 neutralizing antibody to bFGF (15 pg/mi. nAb bFGF; right), mouse IgG 

(mIgG), rabbit IgG (rIgG). or human recombinant bFGF (1 ng/mL, lefi; 10 ng/mL, right) 

every other day for seven days (C, control). 
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Figure 4.6 Effect of Changes in Soluble bFGF Concentration on FGF I Receptor 1 
Expression 

Basic FGF neutraiizing antibody (B,C,D) or recombinant bFGF (E) were used as 

indicated to alter the concentration of bFGF in conditioned media: results are show as 

mean concentration (pglmVO.1 g wet weight of tissue) + SEM (centre panel). 

Corresponding western blots of FGFR-1 expression in intima1 lysates at days O, 3, and 7. 



Figure 4.7 FGF Receptor I Localization Following bFGF Neutralization 

Irnmunohistochemical locaiization of FGFR-1 in the intima and luminal media of 

representative day 7 nondenuded expiants (a). and those supplemented with polyclonal 

neutralizing antibody to bFGF (b) (Magnification. X 100). 
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Figure 4.8 Time Course of bFGF Concentration Recovery in Conditioned Media 
Following Neutralizing Antibody Addition 

Basic FGF concentration (pg/mL/O.l g) in explant conditioned media at 12 hour intervals 

following the addition of a single dose of either monoclonal or polyclonal bFGF 

neutralizing antibody. The concentration of bFGF following the addition of polyclonal 

neutralizing antibody does not differ fiom that of the control, reaching the level seen in 

controls at 24 hours (n = 6; *p<0.05, ***p<0.001 compared with control, RMANOVA; 

Sheffé's post hoc test). 
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Figure 4.9 Effect of Daily Aministration of a Monoclonal bFGF Neutralizing 
Aatibody on Neointimal Formation 

Effect of bFGF neutralization on neointirnal formation following administration of 

monoclonal antibody every 24 hours, for seven days. Explants were fixed at day 7 and 

tissue sections were stained with bisbenzimide. Results are show as mean intima1 

smooth muscle ce11 nurnber per field + SEM. (n = 6, ***p<O.OOl, ANOVA). 



CHAPTERFlVE 

GENERAL DISCUSSION 

5.1 THE MECHANISM OF NEOCNTIMAL FORMATION M PORCINE AORTIC EXPLANTS 

Utiliùng a wetl characterized porcine aortic explant model of neohtirnid formation 

(Gotlieb and Boden, 1986: Koo and Gotlieb, 1989; Koo and Gotlieb, 1991) 1 have shown 

that in addition to an unidentified endothelial-derived SMC mitogen previously descnbed 

by our group (Koo and Gotlieb, 1989; Koo and Gotlieb, 199 1 ), tissue-specific factors are 

able to promote neointirnal formation in this mode1 (Daley and Gotlieb, 1996). Basic 

fibroblast growth factor (bFGF), a known SMC mitogen found in relative abundance in 

porcine aortic explant conditioned media, was equal in concentration and activity in both 

denuded and nondenuded explants which diEer in their ability to develop a neointima. 

Thus, 1 initially concluded that bFGF was not the endotheliai-derived mitogen capable of 

promoting ISMC accumulation in Our model. However, it appears that by virtue of the 



relatively extensive upregulation of one of its high receptors, FGF Receptor 1, on 

endothelid and ISMCs, bFGF effects the accumulation of ISMCs during the first seven 

days of explant culture with an intact endothelium. This was discovered when the 

addition of hurnan recombinant bFGF increased ISMC nurnber in nondenuded explants, 

but was unable to do so in denuded explants, suggesting a differential effect of at least one 

of the high afinity FGF receptors. While three of the four hi& affinity FGF receptor 

subtypes identified to date are expressed on intima1 cells, FGFR-1 is found in greatest 

abundance and only FGFR-I is upregulated d u ~ g  the first seven days of culture, 

comelating with the accumulation of ISMCs. Ligand binding studies and in situ 

autoradiography showed that '%~FGF binds predominantly and specifically to FGF 

high affinity receptors on both endothelial cells and ISMCs and binds more extensively to 

intima1 cells at day 7 than at day 0. In attempting to block the interaction of bFGF with 

its high affmity receptors using neutralizing antibodies, 1 found that changes in the soluble 

concentration of this mitogen are inversely correlated with FGFR- 1 expression, suggesting 

that bFGF level may regulate FGFR-1 expression; only upon complete neutralization of 

bFGF was this interaction uncoupled. 1 propose that a balance of bFGFIFGFR-1 results 

in maximal proliferation. However, by tipping the balance to the extreme (complete bFGF 

neutralization), neointimal formation is abrogated, despite upregulation of FGFR- 1, likely 

because there is too little available bFGF to effect ISMC proliferation (Figure 5.1). 



5.2 SOURCE OF BASIC FGF IN PORCINE AORTIC EXPLANTS 

One of the saiient questions in exrunùiing the mechanism of neointimal formation 

in our mode1 is the source of bFGF found in the conditioned media Initially it was 

discovered that despite a proliferative peak for endothelial cells at day 5, the nurnber of 

endothelial cells was constant, indicating extensive turnover of these cells (Koo and 

Gotlieb. 1 989; Koo and Gotlieb, 199 1). Using transmission electron microscopy on 

nondenuded explants. it was discovered that prior to the proliferative peak for endotheliai 

cells, these cells showed disruptions in their plasma membranes (Hussain and Gotlieb, 

unpublished observations). Others have s h o w  that bFGF is released into the 

conditioned media of endothelial cells grown in culture upon perturbation of their plasma 

membrane (McNeil et al., 1989). Thus, it was speculated that bFGF was released from 

endothelial cells into the conditioned media via this route. 

Release of bFGF via this route fiom endothelial cells cannot account for all, if even 

the majority, of bFGF found in our system. Clearly, analysis of the concentration of 

bFGF in conditioned media from both nondenuded explants with an "intact3' endothelium 

and explants denuded of their endothelium has shown that the explants produce similar 

concentrations of soluble bFGF. This suggests that endothelial cells are not the main 

source of bFGF in thjs system. Thus, SMCs a d o r  the matrix are likely to be the source 

of soluble bFGF in both nondenuded and denuded porcine aortic explants. Because these 

two groups differ in their complement of ISMCs by day 7, but do not differ in the 

concentration of bFGF in their conditioned media, it is not likely that lSMCs are the 

major source of bFGF at later tirnepoints. Thiis, while I cannot d e  out the fact that 



ISMCs may be the source of bFGF during the fust few days of culture, media1 SMCs, the 

most abundant celi type found in equal numbes in both nondenuded and denuded 

explants, are the more likely source of bFGF. This is presurnably reflected in the 

abundance of immunoreactive bFGF seen throughout the tunica media of both 

nondenuded and denuded explants at day 0. 

The fact that bFGF binds to ceU surface and ma& associated heparan sulphate 

proteoglycans is well established (Vlodavsky et ai-, 1987; Moscatelli, 1987; Yayon et al., 

1991). It is likely that bFGF produced and released by media1 SMCs is deposited widely 

in the extracellular matrix of the m i c a  media, as seen at day 0. The thne course of bFGF 

irnrnunoreactivity in our system suggests that culture of porcine aorta induces trauma and 

release of bFGF which binds to the matrix and is subsequently released over the first 

seven days of culture because little bFGF is found in the ma& of arteries in other 

systems without undue trauma (Lindner et al., 1990). How bFGF is released fiom these 

mediai SMCs is unclear, as bFGF does not contain a signal sequence (Abraham et al., 

1986). Nonetheless, others have shown the release of aFGF, despite the lack of a signal 

sequence, in the absence of detectable physical damage to the cells (Jackson et al., 1992). 

Whether bFGF c m  be released by the same mechanism is unknown. 

The removal of vessels and their subsequent placement in culture appears to be 

the stimulus for these cells to activate processes seen following injury. Because our 

mode1 relies on removal of aortic segments and their culture, it has some notable 

limitations. In fact, perturbation of mechanisms as a result of decreased flow, reduced 

pressure, and vesse1 contraction may incite the dysfunction of the endothelium which 



promotes processes involved in neointimd thickening. While no flow, no pressure, and 

vesse1 contraction are not seen in vivo. the responses theyl elicit appear to mimic those 

prodeuced by the injury seen in the rat carotid balloon injury mode1 of neointirnal 

formation. 

Because the amount and intensity of tissue-bound bFGF decreases in similar 

fashion to that seen with its soluble form over the first seven days of culture, it is enticing 

to speculate that bFGF initially bound to the extracellular maûix, is slowly depleted 

either via its binding and uptake by neighbouring cells and/or its release into the 

conditioned media. It has been s h o w  that a nurnber of different proteases are capable of 

releasing bFGF From ma& (Bashkin er al., 1989; Thompson and Rabinovitch, 1995). 

Further, it has been shown that protease activity, particularly elastase activity, of aortic 

SMCs may be increased in response to s e m  or serurn-treated elastin (Kobayashi et al., 

1994: Thompson and Rabinovitch, 1995). We have been able to detect a group of maûk 

metalloproteinases on gelatin zymograms using explant conditioned media (Daley, 

unpublished observations) in addition to a serine protease found in explants which, when 

inhibited, significantly decreases soluble levels of bFGF (Oho et al., 1995; Daley, 

Rabinovitch and Gotlieb, unpublished observations). Hence, the release of bFGF fiom 

the extracellular matrix is a likely route via which bFGF reaches the conditioned media. 

Interestingly, the ma& of the intima in nondenuded and denuded explants is 

virtually free of immunoreactive bFGF. If  this were due to a penetration effect of 

proteases found in the conditioned media, such that only the most luminal layers of 

explants could be depleted of bFGF, the abluminal aspects of the explants would also be 



bFGF-free, which is not the case. Since this is not the case, it appears that there is 

something unique about the intima of both nondenuded and denuded explants which keep 

them fiee of matnx-bound bFGF. If it is true that intimal cells, in a state of high turnover, 

rapidly use up the available bFGF, it must be explained why only nondenuded explants 

accumulate ISMCs. 

Nondenuded and denuded explants differ at day O only in their complement of 

endothelial cells. Hence. if both nondenuded and denuded explants are sirnilar in the 

amount of soluble and tissue-bound bFGF, in addition to the activity of bFGF fiom both 

groups and in the absence of bFGF From the intimal matrix of both, then the only relevant 

difference between the two groups appears to be the presence or absence of the 

endotheliurn. While transfer of 5 day conditioned media fiom nondendued explants to 

denuded explants does not appear to upregulate FGFR-1, it appears that these two 

situations may represent two different endothelid-dependent models of neointimal 

formation. So. whether the endothelial-derived SMCs mitogen discovered previously 

(Koo and Gotlieb, 1989), or a tissue-specific factor is involved, the endotheliurn is central 

to the porcine aortic explant system, and the presence of the endothelium is required for 

the early accumulation of ISMCs, as in human atherosclerosis (Ross, 1993). 

5.3 INTIMAL CELLULAR CONSTITUENTS: THEIR ROLE M NEOMTIMAL FORMATION 

Clearly, the accumulation of ISMCs differs when it occurs beneath the 

endothelium: ISMCs in nondenuded explants show a proliferative peak (day 5) that is 

shifted in time fiom that of ISMCs in denuded explants (day 7) (Koo and Gotlieb, 1989). 



Interestingly, however, because both groups start with the same initial complement of 

ISMCs, and because the area under the tritiated thymidine index curve is the same for 

both groups. not al1 ISMCs in the denuded explants survive. Thus, the endothelium may 

serve to secrete survival factors required by a population of ISMCs. AltemativeIy, the 

endothelium rnay create a different environment in the intima, such that rnatrk 

constituents, also shown to play roles in ceiI survival (Boudreau and Bissell, 1995), may 

be the prime difference relevant to neointimal formation. Since endothelid cells and 

ISMCs not only make contact, but are able to share their contents by way ofgap junction 

communication (Little er al., 1 995), the absence of such contact in denuded explants may 

be of importance. 

Because both the endotheiial cells and ISMCs are contained in our intimal lysates, 

and both have immunoreactive FGFR-1, given the nature of our mode1 with its preserved 

architecture, it is impossible for us to discem in which cell type, if only one, the 

upregulation of  this high affinity FGF receptor is key, or whether the upregulation of 

FGFR- 1 in one ce11 type signals regulation of FGFR-1 in the other. 

5.4 FGF RECEPTOR ACTIVITY AND REGULATION 

Three of the four high affinity FGF receptors, FGFR- 1, FGFR-3 and FGFR-4, are 

expressed in nondenuded explants. Because binding studies do not distinguish between 

these receptors and because bFGF is able to bind to each receptor subtype and effect 

proliferation, it is unclear what proportion of neointimal formation is attributable to 

which receptor. in our system. However, because FGFR-1 expression correlates with 



neointimal formation. I specuiate that FGFR-1 plays the major role. Development of 

inhibitory FGFR peptides that distinguish between the FGFR subtypes will more clearly 

define the role of each of these receptors in our system. In addition, 1 cannot preclude the 

possibility that each of the FGF receptors expressed at day O plays some part in ISMC 

proliferation, afier which FGFR- 1 may take over. 

The fact that soluble levels of bFGF appear to reguiate FGFR-1 may explain the 

initial faiiure of neutralizing bFGF to reduce neointimal formation. Basic FGF has been 

reported to regulate FGFR-1 expression in a positive manner (Kobrin et al., 1993; 

Momson et al.. 1994)- in a negative rnanner (Rizzino et al.. 1988; Moscatelli, 1994), and 

not at al1 (Ali er al.. 1995). More recently, while exogenous bFGF downregulated FGFR- 

1 protein. low levels of the 18 and 22.5 kDa bFGF isoforms increased FGFR-1 message, 

partly through an intracrine affect of the 22.5 kDa isoform on message stability (Estival el 

al.. 1996). Consequently. it appears that low levels of bFGF upregulate FGFR-1 and 

higher levels of bFGF, as typically seen with the addition of exogenous bFGF, 

downregulate FGFR- 1. 

Interestingly, 1 have found that in the aortic explant model, while bFGF negatively 

regulates FGFR- 1, upon -'complete" neutralization of bFGF with antibodies 

(administered daily), 1 can decrease neointirnal formation. Reducing the concentration of 

bFGF available to intima1 cells upregulates FGFR-1, until cbcomplete" neutralization is 

achieved. Despite the high levels of FGFR- 1, when no bFGF is available, neohtirna1 

formation is abrogated. The drop in bFGF that explants see during the first seven days in 

culture may be representative of those levels required to cause upregulation of FGFR-1. 
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The mechanism of FGFR-1 regulation by basic FGF is unknown. While low 

levels of bFGF synthesized by cells of a pancreatic achar cell lhe  increase FGFR-1 

mRNA and exogenous bFGF downregulated FGFR-1 protein (Estival er al., 1 W6), the 

addition of bFGF to cells transfected with the FGFR-1 promotor did not increase 

production of the reporter gene product (Mansukhani el al., 1990). Clearly, bFGF does 

affect FGFR-1 expression: the level of this regulation, the affect of dose and bFGF 

isofonn on this regulation. in addition to mechanisms of regulation in different ceU types, 

remain to be detemined. 

5.5 SUMMARY: PORCINE AORTIC EXPLANTS AS A MODEL OF NEOINTIMAL FORMATION 

In conclusion, 1 have shown that while nondenuded and denuded porcine aortic 

explants are sirnilar in their complement of soluble and tissue-bound bFGF, the 

upregulation of FGFR-1. which appears to be via the decrease in available soluble bFGF 

(Figure j.l), appears to be responsible for neointirnal formation in nondenuded explants 

(Figure 5.2). Only when neutralization of bFGF in conditioned media is complete, c m  

the regulatory effects of bFGF on FGFR-1 be dissociated (Figures 5.1). Consequently, 

the complete neutralization of bFGF over a seven day course, despite high levels of 

FGFR- 1, results in complete abrogation of neointimal formation (Figure 5.2). 

It is unlikely that bFGF is the soluble, endothelial-denved mitogen f o n d  in 

nondenuded conditioned media which is responsible for sthulating neointimai formation 

in denuded explants, since exogenous bFGF does not effect neointimal formation in 



denuded explants and bFGF is found in similar concentration and activity in conditioned 

media fiom both groups. Nonetheless. the effect of bFGF neutralization in nondenuded 

conditioned media prior to its addition to denuded explants will detemine if bFGF is the 

mitogen previously descnbed (Koo and Gotlieb, 199 1). However, bFGF likely liberated 

by medial SMCs, may bind to the matrix or to FGFR-1, FGFR-3, or FGFR-4 on either 

endothelial or ISMCs to effect the indirect or direct proliferation of ISMCs (Figure 5.3). 

5.6 FUTURE STUDIES 

One mechanism of neointimal formation in the porcine aortic explant mode1 

appears to involve the upregulation of FGFR-I on intima1 cells upon declining levels of 

soluble bFGF in the conditioned media of nondenuded explants. A number of questions, 

however. arise fiom these data. First, is the question of the role of endothelial cells versus 

ISMCs in the upregulation of FGFR-1 and their utilization of bFGF. Clearly, endothelial 

cells are required both for neointimal formation and for the upregulation of FGFR-1 on 

ISMCs, as neither take place in denuded explants to the extent seen in nondenuded 

explants. Whether either endothelial cells or ISMCs are the first to upregulate FGFR- 1, 

or whether one action leads to the other or not remains to be deterrnined. In addition, it is 

not known whether soluble levels of bFGF regulate FGFR-1 expression in both 

endothelial and ISMCs or only one or the other of these ce11 types. These questions must 

clearly be attempted first in ce11 culture preparations. However, there may be limitations 

to this approach as intimate cell-matrix or cell-ceIl interactions (Nabeshima et al., 1994; 



Peiro et al.. 1995) may be involved, and thus, one will have to return to the expiant 

environment to c o d m  a d o r  refute results obtained in culture. 

Another question which appears central to the understanding of how bFGF may 

be effecting neointimal formation is what role proteases play. In a collaborative effort our 

group has begun to study a serine protease found in nondenuded explants which 

correlates with neointimal formation (Oho ef al., 1995). I have been able to decrease the 

amount of soluble bFGF in conditioned media of explants treated with alpha4 

antitrypsin. a serine protease inhibitor, which also decreases neointimal formation (Oho 

et al., 1995: Daley, Rabinovitch, and Gotlieb, unpublished observations). Whether other 

proteases play a role in neointimal formation will be crucial to the understanding of the 

complex interactions of growth factors and their receptors, in addition to interactions of 

the multitude of growth promoting agents available to intimal celis. 

It is interesting that three of the four FGFR subtypes are found to some extent in 

intimai preparations, especially at day one of culture. A significant question to be 

addressed is the affect of these receptors on neointimal formation, as it is quite 

conceivable that a large concentration of bFGF available to cells during the first day of 

culture, via both conditioned media and tissue-bound reserves, may bind to any or al1 of 

the FGF receptors expressed at this time. 

Finally, a comprehensive study of the regdation of FGFR-1 in both endothelial 

cells and ISMCs will solidify our understanding of the interaction of bFGF and FGFR-1 

in this model system. Again, these studies wiil be best addressed in ceIi culture; but, 

relevance to the explant model will have to be made in conjunction with a clear 



understanding of the role of matrix and cocultures on FGFR- 1 regulation. Nonetheless, an 

understanding of the level at which FGFR-1 is regulated in these ceii types, whether at 

the transcriptional level, by way of cis-acting elements and/or tram-acting factors, or the 

level of post-transcriptional regulation as a result of effects on rnRNA stability andor 

transport, or at the level of the protein will M e r  our understanding of the obviously 

intricate ligand-receptor interaction. 
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Figure 5.1 Proposed Theory of bFGF/FGFR-1 Balance in Aortic Explants 

A balance of bFGF and FGFR- 1 results in maximal proliferation (A). Any deviation from 

this central line, either via the addition of exogenous bFGF (B) or the neuhaluation of 

bFGF (C) results in reciprocal downregulation (B) or upregulation (C) of FGFR-1 in order 

to offset changes in soluble bFGF. Complete neutrabation of bFGF (D), despite 

upregulation of FGFR- 1, abrogates neointimai formation. 
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Figure 5.2 Basic FGF Mediated Neointimal Formation 

Significantly greater neointimal formation occurs in nondenuded explants as compared with 

denuded explants (1), in correlation with an upregulation in FGFR-1 that is endothefial 

dependent (2). Soluble levels of bFGF appear to reciprocally regulate FGFR- 1 expression, 

such that a balance between ligand and receptor results in maximal proliferation and 

changes in soluble bFGF are offset by reciprocal changes in FGFR-1 expression (3a). 

Presence of the endothelium augments the reciprocity seen between bFGF and FGFR-1 

(3b). Only when bFCF is completely neutralized (ie. unavaiiable to its receptors) is 

neointimal formation abrogated (4). 



Figure 5.3 Proposed Mechanism of Neointimal Formation in Porcine Aortic 
Explants 

Basic FGF, released either directly frorn smooth muscle cells (1) or by the action of 

proteases on the rnatrix (2), is able to bind to FGF receptors on both endotheliai cells (3) 

and intima1 smooth muscle cells (4) to effect smooth muscle ce11 proliferation and 

neointimal formation indirectly or directly. FGFR-1 upregulation (double arrowhead) is 

augmented by presence of the endothelium: a distinguishing feature characteristic of the 

mechanism hvolved in neointimal formation in nondenuded explants, but not in the 

mechanism involved in denuded explants following the addition of nondenuded explant 

conditioned media. 
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